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1.  DIII–D NATIONAL FY99 PROGRAM OVERVIEW

1.1.  MISSION OF THE DIII–D NATIONAL FUSION PROGRAM

The overall mission statement of the DIII–D Program is “To establish the scientific basis for
the optimization of the tokamak approach to fusion energy production.”  This mission is
elaborated by three research goal statements.

1. The DIII–D Program’s primary focus is the Advanced Tokamak (AT) Thrust that seeks to
find the ultimate potential of the tokamak as a magnetic confinement system.

2. Where it has unique capabilities, the DIII–D Program will undertake the resolution of key
issues for advancing various magnetic fusion concepts.

3. The DIII–D Program will advance the science of magnetic confinement on a broad front,
utilizing its extensive facility and national team research capability.

Determining the ultimate potential of the tokamak as a confinement system is a complex
scientific endeavor.  The integration of AT elements into achievable single discharges requires
programmatic compromise and tradeoffs evolved over a multiyear period.

1.1.1.  Research Progress

The principal focus of DIII–D research is the advanced tokamak program aimed at
improvement of the tokamak concept towards higher performance and steady-state operation
through internal profile modification and control, plasma shape, and magnetohydrodynamic
stabilization.  The dependence of the core performance on the boundary conditions, and the
operational regimes envisioned, put stringent requirements on the divertor and edge plasma,
leading to inclusion of divertor optimization and control in our tokamak optimization program.
The main line advanced tokamak is the pursuit of the high bootstrap fraction AT scenario,
described as the negative central shear (NCS) scenario because it derived from the exciting
discoveries of magnetic shear in tokamaks in the last few years.  This regime has the best set of
characteristics to take forward to a steady-state fusion reactor.  The hollow current profile is
compatible with the high confinement arising from a transport barrier since the off-axis bootstrap
current produced by the transport barrier will produce most of the required off-axis current peak.
The rest of the noninductive current can be either on-axis for central q control or off-axis to
supplement and align the bootstrap current peak with the required total current profile.  The NCS
q profile and the broad pressure profile resulting from a transport barrier and qmin being at large
radius are compatible with high normalized beta.  Wall stabilization is also needed owing to the
closer proximity of the current peak to the plasma edge.  This scenario can be made with either
the L–mode or H–mode edge.  Which is best for stability and confinement is an active subject of
ongoing research.
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Progress on this scenario in 1999 is shown in Fig. 1.1–1.  Without any active current profile
control, discharges with βN H89 ~ 9 for 2 s (16 energy confinement times) exceeding our
expectations for 1999 preparatory work.  The duration of these discharges was limited by the
uncontrolled inward diffusion of the current profile which resulted in the growth of a resistive
wall mode.  Hence in 2000, we will apply microwave electron cyclotron current drive power in
2000 to counteract the resistive diffusion of the current.  Success in that endeavor will set the
basis for longer pulse sustainment of these discharges in 2001.  This research progresses to
DIII–D being the laboratory for the study of the moderate pulse AT called for in the FESAC
goals.
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Fig. 1.1–1.  Recent advanced tokamak progress.  The two large circles are 1999 results.

Research in 1999 has affected the choice of research thrusts in 2000.  Since the limiting
mode is the resistive wall mode, the research thrust on the resistive wall mode will continue in
2000.  Our AT scenario in 1999 went smoothly into an edge localized mode (ELM) H–mode
without encountering the terminations of high performance from edge instabilities prominent in
most previous efforts on DIII–D.  We have developed a detailed understanding of the edge
instabilities involving second stable ballooning access afforded by the edge bootstrap current.  In
1999, our research thrust on edge instabilities made progress on developing methods to actively
intervene in the edge stability situation.  Likewise, our AT scenario in 1999 was also not limited
by neoclassical tearing modes.

Our research thrust on internal transport barriers (ITB) is aimed at longer term optimization
of AT scenarios.  Theory work has identified exceptional tokamak performance with nearly 100%
bootstrap current in a very hollow profile with a peak near the outer edge of the plasma produced
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by a broad pressure profile with a transport barrier near the plasma edge.  Therefore it is desirable
to move the transport barrier location to a large radius.  Very exciting exploratory work on ITBs
was done in 1999 using counter injection to alter the radial electric field profile to affect the E×B
turbulence shearing rate to move the foot of the transport barrier from the inner 40% of the
plasma radius using co-injection to 60% using counter-injection.  Favorable results were also
obtained using neon to lower turbulence growth rates.  Exploratory results on using inside-launch
pellet injection to form transport barriers were also obtained.  This pellet work is important since
relatively more bootstrap current can be obtained from a density gradient than from a temperature
gradient within an overall stability constraint on the pressure gradient.

1.1.2.  Improved Facility Capabilities

The DIII–D facility capabilities were improved in FY99.  The key capability being
implemented were high power, long pulse gyrotrons.  The new gyrotrons have 1 MW output
power and are equipped with diamond windows for 10-s operation.  Experiments in the year 2000
will be conducted with four gyrotrons.  Two gyrotrons have the new diamond windows.  One is
an old developmental prototype and the other is the first production tube of the new diode gun
design.  The other two gyrotrons will be older units limited to 2 s pulses.  This complement of EC
sources will enable us to attempt the high bootstrap fraction experiments.

For density control, the upper divertor private flux baffle and inner leg pump which were
installed at the end of 1999 are expected to give density control for high triangularity plasmas
using the upper pumps or for low triangularity plasmas using the lower pump.  Because of the
importance of triangularity, the upper divertor density control capability is an essential element of
the year 2000 campaign.  The new upper divertor will also allow resumption of the studies of
optimizing the core/divertor plasma performance balance by better retaining neutrals and
impurities in the divertor using copious flows in the scrapeoff layer.

The Oak Ridge National Laboratory pellet fueling capability was extended to inside launch
in 1999.  This capability proved valuable in triggering ITBs in the density channel.

Wall stabilization research made a good beginning in 1999 with development of feedback
control using a six-coil system and by accelerating installation of three Princeton Plasma Physics
Laboratory power supplies originally planned for 2000.

A Thomson scatter system was added to measure the central electron temperature and
density profile in support of the research program and improvements to the Lawrence Livermore
National Laboratory motional Stark effect diagnostic were implemented.
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2.  FUSION SCIENCE

2.1.  SUMMARY OF THE 1999 DIII–D EXPERIMENT CAMPAIGN

In FY99 the DIII–D National Team produced advances in science of magnetic confinement on a
broad front by utilizing a superb diagnostic set, an increasingly flexible and capable plasma control
systems, and a comprehensive set of analysis codes and theory support that enable learning in depth
from the experiments done.  DIII–D Advanced Tokamak (AT) research in FY99 was carried out with
extensive international collaboration to perform coordinated experiments with facilities of differing
scale or capabilities to develop mutual databases and theoretical understanding.

In order to focus on critical issues, DIII–D experimental research in 1999 was structured to gain
a path to the eventual AT integrated plasma scenarios targeted on a five-year timescale.  This
approach made it natural to create cross-disciplinary teams to pursue integrated plasma scenarios.
The research organization is a matrix type of approach in which one dimension of the matrix is a set
of Thrusts aimed at a key objective of the research and is allocated a significant block of run time in
which to realize its objectives.  The research thrusts and their leaders change year-to-year to keep up
with the evolution of the experimental program.  The 1999 roadmap of thrusts is given in Fig. 2.1–1.
The second dimension of the experimental matrix is comprised of the four enduring topical areas of
fusion energy science:  stability, confinement and transport, divertor/edge physics, and heating and
current drive.  A summary of the run time statistics for the 1999 DIII–D Research Plan is given in
Table 2.1–1.

NCS
NCS

OPTIMIZED
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Fig. 2.1–1.  The 1999 DIII–D AT Program scientific road map.
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TABLE 2.1–1
RUN TIME STATISTICS FOR THE 1999 DIII–D RESEARCH PLAN

Research Thrusts and Topical Science
Days

Allocated
Days

Scheduled
Days

Completed

• Regulate the edge bootstrap current and/or the edge
pressure gradient to extend the duration of AT modes
(M. Wade, ORNL; Deputy B. Rice, LLNL)

8 8 6

• Preparation of an NCS AT plasma demonstration
(Leader T. Luce, GA; Deputy P. Politzer, GA)

7 9 7

• Validate neoclassical tearing model and begin stabilization
with ECCD (Leader R. La Haye, GA)

6 5 3

• Validate the model of wall stabilization and begin feedback
stabilization experiments (Leader G. Navratil, Columbia U.)

6 9 9

• Develop the basis for choosing single- versus double-null
and the optimum triangularity (M. Fenstermacher, LLNL;
Deputies T. Osborne and T. Petrie, GA)

6 12 9

• Expand the spatial extent and time duration of internal
transport barriers (Leader C. Greenfield, GA)

8 13 13

• Confinement and transport physics (Leader K. Burrell, GA) 7 5 4.5

• Stability physics (Leader E. Strait, GA) 3 3 2

• Divertor edge physics (Leader S. Allen, LLNL) 4 6 5

• Heating and current drive physics (Leader R. Prater, GA) 3 3 3

• Contingency for hardware problems 15    15.5

TOTAL 73 73 73

2.2.  TOPICAL SCIENCE RESEARCH

2.2.1.  Confinement and Transport Physics

Significant experimental results were obtained in confinement and transport physics in 1999.
Perhaps the most impressive set of results were obtained in the experiment that investigated use of
impurity injection to improve the core plasma confinement (RI–mode). As shown in Fig. 2.2–1
impurity injection resulted in a substantial improvement in global confinement and neutron
production and a reduction in turbulence level.  The local electron and ion thermal diffusivities
decreased with the change in ion transport being the greater.  The reduction in transport was clearly
correlated with reduced density fluctuations as measured by beam emission spectroscopy and by far
infrared scattering.  Comparisons between the E×B shearing rate and the gyrokinetically determined
turbulence growth rate showed that the E×B shearing rate was below the growth rate before impurity
injection but exceeded it after injection.  In other words, impurity injection reduced the turbulence
growth rate so that the E×B shear feedback loop could result in reduced transport.  Evidence was
obtained of a change in fluctuations which correlated with the confinement improvement, suggesting
that impurity effects on short wavelength fluctuations may be connected with the reduction in
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electron thermal transport.  In addition to providing a wealth of fundamental physics, this experiment
has given us a new tool for triggering core transport reduction.
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Fig. 2.2–1.  Injecting a neon additive results in higher
fusion power because of reduced turbulence levels.

In the H–mode physics area, we combined several experiments into one set of shots in order to
maximize the amount of information that we could obtain.  Two results from this set of experiments
stand out.  First, we used the beam emission spectroscopy system to obtain two-dimensional
turbulence data at the plasma edge across the L to H transition.  Processing this data to produce a
movie allows one to see the turbulent eddies convect past the field of view.  A snapshot of the
University of Wisconsin data is shown in Fig. 2.2–2.  Second, we thoroughly documented the pellet-
triggered H–modes which we had identified on DIII–D in 1998.  Both high and low field side launch
pellets can trigger the H–mode with the power threshold reduction being greater for the high field
side launch.  The best result was a 30% reduction in power threshold.
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Fig. 2.2–2.  Initial two-dimensional edge turbulence images obtained with beam emission spectroscopy at L–H
transition.  The imaged region is 5 cm radially (ρ) by 7 cm poloidally (q) near outer midplane with 1 cm resolution.
The data was splined/interpolated for visualization.
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The Fundamental Turbulence Studies group performed an experiment whose primary goal was
to provide a comprehensive test of whether ion temperature gradient (ITG) turbulence is the dominant
microinstability and source of anomalous transport in DIII–D as predicted by theory.  The experiment
was performed by studying the changes in turbulence during a density scan in Ohmic plasmas from
the neo-Alcator regime and into the saturated Ohmic confinement regime.  Far infrared scattering
measurements observed an enhanced low frequency feature in the scattered spectra at high density,
consistent with the theoretical prediction that the ITG mode is more unstable there.  Theory also
predicts that the electron temperature gradient mode is important at all densities; reflectometry
measurements indicate the presence of two modes.  More detailed comparisons with the predictions
of gyrokinetic codes is in progress.

Nondimensional Transport studies concentrated on the effect of rotation on confinement using
counter neutral beam injection (NBI).  A previous, co-injected ρ* scan in edge localized mode
(ELMing) H–mode plasmas was duplicated with all the dimensional parameters except the Mach
number and Zeff.  The ρ* scaling of global confinement was Bohm-like for counter injected
discharges while the one for co-injected discharges was gyro-Bohm-like.  Theory-based transport
modeling is now needed to see if this change in the transport scaling can be explained either by the
different Mach number and, hence, different E×B shearing rate or by the differing Zeff.

In the area of Core Transport Barrier Physics and Control, we investigated whether ion cyclotron
range of frequencies (ICRF) could be used to control the plasma toroidal rotation.  Theoretical
predictions indicate that spatial transport of resonantly heated ions could produce torque on the
plasma which might alter the toroidal rotation.  Previous DIII–D experiments had also shown that
electron heating from ICRF fast wave and ECH increased radial transport of angular momentum, also
altering toroidal rotation.  The goal of the experiment was to see which of these effects is dominant in
our plasmas.  By utilizing counter-NBI plasmas, we set up a condition where the postulated ICRF
torque would increase the magnitude of the rotation while the electron heating effect would decrease
it.  The results were consistent with the increased transport being the dominant effect.

In addition to the planned experiments, we made a discovery of a mode of operation with no
ELMs and no sawtooth oscillations which had controlled, constant density and impurity levels shown
in Fig. 2.2–3.  These discharges were created using counter NBI into plasmas where the density was
lowered using cryopumping.  The operational key was a line-averaged density below ~<3 × 1019 m–3

and a neutral beam power above about 7.5 MW.  The constant density and impurity levels are
connected with the presence of low level magnetohydrodynamic (MHD) oscillations in the plasma
edge which apparently increases the particle transport enough that divertor cryopumping is still
effective in spite of the absence of ELMs.  These oscillations have little effect on the H–mode edge
pressure profiles; the profile width is the same whether or not these modes are present.  A key issue
for divertor design for a fusion power plant is the pulsed heat load to the divertor plates caused by
ELMs.  The ELM-free operation seen in these discharges solves this problem by getting rid of the
ELMs without paying the usual price of uncontrolled density rise in an ELM-free phase.  If we can
understand why this occurs and apply this in larger scale plasmas, we will have solved a significant
fusion technology problem.
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Fig. 2.2–3.  A steady-state, ELM-free sawtooth-free DIII–D discharge with density control.

Plasma turbulence is responsible for particle and heat transport in magnetic fusion experiments.
However, the exact nature of the turbulence is not yet completely understood.  This is due to the
complex nature of turbulence and to the experimental challenges involved in making measurements in
a 50 million degree temperature plasma.  Progress was made in understanding by considering the
similarities of plasma turbulence to a sand pile that is being created by pouring sand onto it.  The sand
pile exhibits avalanches ranging in size from a single sand grain up to large parts of the sand pile.
Data from the DIII–D plasma is also consistent with such theory models as shown in Fig. 2.2–4
below.  Large transport events occur much less frequently than small transport events, consistent with
predictions for the frequency of occurrence of large and small avalanches. Previously researchers
knew that heat and particles were transported by both large and small scale processes (avalanches).
This new research shows how their frequency  changes with avalanche size.  The ideas contained in
the avalanche model called self-organized criticality by physicists are powerful. Improved
understanding and control of plasma turbulence will increase general understanding of turbulence in
widespread applications in other fields of science as well as should lead to the improvement and
optimization of magnetic fusion concepts.
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2.2.2.  Stability and Disruption Physics

The goals of the DIII–D Stability and Disruption Physics research are to address critical issues
for advanced tokamak plasmas, and to pursue broader issues of MHD stability physics.  The greatest
part of stability research was carried out as two thrusts:  neoclassical tearing modes (NTMs) and
resistive wall modes (RWMs).  This year’s topical science efforts focused on sawtooth physics and
disruption mitigation, as well as the Research Thrust topics of NTMs, resistive wall stabilization, and
edge plasma stability.

Experiments and modeling of edge plasma stability indicate that ELMs are triggered by
moderate-wavelength instabilities, driven in the H–mode edge pedestal by the steep pressure gradient
and its associated bootstrap current.  Modeling and experiments support a picture in which second
regime access at the edge enables steep pressure gradients to form because short wave length
ballooning modes are stable.  Eventually, intermediate mode numbers modes are destabilized.  A
comparison of the edge pressure gradient with the calculated n = 5 instability threshold is shown in
Fig. 2.2–5.  Several approaches to control of edge instabilities and improved performance were
pursued.  Discharge shaping was used to lower the stability limit for short-wavelength ballooning
modes at the edge, thereby limiting the pressure gradient to the first regime ballooning mode limit and
reducing ELM amplitudes.  Edge stability was also explored through manipulation of the edge
pressure gradient with injection of pellets and krypton gas.  In a new regime using pumping of the
divertor private flux region, very high densities (up to 1.4 times the Greenwald limit) were obtained
while maintaining high confinement.  High-performance discharges with an L–mode edge were
explored, including a high-performance discharge with an L–mode edge having 100% noninductive
current.  This discharge has the highest product of normalized beta and confinement factor of any
discharge with an L–mode edge.
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Our program continued to explore and validate basic MHD stability physics, making use of
DIII–D’s extensive set of diagnostics for precise, detailed measurements of the pressure and current
density profiles and the internal structure of MHD modes.  A sawtooth physics experiment had the
goal of validating models of sawtooth reconnection by comparing two discharge shapes with different
stability properties.  An elliptical cross-section discharge was developed which was Mercier unstable
even with central q greater than 1.  As expected, partial reconnection events were observed with little
change in central q.  Development was begun for the companion case, a bean shape with Mercier
stability even at central q less than 1, in which Kadomtsev-type full reconnection is expected.
Database analysis of other discharges using 60 MHz ion cyclotron heating shows that when the
sawtooth period is lengthened, the central electron temperature often saturates.  The saturation is
correlated with the onset of high-frequency MHD activity, suggesting that fast-ion diffusion caused
by TAE or energetic particle modes is responsible for the saturation.

Disruption studies this year focused on data analysis and modeling.  Physics understanding of
mitigation techniques was further developed, highlighted by recent success in modeling mitigation
experiments using a massive He gas puff.  The first clear determination that the resistivity of post-
thermal quench disruption plasmas is classical was obtained in analysis of these discharges, using
measured profiles of electron temperature and Z-effective.  Further modeling of the massive He
injection experiments shown in Fig. 2.2–6 using the KPRAD code has shown that nearly all of the
magnetic energy is converted into radiation.  Both killer pellet and massive puff disruption mitigation
techniques were shown to rely on anomalous rapid inward transport of impurity to center of plasma,
an important issue for future investigation.  Analysis of JT–60U and Alcator C–Mod disruption halo
current data was completed as part of the multimachine halo current model comparison effort.
Results confirm that the principal difference among the devices is the efficiency of current transfer
from core to halo during disruption resulting from a combination of higher vertical instability growth
rate and higher post-thermal quench plasma temperatures.
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Fig. 2.2–6.  Models of disruption mitigation predict important
features of radiative balance of massive He gas puff when
instantaneous radial transport is assumed.

In another series of experiments of 31 consecutive discharges, shown in Fig. 2.2–7,
demonstrated that disruption-free operation is possible.
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Fig. 2.2–7.  Disruption-free operation is possible away from stability limits for 31 consecutive discharges for a total 160 s
duration.  The experiments encompassed a range of parameters:  Ip = 0.8–1.2 MA, q95 = 3.1–6.0, PNB = 3.0–7.5 MW, and
βN = 1.0–2.0.

Several diagnostics and plasma control algorithms were upgraded for this year’s experiments.
New high-resolution edge motional Stark effect (MSE) measurements were put into use, revealing a
very deep, narrow radial electric field well at the plasma edge during ELM-free VH–mode
discharges.  Several new algorithms were developed for the plasma control system, including RWM
feedback control for the C–coil, modified neutral beam control for avoiding the RWM, and density
feedback using the upper cryopump in double-null (DN) and upper single-null (SN) discharges.
Feedback control of impurity gas injection to achieve a high fraction of radiated power without a
radiative collapse was developed and used in radiating mantle experiments.  “Isoflux” shape control
using real-time equilibrium fitting (EFIT) reconstructions came into routine use.

2.2.3.  Boundary and Divertor Physics

The main function of the boundary plasma is to control particle and power flux at the interface
between the core plasma and the material walls.  The long range goal of the DIII–D divertor and
scrapeoff layer (SOL) science program is to:  (1) use state-of-the art 2–D diagnostics to identify the
relevant physical processes; (2) model these processes with computational models (e.g., UEDGE),
and (3) sufficiently understand the relevant physical processes in the edge plasma so that
computational models can predict operation for new operating modes on existing machines and for
new machine and concepts.
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We have identified and studied the radiative divertor or “detached” mode of operation which
reduces the divertor heat and particle flux by deuterium puffing.  Intrinsic carbon radiation is a key
ingredient in this mode.  We are extending the operating regime (i.e., operation at lower core ne) for
near-term AT operation by concentrating radiation in the divertor with injected impurities such as
argon.  The two tools to achieve this goal are so-called “puff and pump” techniques (deuterium
injection and pumping to provide a force on impurities towards the divertor) and divertor baffling (to
better control neutrals).  The baffling and pumping are also important ingredients in the control of
density and impurities for the core plasma.  We also investigated the role of triangularity, single- and
double-null on both divertor and AT conditions.  Substantial progress has been made in the
measurement (DiMES probe) and modeling (REDEP) of erosion and redeposition in the DIII–D
divertor during detached operation.  These studies are also important in understanding the best means
to control carbon radiation in an all-carbon machine like DIII–D.

The 1999 experiments in the edge and divertor area were executed both in the Divertor Topical
Science area and the Thrust 5 focused on the effects of plasma shape in unbalanced DN plasmas.  A
series of experiments focused on plasma flows and carbon sources and transport.  We obtained new
flow data with both the Mach probes and the spectroscopic diagnostic in detached plasmas.
Measurements with divertor biasing in ohmic plasmas showed that the divertor potential could be
changed with biasing.  DiMES measurements (DiMES is an impurity probe) showed no appreciable
net erosion in detached plasmas.  Data also indicated that the net carbon source in DIII–D has been
decreasing over the past seven years (presumably due to wall condition of the graphite), but the core
carbon concentration has not changed appreciably.  Carbon sources and transport will also be an
important topic in the FY00 campaign.  Experiments at high core electron density (greater than the
Greenwald density) were performed; degradation of confinement was not observed.  We are now
theorizing that divertor pumping may play an important role in this operation and will be the focus of
a future experiment.

It has been hypothesized that an important mechanism in exhaust control is plasma flow caused
by plasma-generated electric fields.  Recent advances in computational models have confirmed this
physics flow effect.  We have now obtained experimental measurements of such flows with two
different diagnostic instruments:  (1) a  probe that sweeps through the plasma to measure flows and
electric fields, and (2) a high resolution spectrometer to measure light emitted by impurities in the
flowing plasma.  The computational modeling reproduces the major features of the new data, giving
increased confidence in the validity of the simulations, see Fig. 2.2–8.

DIII–D researchers have also been able to increase the particle flow in the divertor by applying
electric fields with a power supply.  Ultimately, they aim to have sufficient control of plasma flow so
that the heat and particles can be controlled over a wide operational range.

Computer simulations suggested that the shape of the divertor controls the exhaust and may
reduce impurities in the central plasma.  Using this understanding, a new shaped divertor was
designed and is now being installed for experiments beginning in February 2000.  These experiments
will further test models that can be applied to a wide range of magnetic fusion concepts.

DIII–D experiments in FY99 showed that inside launched pellets penetrated three times deeper
even though they were injected five times slower (see Fig. 2.2–9).  These encouraging results suggest
that the stronger magnetic field on the inside of the plasma ring propels the fuel deeper toward the
plasma center. This new capability provides a new tool to optimize and further develop understanding
of high temperature plasmas and to develop better ways to fuel larger fusion plasmas including power
plants.  One example is that pellets can be used to form internal transport barriers (ITBs) as shown in
Fig. 2.2.–10.
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Fig. 2.2–8.  Flow measurements from the
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(below) that includes flow to advance the
understanding of the flow of fusion plasma
exhaust.
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2.2.4.  Heating and Current Drive Physics

Progress was made in the area of heating and current drive on electron cyclotron current drive
(ECCD), fast wave current drive (FWCD), and neutral beam current drive (NBCD). ECH proved to
be very effective at raising the electron temperature to 5 keV early in the formation of the discharge,
see Fig. 2.2–11.  This proved to be very useful for the startup of advanced tokamak discharges.
Control of the electron temperature provides a means to freeze in different ohmic current profiles
such as in discharges with the plasma current peaked off-axis.
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Fig. 2.2–11.  ECH is very effective at raising electron temperature during startup of AT discharges.

ECCD research efforts concentrated on two topics: experimental verification of the properties of
counter-ECCD, and a re-analysis of previous experiments on ECCD.  On the first topic, ECCD was
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applied to discharges with the plasma current direction reversed from the usual case, so that EC
waves propagating in the usual direction drive current counter to the plasma current instead of parallel
to it as in previous experiments.  Although the EC power was low, a clear measurement of counter-
ECCD was made.  The ECCD measured had an efficiency and profile quite similar to those of co-
ECCD.  This is important because it verifies calculations with a Fokker-Planck code showing that the
Ohmic electric field is not playing a strong role in the current drive.

The counter-ECCD measurements showed the same behavior as last year’s co-ECCD
experiments, that the location of the peak of the current drive was well aligned with the calculations,
but that the width of measured profile and the integrated driven current exceeded that of the
calculations.  One hypothesis to explain the discrepancy is that the analysis technique used to
determine the ECCD might have built-in limitations on the strength of the gradient of the current
density, and the narrowness of the current drive profile might be essentially limited by reconstruction
of the equilibria.  To test this, calculations were performed of what effects should be observed in the
plasma, particularly in the poloidal field measurements from the MSE diagnostic if the driven current
profile were as expected from theory.  These simulations indicated that the poloidal field
measurements (the most sensitive measure we have of the current profile) were consistent in location
and profile with a driven current as predicted by theory.

The agreement of experiment and the simulations is shown in Fig. 2.2–12.  The figure shows the
toroidal current density derived from the differences in poloidal magnetic field between adjacent
channels of the MSE system as a function of the minor radius.  The spatial discreteness of the MSE
measurements gives rise to the histogram-like nature of the curves.  The right side shows the changes
in current density, as reflected in the simulated MSE signals, which would be expected from the
calculated current drive, shown as the curve labelled “ECCD.”  The left side shows the same changes
measured in the experiments.  The important thing to note is that the location and the width of the
strong response near normalized radius of 0.33 is the same for the experiment and simulation.
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Fig. 2.2–12.  Profiles of driven ECCD derived from MSE measurements for experiment and a simulation.

Quantitative interpretation of the integrated current is more difficult to obtain from this approach
to the data, but estimates show that in all cases examined so far the integrated current is closer to but
larger than the theory values.  In particular, one case from last year had an integrated current
calculated to be close to zero due to a cancellation of the Fisch-Boozer current by the Ohkawa
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current.  Applying the simulation technique to this case still shows a positive driven current.  The fact
that the current profile is closer to the narrow calculated profile is very good news for prospective
experiments which rely on narrow, well-controlled driven currents, such as experiments to test
stabilization of NTMs by localized ECCD.  More work is needed now to improve the quantitative
analysis provided by the time-dependent equilibrium process through changes in the EFIT program to
allow greater structure.

The first tests anywhere of the dependence of the FWCD efficiency on the parallel index of
refraction, n||, were performed.  Because waves with smaller n|| interact with electrons with greater
velocity in the parallel direction, the current drive efficiency is expected to be higher because these
energetic electrons are less collisional and slow down more slowly through collisions with ions.  The
experiments were done by operating the high power transmitters at 117 MHz near their highest
frequency, compared with previous experiments at 60 to 83 MHz.  Comparing 60 and 117 MHz
cases, the n|| = ck||/ω changes by a factor 0.66, after allowing for the different antennas used in the
two cases.  (Here c is the speed of light, k|| is the inverse parallel wavelength imposed by the structure
of the antenna, and ω is the applied frequency.)  Theory says that the current drive efficiency should
change by a factor n||

–2  or about 2.3. The experimental results from the two cases shown in
Fig. 2.2–13 show that the measured efficiency changes by a factor 1.9, in approximate agreement
with theory.
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Fig. 2.2–13.  Profile of driven FWCD for 60 MHz and 117 MHz cases.

Experiments were also done on NBCD.  These experiments were motivated by the previous
measurements of NBCD that indicated that the driven current profile was wider than calculated under
most conditions.  By measuring NBCD in a counter-current discharge and comparing with a matched
co-NBCD discharge, systematic errors in the determination of the profile of driven current could be
reduced.  Bootstrap current effects, for example, can be subtracted out empirically.  The difficulty
proved to be the impurities which have significantly higher density under counter-injection than under
co-injection.  Despite this complication, the result of the experiment is that the driven current profile
is in better agreement with the calculations from the TRANSP code than from the simple neutral
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beam model which is in ONETWO.  To improve this capability in ONETWO, the TRANSP beam
deposition model is being incorporated into ONETWO.

2.3.  RESEARCH THRUSTS

2.3.1.  Wall Stabilization Principles Thrust

Stabilization by a conducting wall is predicted to strongly enhance the ideal kink mode beta limit
in AT plasmas with a broad pressure profile and broad, negative central shear current density profile.
However, the presence of a resistive wall is expected to destabilize a slowly growing RWM.  The
overall goal of this thrust is to validate the model of wall stabilization and begin feedback
stabilization experiments aimed at sustained operation at beta significantly above the no-wall limit.

The improved detection capability of a new DIII–D saddle loop array led to observation of
RWMs in several new regimes and showed that even small amplitude (1 to 2 Gauss) saturated modes
can be a limiting factor for high-performance H–mode discharges.  Since even small-amplitude
RWMs can cause a significant slowing of plasma rotation, diminishing rotational stabilization of the
RWM.

It was found that the n=1 RWM limits the performance of low-li AT plasmas to βN ≤ 4li and
that plasma rotation was unable to completely suppress the RWM for βN ≥ 4li.  Plasma toroidal
rotation was strongly reduced whenever the detectable RWM is present (δBr ≥ 1 Gauss).  Tests of the
qmin dependence of rotation threshold were inconclusive since we were unable to vary qmin above and
below 2 at RWM onset time.  RWM “bursting” was observed in DND plasmas near βN

no wall−  limit.

Initial tests of active feedback control were carried out using the existing C–coil, driven by three
new power amplifiers provided by PPPL.  These experiments yielded promising results, showing
cancellation of the radial magnetic flux leaking through the resistive wall and extending the lifetime
of a high beta plasma near the ideal kink stability limit by about 100 ms.  Three feedback algorithms
were tested:  “Smart Shell”; “Fake Rotating Shell”; and “Mode Control.”

Experiments were carried out to extend lifetime of plasma above the no-wall limit.  An example
is shown in Fig. 2.3–1.  The high β duration was extended with addition of “derivative gain” in
feedback loop (both for “Smart Shell” and “Mode Control” algorithms).  Such improvement in high β
plasma duration are consistent with VALEN code predictions.

2.3.2.  Neoclassical Tearing Mode Thrust

Neoclassically driven tearing modes are metastable modes, destabilized by the helical perturbed
bootstrap current arising from a “seed island.”  The plasma without the NTM is “metastable” in that it
awaits sufficient helical perturbation so that the helically perturbed bootstrap current can reinforce the
initial seed and cause the mode to grow.  As a consequence, the tearing mode island flattens the
pressure in the island resulting in a degradation of beta at fixed power and eddy currents induced in
the vessel wall can slow rotation leading to further confinement degradation and locking.  DIII–D
experiments in 1999 extended the range of data for scaling of the instability threshold.  A
multimachine database including DIII–D, Joint European Torus (JET), and ASDEX–Upgrade data
suggests that stability may improve at large magnetic Reynolds number, due to reduced seed island
amplitudes.  Experiments also showed that current profile modification can raise the threshold in beta
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significantly higher by eliminating sawteeth as a source of seed islands.  A low-beta experiment
helped confirm the theoretical foundation for NTM theory by testing classical tearing mode stability,
using measured pressure and current density profiles.

(Smart Shell with Derivative + Proportional Gain)

4.0

Ip(MA)

Time (s)1.0 2.01.50.5

1.5

1.0

0.5

0.0

li
βn

0.0

#99655

Feedback

(a)

10

0.0

f ro
t

δ<
Bn

>
δI

c(
A)

0.2

-0.2

0.0

(b)

(k
Hz

)
(g

au
ss

)

100

0.0

-100

(β
n-

4l
i)/

4l
i

2.0

-2.0

0.0 (c)

(d)

Without Feedback

1.3 1.5 1.7

q = 2

q = 3

#99654

With Feedback

1.3 1.5 1.7

#99655

q = 2

q = 3

Time (s)

3 loops

3 coils

3 loops

3 coils

MHD events

Pinj /10 (MW)

Time (s)

(a)

(b)(c)

Fig. 2.3–1.  Feedback stabilized RWM and extended plasma duration.

For the classical tearing mode, an ohmic discharge with only a 10% duty cycle diagnostic neutral
beam was run at very low poloidal beta (βp) so as to make the bootstrap effect negligible in order to
study the classical stability with our excellent suite of diagnostics for code comparison.  Tearing
mode was induced as qlim was slowly ramped down and code analysis of stability of the MHD
equilibria was determined from EFIT.  The PESTIII code with a conducting wall at 1.3 of the plasma
surface provided the best prediction of stability.

For AT plasmas with qmin typically >1.5, the onset of NTMs depends on both βp and the q-
profile.  Data was added to our previous work to fill in the values of qmin which are sensitive to
NTMs, either 3/2, 2/1 or 5/2, and which qmin values have “gaps.”  An unexpected observation was
made in discharges with li low enough and βN high enough for slowly growing n = 1 RWM to occur.
The RWMs were observed to excite m/n = 2/1 NTMs, whose growth lowered βN sufficiently that the
RWM went away.  Thus the RWM acts as the seed for the NTM.  This is shown in Fig. 2.3–2.

Finally experiments were done on the scaling of the NTM onset for the 3/2 mode in sawteething,
ELMing H–mode discharges and added to the dimensionless database with ASDEX Upgrade and
JET.  The medium-size tokamaks ASDEX Upgrade and DIII–D have a common scaling as seen in
Fig. 2.3–3, while the large size tokamak JET has a different collisionality ν scaling.  All three devices
show a nearly linear scaling of critical βN with ρi* consistent with the original polarization threshold
model, but the different ν scaling indicates a more complex behavior than a simple separable scaling
law.  For test of the polarization/threshold theory and of the role of differential rotation between flux
surfaces on the seed coupling, a few discharges were run with the charge exchange recombination
measurement of rotation obtained on a very fast time resolution of 0.5 ms.  Preliminary analysis of
this data shows:  (1) differential rotation between the q = 1 and q = 3/2 surfaces becomes small just
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before the sawtooth crash, thus allowing stronger coupling; and (2) the 3/2 NTM induced at the
sawtooth crash rotates in the ion drift direction in the quasi-neutrality Er = 0 frame, this direction and
magnitude determining the strength of the polarization/inertial threshold or lack thereof.
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Fig. 2.3–2.  n = 1 RWM induces n = 1, m = 2 NTM in AT with βN ~ 4 × li.
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Fig. 2.3–3.  Contour plots of critical βN for sawtooth induced 3/2 NTM.

It is anticipated that with additional microwave gyrotrons will allow the study of off-axis radially
localized current drive suppression of NTMs in 2000.

2.3.3.  Advanced Tokamak Scenario Thrust

The high bootstrap current approach is the primary AT scenario being pursued by DIII–D in its
long-term development of the AT potential.  The key to realizing this scenario in steady state is the
maintenance of a hollow current profile using ECCD to prevent resistive diffusion of the off-axis
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current peak.  Over the next three years, the EC power on DIII–D will be increased steadily from the
present system to an eight-gyrotron system.  More importantly, the five newest gyrotrons will be
equipped with diamond windows to enable longer (10 s) pulses.  Set against this background of a
steady buildup in the necessary hardware, this thrust is aimed at a first demonstration in 2001 of a
noninductive high-performance AT scenario.  Once such a scenario has been demonstrated,
optimization of normalized and absolute performance will be carried out.  Both physics understanding
and direct implementation on larger devices will be key to developing confidence for a true fusion
power system.

Progress toward the AT demonstration discharge was significant in 1999.  Guided by previous
scenario modeling, exploratory experiments to determine the limiting β at parameters suitable for the
demonstration (B = 1.6 T, I = 1.2 MA) were initiated.  Surprisingly, these discharges made a smooth
transition into an ELMing H–mode while maintaining β near the maximum value.  The longest
duration discharge (βN H89 ~ 9 for 2 s) of this type is shown in Fig. 2.3–4.  This discharge exhibits
the three typical features seen in most of these high performance discharges.  First, the initial rapid
increase in β during the ELM-free period is terminated before the first ELM and without the
catastrophic loss of performance typical of previous high performance discharges.  This saturation is
attributed to bursting high frequency instabilities seen on external magnetic coils which appear to be
Alfvénic and driven by the NBI fast ion population.  Second, the small excursions in βN (and large
ones in H89) are correlated with the growth of very low frequency (<100 Hz) n = 1 magnetic
perturbations identified as RWM.  These set the limit on β in the quasi-steady phase.  Finally, due to
resistive diffusion, the current evolves to where a RWM (in this case combined with a tearing mode)
grows and irreversibly ends the high performance phase.  This points to the focus of next year’s
campaign which is current profile control and sustainment with ECCD.
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Analysis of the internal loop voltage in this type of discharge indicates that about 75% of the
plasma current is supplied noninductively, of which calculations indicate 50% may be attributed to
bootstrap current.  The analysis shows (consistent with the original scenario modeling) that the edge
current is consistent with being entirely bootstrap current, the central current is overdriven by the
neutral beams, and the remaining Ohmic current is at the half radius.  This implies that replacement of
some of the neutral beam power with off-axis ECCD should lead to a fully noninductive current
sustainment.

2.3.4.  Internal Transport Barrier Thrust

The spatial extent of the internal transport barrier must be extended in order to increase the
energy content and the fusion output from within the barrier region.  This must be done with the
barrier pressure gradient below MHD stability limits.

Experiments conducted in 1999 concentrated on studies of the ITB with counter-injected neutral
beams.  The experiments were successful in demonstrating that barriers can be formed with counter-
NBI, and are broader than their co-injected counterparts.  This is not surprising, since with co-
injection, the diamagnetic and toroidal rotation terms of the E×B shearing rate oppose in such a way
that broadening or increasing the pressure gradient will decrease the shearing rate (Fig. 2.3–5),
thereby allowing drift ballooning modes such as the ITG mode to become more unstable.  With
counter-NBI, the two terms are aligned so that increasing or broadening the pressure profile can
actually be stabilizing to such microinstabilities.  Although progress was made in exploiting this
feature of counter-NBI, it is believed that further optimization with counter-injection may allow
further ITB broadening.
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Another important discovery of counter-injection is that counter-NBCD was effective in
arresting the evolution of the current profile during the ITB phases of the discharge.  With finer
control of the neutral beam power, we believe there is a possibility of simultaneously exploiting both
the favorable effect on the shearing rate and the counter-NBCD to expand and sustain a core barrier.

First attempts at producing a transport barrier using high-field-side pellet-injection were also
successful, see Fig. 2.2–10.  In these experiments, extremely steep barriers were produced in the
electron density profile, with Ti/Te ~ 1.25 achieved and maintained for hundreds of milliseconds with
counter-injection.

Finally, an experiment was carried out to determine the relationship between the transport barrier
location and the location of the minimum safety factor ρqmin.  Incorporating a fast current ramp and
high power neutral beam (co) injection very early in the discharge did this.  Although discharges were
produced with very large ρqmin ≤ 0.9, the transport barrier was not formed at this large radius.  It is
felt that the aforementioned cancellation of terms of the shearing rate may be responsible for limiting
the barrier location in such co-injected discharges.

2.3.5.  Edge Stability Thrust

The edge stability thrust is aimed at improving steady-state AT performance by eliminating
instabilities that originate in the plasma edge.  ELMs are destabilized by the large pressure gradient
and associated current density that results from the edge-localized transport barrier in H–mode.  In
1999, this thrust was aimed at understanding the physics of stability in the H–mode edge region in
order to find ways to stabilize these modes or to reduce their impact on the discharge performance.

Several approaches to modification of edge region instabilities were explored.  First, access to
the ballooning mode second stability regime in the edge region was suppressed by choice of a low
squareness discharge shape.  This  had been shown previously to result in low-amplitude ELMs that
made only small perturbations in the discharge core.  In this type of discharge, we planned to
optimize a high quality ITB with good confinement.  In these experiments, an ITB was produced, but
the results were dominated by locked modes apparently unrelated to ELMs.  Further analysis of these
experiments is required to understand the results and determine whether improved results can be
obtained with this technique.

In two other approaches, we sought to retain the advantage in H-factor that results from the
higher edge pressure pedestal produced when there is edge region ballooning mode second stable
regime access, but to prevent or limit the consequences of the edge instabilities.  First, the growth of
the edge pressure gradient (and therefore the resulting bootstrap current) was modified by impurity
mantle radiation in order to keep the pressure gradient from reaching the unstable limit.  These
experiments were successful in preventing the occurrence of ELMs as shown in Fig. 2.3–6. The
impurity radiation reduced the peak edge pressure gradient by 10% to 20%, holding it below the
instability threshold.  However, the discharges suffered from a radiative collapse resulting from
buildup of the injected impurity.  We anticipate that the problem of impurity buildup can be solved
through pumping with the new upper divertor configuration that will be available starting in the year
2000.

In other experiments, the triggering of ELMs by injection of deuterium pellets was studied.
These experiments produced interesting data on the instability threshold as a function of pressure
gradient and edge pedestal width.  Finally, discharges useful for understanding edge instabilities were
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produced.  These discharges had relatively high performance during the initial portion of the ELMing
phase.  Analysis is required to understand why good performance was maintained during ELMs in
these discharges in contrast to what is normally observed.
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Fig. 2.3–6.  With sufficient radiated power, ′Pedge is reduced and ELMs are not triggered.

2.3.6.  Optimal Shape Thrust

This thrust built a deeper understanding of the physics of the coupled regions just inside the
separatrix (the H–mode pedestal region) and the scrapeoff layer and divertor regions just outside the
separatrix.  In the FY99 experimental campaign, we acquired a set of systematic data scans of the
edge pedestal, divertor, and other plasma performance measures versus the triangularity, the distance
between the separatrices, and the volume of the divertor.

Other experiments systematically varied the up/down magnetic balance of highly triangular,
unpumped H–mode plasmas.  Changes in divertor heat loading and particle flux, energy confinement,
and density operating range in H–mode were observed when the magnetic configuration was varied.
To quantify “magnetic balance,” we define a parameter drSEP, which is the radial distance between
the upper divertor separatrix and the lower divertor separatrix as determined at the outboard
midplane.  For attached plasmas, the variation in heat flux sharing between divertors is large for small
shifts from one divertor to the other divertor within ±0.5 cm of magnetic balance (Fig. 2.3–7).  This
sensitivity is consistent with the measured scrapeoff length of the parallel divertor heat flux which can
be approximated with a simple model using only the midplane scrapeoff lengths of electron density
and temperature, suggesting that divertor processes (e.g., recycling) are not dominating the physics.
At magnetic balance (drSEP = 0), we find that the peak heat flux toward the divertor in the grad-B
direction is twice that of the other divertor.  The peak heat flux in the outer divertor may exceed that
of the inner divertor by tenfold in a balanced double null.  The variation of the peak particle flux
between divertors is less sensitive to changes in magnetic balance, suggesting that divertor processes
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are much more important here than in the heat flux case.  We believe that these divertor
“asymmetries” are driven by E×B poloidal drifts.  In detached plasmas, however, we find the heat
flux split between divertors to be much less sensitive to the magnetic balance (Fig. 2.3–7).
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Fig. 2.3–7.  Normalized peak heat flux balance as a function of
magnetic balance parameter drSEP.  Data from attached plasmas
(circles) show a sharp transition from lower to upper heat flux
dominance as drSEP is varied by ±0.5 cm.  In partially detached
operation (triangles) the transition is much broader indicating the
importance of local recycling effects in the divertor.

Another type of experiment performed addressed the desire to achieve the performance
advantages of high triangularity operation with the core plasma volume maximized and the divertor
volume minimized.  In low triangularity single-null divertor configurations, only the primary X–point
is present inside the vacuum vessel.  As triangularity is increased the location of the secondary
X–point, which maps at the midplane to a flux surface radially outboard of the primary, moves from
outside the vacuum vessel to inside and divertor physics (recycling, target heat flux, etc.) becomes
important in this secondary divertor.  Since the secondary divertor takes up volume that could be used
for the burning core plasma, the focus of this experiment was to determine the minimum secondary
divertor volume consistent with good core, pedestal, and divertor performance.  These experiments
indicated that performance may be affected when core plasma screening of neutrals in the secondary
divertor is reduced.  The heat flux in the secondary divertor increased when the secondary divertor
target began to act as a heat flux limiter as the power scale length mapped to the divertor target.

In this thrust, a new high-density operating regime with high confienment was discovered by
combining gas fueling and divertor pumping.  These experiments achieved densities 40% above the
conventional (Greenwald) limit with energy confinement 90% above L–mode scaling.  Previous
conventional gas puff fueling of unpumped H–mode plasmas lead to loss of energy confinement at
high plasma density.  Divertor pumping maintains the temperature in the X–point region while the
H–mode pedestal temperature decreases and the edge pedestal density increases with gas puffing.
Maintaining high X–point temperature seems to avoid a regime in which confinement is reduced.
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The high density good confinement discharges on DIII–D show spontaneous repeaking of the density
profile edge pedestal pressure.  The usual decrease in energy confinement with gas puffing is
associated with a reduction in edge pedestal pressure density as a result of the decrease in edge
pressure gradient at low temperature.  The pressure gradient decrease is consistent with what would
be expected for a transition from ideal to resistive tearing modes.  The effect of the reduction in
pressure pedestal is through stiffness of the temperature profile which is apparent in the high density
regime on DIII–D.  The energy confinement is also reduced in discharges with stiff temperature
profiles when the density profile broadens at fixed pedestal pressure. The density profile peaking
occurs under conditions that reduce the central temperature suggesting the neoclassical Ware pinch.

2.4.  NEW COMPUTATIONAL INFRASTRUCTURE FOR DATA ANALYSIS

Enhancements to the computational infrastructure at the DIII–D National Fusion Facility in
FY99 focused on both hardware and software improvements to increase the data analysis throughput
rate and data retrieval rate.  The underlying philosophy behind these development efforts is
uniformity, both in terms of the look and feel of graphical user interfaces (GUIs), in terms of access
methods to analyzed datasets, and access to existing computer power.

The conversion from OpenVMS to Unix-based MDSplus was successfully completed in FY99.
A new Unix-based computer system with 100 GB of storage was purchased to handle this conversion.
The data stored in MDSPlus continues to increase with presently 5000 archived shots representing
40 GB of analyzed data.  The benefits of Unix MDSplus are faster serving of data and easier
integration into the DIII–D Unix analysis environment.  This analyzed data repository combined with
the 3 TB raw data mass storage system and the fast network connections gives any member of the
DIII–D National Team rapid 24-hour, 7 days a week access to all DIII–D data regardless of location.
This rapid accessibility is a dramatic improvement over past capabilities.

The DIII–D tokamak operation was greatly enhanced by the adoption of the Electronic Logbook
from C–Mod along with their interface program.  Entries into the logbook can be made by any staff
member and are divided into broad headings covering the experiment, diagnostics, and engineering.
The logbook provides the ability to see comments from others in real time and the ability to rapidly
query past entries.  The electronic logbook allows the DIII–D National Team to monitor, from
anywhere, the shot-to-shot progress of the experiment.  Adopting the C–Mod system provided the
scientific staff new capabilities faster then creating this system.  Software engineers at C–Mod,
DIII–D, and NSTX continue software sharing in other areas.

Work on data viewing and analysis tools has focused on an efficient and uniform GUI design
with object-oriented programming for maximum code flexibility and access to both DIII–D PTDATA
and MDSplus data.  The uniform GUI design decreases the nonproductive time a new researcher must
spend learning a new system.  Also, existing users do not need to remember a new interface every
time they switch analysis tools.  GUI viewing tools are being written in Interactive Data Language
(IDL), a commercial product for scientific data manipulation and visualization.  To facilitate this tool
design a new object-oriented IDL-based graphics library, GAPlotObj, was created and has become a
fundamental component of the new DIII–D viewing tools, providing a uniform GUI for graphical data
manipulation.  The GAPlotObj graphics library allows for multiple 2–D and/or 3–D graphics with
cursors for data readout, zooming, panning, slicing, and data selection for manipulation.  Two main
viewing and analysis tools, EFITTools and ReviewPlus, have been created that use the GAPlotObj
graphics library.  EFITTools combines the ability to perform an interactive EFIT, a kinetic EFIT, a
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time-dependent EFIT, and the visualization of any EFIT calculation under one GUI umbrella.  The
ReviewPlus tool is a general-purpose data visualization program that provides interactive 2–D and
3–D graphs of data stored in either PTDATA or MDSplus.

Computer power for data analysis is provided by a central Unix Server and a load balanced
cluster of eight Unix workstations.  The interactive load balancing capability was successfully
implemented this year and has more than tripled the Unix computer power available to the researcher
without having to purchase any new workstations.  Interactive load balancing is accomplished with
the commercial software LSF Suite 3.2 from Platform Computing.  This software operates in a
heterogeneous computational environment thereby combining all of the newer Unix-based computers
into one central processing unit (CPU) cluster.  The benefits of such a cluster are:  (1) all computers
are easily and transparently available to all researchers, (2) CPU upgrades are as simple as removing
one workstation and adding another, and (3) a new on-site collaborator can easily add their own
computer to the CPU cluster.  Such an implementation has been possible because of the fast 100
BaseT network connecting workstations, the central file server that is available from all workstations,
and the unified data access methodology.  Computer power has also been expanded by the porting of
the MDSplus client to the MacOS thereby allowing the DIII–D staff to use their fast Macintosh G3
and G4 systems to perform data analysis.  Typically, users are running IDL on the Macintosh and
taking advantage of EFITTools and ReviewPlus or their own IDL programs.

Enhancements to off-site data analysis have been numerous in FY99.  To alleviate the ever
increasing load placed on our CPU resources by off-site collaborators, our analysis environment
encourages usage of off-site computers.  Such analysis is simplified by the availability of raw and
analyzed DIII–D data via the MDSplus client/server interface.  Additionally, the new IDL-based
viewing and manipulation tools are being distributed to remote collaborators either in the form of
compiled binary executables or from a source code management system (CVS).  Creating tools in
IDL has the added benefit of being able to move among different operating systems with minor
modifications.  These tools have presently been installed at C–Mod, NSTX, SSPX, and JET, as well
as DIII–D.

Another aspect of remote data analysis is the ability to hold meetings to discuss on-going
analysis.  We have enhanced our capability to support remote meetings.  Our current capability
includes two conference rooms near the staff offices that have been equipped to share a Polycom
ShowStation IP.  This device acts as a viewgraph machine for the researcher in the conference room
and a Web server for those not in the conference room.  The off-site collaborator can see the
viewgraphs via a Web browser or, if their remote conference room is equipped with another
ShowStation, the viewgraphs can be projected on their screen by their ShowStation.  Complementing
the ShowStation is a Polycom Viewstation that handles both ISDN and IP-based videoconferencing.
Multipoint video conferences are handled by an ESNET bridge.  This equipment allows remote
participants to easily hear presentations and audience comments during meetings without burdening
the local users with the need to manually distribute and adjust microphones.  Audio and video
conferencing are synergistic with the previously mentioned ShowStation IP for viewing materials in
that they present high quality audio along with video views of the meeting.  The combination of A/V
conferencing with the interactive presentation nature of the ShowStation IP provides a powerful
remote collaboration capability.



FY99 DIII–D Annual Report Project Staff

2–24 General Atomics Report GA–A23299

2.5.  NEW DIAGNOSTICS

Several new diagnostics were commissioned in FY99, the central Thomson scattering system
being the most notable.  Another group of diagnostics were designed and the installation on DIII–D
started in FY99.  Further, a study to determine the appropriate measurement technique for detailed
edge current measurements was commissioned and completed.

Due to port access restrictions, it is very difficult to send a probing laser beam through the center
of the DIII–D plasma.  Because of this, the DIII–D Thomson scattering system has until this year
produced electron temperature and density profiles only in the outer 70% of the radius of a typical
plasma.  While this limitation has always been of concern, the prominence of core transport barriers
in recent years in high temperature magnetically confined plasmas brought this short coming to a
critical level.  We therefore designed and built a horizontal laser beam line (the older core system has
a vertical beam line).  The collection optics for the new beam line are shared with the older vertical
beam line.  This geometry allows cost effective central measurements.  The system was completed in
the first quarter of FY99 with first plasma data taken in December of 1998.  The new system has six
spatial channels, the entire Thomson scattering diagnostic has 44 channels.

In FY99, a number of new diagnostics were commissioned with operation of the systems to start
in January 2000.  These included diagnostics required to characterize the upper divertor modifications
that will be completed in the first quarter of FY00.  We completed the design and began the
fabrication and installation of an array of fixed Langmuir probes, five magnetic probes, fast pressure
gauges in the divertor plenum and private flux region, and a visible TV system for the new upper
divertor.  In addition to the upper divertor diagnostics, the external saddle loop array was expanded
from six loops around the midplane to 30 loops.  Twelve loops were added above the midplane and
twelve below.  These loops will be used in year 2000 to study the poloidal structure of RWMs with
the eventual goal of using them to control feed back coils to be built above and below the midplane.

It was determined in FY98 that the MSE diagnostic was unable to adequately measure the edge
current profile in high performance discharges (discharges near stability limits) due to electric field
effects on the measurement.  Modeling studies indicate that the edge current profile plays a critical
role in stability of many discharges of interest to the DIII–D program.  An evaluation was undertaken
and completed in FY99 to determine the best measurement technique with the intention of starting an
engineering design in FY00.  The conclusion of the study was that a Li beam polarization diagnostic
would be the most effective in terms of resolution, time response, and cost.  We expect to start work
on the diagnostic in January 2000.
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3.  FACILITY OPERATIONS

3.1.  OVERVIEW

FY99 was a very productive and successful year for the Operations Group.  During the year, the
100,000th shot was recorded with every indication that the facility can continue to support a strong
and productive program well into the next millennium.  Activities followed a pattern that is becoming
well established as effective for meeting the needs of the program; Operations during the months of
January through July and upgrades, refurbishment, and major maintenance tasks during the remainder
of the year.  In the first three months of the fiscal year, major in-vessel installations and calibrations
were completed.  The tokamak was returned to operations in January, and 74 days of operations for
the research program were carried out.  Following the completion of the research program, the vac-
uum vessel was again vented and installation of the upper inner divertor cryogenic pump and baffle
was begun along with a number of other upgrades, refurbishment, calibration, and maintenance.

Highlights of the FY99 activities include: the initiation of resistive-wall-mode (RWM) feedback
experiments which were accelerated into the 1999 campaign, initial operation of the first of the new
1 MW class 110 GHz gyrotrons with a diamond window allowing long pulse operation, and the addi-
tion of a new Hierarchical Storage Management (HSM) system for the storage of DIII–D data with
rapid access.  A new addition to the DIII–D facility was begun and essentially completed during the
year to provide space for the new electron cyclotron heating (ECH) equipment and other program
needs.  The DIII–D program continues to support an active education program focused on introducing
students to science, fusion energy, and career opportunities in research.  The DIII–D program contin-
ues to pay careful attention to safety and radiation exposure.  Over the past several years, the accident
rate for the DIII–D program has been noticeably below that of comparable laboratories and industry.

Work on a number of major new systems was completed at the beginning of the first quarter of
FY99.  Major changes included a new central Thomson scattering system (complementing the exist-
ing core and divertor systems), inside launch pellet injection, and the addition of boron nitride
Faraday shields to two fast wave antennas.  The vessel was closed and five weeks of calibrations and
startup activities were completed on schedule for the beginning of the research program in early
January.  Much of this success is owing to comprehensive planning efforts.

The FY99 Research Program was carried out during the months of January through July.  The
planned 74 days of experimental operations were carried out with an availability of 75% which is
consistent with our 10-year historical level.  A new neutral beam continued to perform with an
extremely high level of availability.  The addition of a beam substitution algorithm which automati-
cally replaces a failed beamline with an unused beamline resulted in “saving” a number of discharges
that would have otherwise been lost.  During the year, a number of important experimental capabili-
ties were made available.  The capability to do RWM mode experiments using the set of six existing
picture frame magnetic field correction coils and three new wide band current regulators was initi-
ated.  This activity was accelerated by six months into this year to take advantage of a window of
opportunity in the program.  New inside launch pellet injection capabilities were commissioned.  The
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new multiple-input multiple-output version of the plasma controller was implemented.  Refinement of
the operation of the vessel heating system along with the addition of a small boost heater in the air
circulation circuit resulted in considerably improved efficiency of the vessel bake cycle, and
improved heating of the outer wall ports and attached systems.

Following the end of the operating year in July, the vessel was opened for another period of
major installation.  The major tasks included the installation of the upper inner divertor cryogenic
pump and associated baffle, installation of the poloidally and toroidally steerable ECH launcher
provided by Princeton Plasma Physics Laboratory, and a number of diagnostic modifications, most
notably on Thomson scattering, charge exchange recombination, and motional Stark effect.  This vent
was completed on schedule at the end of the calendar year.

Considerable progress was made in the radio frequency programs.  A 1 MW class 110 GHz
diamond window gyrotron from CPI was brought into operation.  This gyrotron along with two 2-s
gyrotrons, one from CPI and one from Gycom, brought to three the number of 1 MW units available
to DIII–D.  Testing of all three tubes was completed, but unfortunately age-related failures of the two
CPI tubes resulted in power never being simultaneously applied to tokamak plasmas.  The final out-
put stages of the two ABB 2 MW ion cyclotron range of frequencies transmitters were rebuilt by the
manufacturer to increase their power capability, but unfortunately they are still troubled by spurious
resonances which require time-consuming painstaking adjustments to prepare for operation at any
given frequency.

Continued and enthusiastic attention was paid to safety and radiation management.  The activi-
ties of a proactive safety committee continued wherein all safety-related matters are addressed.  Con-
tinued attention to safety has resulted in a relatively low number of accidents.  A summary was put
together for Department of Energy (DOE) safety specialists showing how the DIII–D safety program
coupled with the company safety program comprises an Integrated Safety Management (ISM) Pro-
gram working to protect General Atomics (GA) staff and collaborators.  Under the radiation man-
agement program, challenging as low as reasonably achievable (ALARA) goals were set and largely
met.  The in-vessel work beginning in late FY99 required particular planning to reduce the levels of
radiation from activation of the tokamak vessel and other components experienced by employees
working inside the vessel.

3.2.  TOKAMAK OPERATIONS

FY99 was a very successful year for tokamak operations.  The vent that was started in August
1998 was completed on schedule, operations ran smoothly during the year, and many new systems
were brought on-line following the vent and during the year that were used productively during the
experimental campaign.  A summary of the yearly highlights is shown in Fig. 3.2–1.

At the beginning of FY99, the vessel was open for installation of a number of new systems.  The
primary vent tasks included the addition of a new central Thomson scattering system, installation of
new, boron nitride coated Faraday shields for two of the fast wave antennas, and installation of inside
launch pellet injection hardware.  The vent was completed on schedule in mid-October and all the
new systems performed well during the year’s operation.  The physics program was conducted from
early January until July after which the vessel was vented again in August for the major installation of
the upper inner cryopump.
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Fig. 3.2–1.  DIII–D FY99 operational highlights.

During FY99, the facility was used for a total of 264 days with physics experiments conducted
on 74 days.  The tokamak was operated for an additional 39 days for a combination of diagnostic
calibration, systems checkout and commissioning, and plasma cleaning following the vent.  An addi-
tional 21 days were used for vessel conditioning including high temperature baking and boronization.
A full breakdown of the year is shown in Fig. 3.2–2.

Machine availability for the year was 75%, consistent with our historical level (Fig. 3.2–3).  Sig-
nificant down time was caused by a helium liquifier turbine failure and intermittent failures of the
toroidal field power supply caused by aging IC sockets and edge connectors.  A total of 1986 shots
were fired during experimental operations.

Many of the improvements that were made to the tokamak and associated hardware in FY99
improved operational efficiency and reliability.  A system of boltless patch panel pins was developed
that permits major changes to the magnetic configuration to be performed in minutes rather than
hours and this has significantly increased our operational flexibility.  A major programming effort has
led to the development of the Fault Identification and Communication System code (FICS) to auto-
matically identify and warn the machine operators of system failures or of degrading system perform-
ance before they cause lost time.  Following a major study of our vessel heating system, an electric
heater was added to the air system to supplement the vessel inductive bake system.  The new system
can now heat the vessel to 350°C in under 7 h compared to 14 h in previous years.  This permits more
effective vessel conditioning with significantly reduced manpower requirements.
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Fig. 3.2–2.  Facility utilization for FY99.
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Fig. 3.2–3.  Tokamak availability FY96 through present.

A number of safety issues were addressed during the year.  Failure Modes Effects Analysis tech-
niques were applied to the diborane system to analyze critical equipment failure modes.  Both single
and double failure mode effects were analyzed.  Three items were identified that will allow us to
restore safe conditions in the event of a power outage or failure of the dedicated boronization vacuum
pump.  A second safety issue that was addressed was the development of a new system that
automatically checks the computer entry log and prevents the resumption of machine operation if
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someone is still logged in the machine area.  This automatic system replaces the previous system that
relied solely on administrative checking.

Two major highlights in the operation of the tokamak included the testing of the multiple-input
multiple output (MIMO) control algorithm and the addition of new amplifiers for control of the
resistive wall mode (RWM).  Following extensive off-line testing, the first machine tests of the
MIMO system were performed in April and May.  The new MIMO controller provided vertical
stability and excellent steady state accuracy and dynamic response of both the X–point and plasma
shape.  In addition, as part of the system development, a complete closed loop simulator was
developed and this should permit off-line control system development and optimization.  The first set
of experiments to test closed loop feedback control of the RWM were also conducted in the third
quarter.  This was enabled by the addition of a single switching power amplifier in May and the
installation of two additional amplifiers in June, more than six months ahead of the scheduled date for
the full system installation.

3.3.  HEATING SYSTEMS

3.3.1.  Neutral Beam Operations

Sixty-eight days of plasma heating experiments were supported by neutral beams in FY99.
During November and December of 1998, several additional weeks of beam system operation were
required to condition ion sources, perform beam power calibrations, and support DIII–D vessel
cleaning and diagnostic calibrations after a four-month shutdown.  In the fourth quarter, to support
special needs of two experiments, beam systems were operated in hydrogen for one day and in
helium-3 (first time in DIII–D) for two days.

Several improvements to the beam system were implemented in FY99.  These included an
upgrade of the beam modulation cycle capability, installation of the beam total on-time protection
circuit, setting of beam pulse length by the physicists, and automatic beam availability calculations
and recording.  These upgrades and improvements have enhanced reliability and availability of the
beam system in supporting DIII–D plasma physics experiments.

The availability of the neutral beam system by month is shown below in Fig. 3.3.1–1.  The
“available” category is based on the beam system requirement requested by the physics experiments.
The difference between the “available” and “injecting” categories represents beam systems which
were available but were not used for injection during physics experiments.  The various causes for
downtime are shown below in Fig. 3.3.1–2.

3.3.2.  ICRF Operations

ABB/Thomcast conducted a major retrofit of their two ICRF transmitters because of deficiencies
which resulted in three tube failures.  After analysis by GA, ABB, and Thomson Tube it was con-
cluded that the original final amplifier tubes were unable to meet the required power specifications
without premature failure.  Thomcast offered to conduct the four-month retrofit work on a warranty
basis.
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After completion of the work, initial attempts to run the first system resulted in oscillation in the
driver.  The driver cavity was modified to lower the resonance somewhat in frequency and to lower
the Q.  This enabled 1.9 MW operation at 83.24 MHz for 20-s pulses into dummy load.  Early in this
process, the physics community requested that all three transmitters  (FMIT, ABB#1, and ABB#2) be
capable of operating at ~60 MHz.  This meant that the Thomcast engineer had to spend considerable
time retuning both ABB transmitters to operate at this frequency.  The systems have demonstrated
greater than 1.8 MW at this new frequency into dummy load.

New outer dc breaks, of PPPL design, were installed on the 0 and 180 deg systems.  During ini-
tial moderate power validation of the breaks, it was determined that an additional outer shield was
needed to lower leakage for operation at 60 MHz.  All three ICRF systems were used to support
physics operations at various frequencies.  After the DIII–D shutdown in August, the final amplifier
tube from the FMIT transmitter was removed and sent to Massachusetts Institute of Technology
(MIT).  MIT had experienced a failure in one of their tubes and had no spares on hand.  GA will
receive a replacement tube direct from Eimac as soon as it becomes available.

3.3.3.  ECRF Operations

The year was highlighted by the installation and initial operation of the prototype of a new
generation of 110 GHz gyrotrons in the 1 MW class equipped with synthetic diamond output win-
dows and generating Gaussian rf beams directly.  This CPI gyrotron, dubbed Toto, is a rebuilt version
of a development gyrotron and was designed to qualify the window and beam forming technology
required to generate over 1 MW for pulses up to 10 s in length and to produce a well-focused
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Gaussian beam suitable for injection into waveguide.  Tests verified that the beam quality was
excellent and the performance of the diamond window was as expected.

The addition of Toto brought the DIII–D gyrotron complement to a total of three units; the
Gycom gyrotron, Katya, producing 800 kW for 2.0 s, a second CPI development gyrotron, Dorothy,
which had been tested to 1.09 MW for 0.6 s pulses and 0.75 MW for 1.3 s pulses, and Toto.  Before
the full power of this set could be brought to bear in experiments, both Toto and Dorothy suffered
unrelated failures.  Toto vented during operations due to failure of a braze in the collector area and
Dorothy suffered a filament failure.  Both gyrotrons were sent to CPI, where they were successfully
repaired, and then they were returned to DIII–D.  Toto is operating well and being conditioned for
return to service and Dorothy is being held in reserve as a spare.  In FY99, limited experiments,
described elsewhere in this report, were performed using Katya and the two CPI gyrotrons before
their failures.

Specialized hardware unique to the evacuated waveguide in the DIII–D system was developed
and tested.  A polarimeter capable of measuring the elliptical polarization of the high power rf beam
at any miter bend in the evacuated transmission line was used to check the performance of the polar-
izers and other transmission line components under actual service conditions.  A second development
was a mode conversion analyzer used to verify the accuracy of the alignment of the rf beam at the
waveguide input.  This device showed that the operational technique used to align the beam yielded
excellent accuracy and minimal mode conversion.  A prototype 1 MW cw dummy load developed by
Calabazas Creek Research was tested at limited power with good results and a compact mode conver-
sion dummy load developed at GA was also tested successfully.  A scanning launcher assembly
designed and built by PPPL and capable of varying both the poloidal and toroidal injection angles
installed in DIII–D in early FY00.  This launcher will make possible a new group of experiments
aimed at maximizing electron cyclotron current drive (ECCD) efficiency, controlling the current
density profile, mitigating magnetohydrodynamic activity and studying transport in the electron
channel.

The DIII–D ECH system is being upgraded both in the number of gyrotrons and the available
single unit power.  Two Gycom gyrotrons with performance that should match Katya were acquired
from the Canadian Tokamak de Varennes project and procurements have been placed for three 1 MW
10 s gyrotrons from CPI with the first arriving in early FY00.  At least four of the gyrotrons will be
available for experiments in FY00.

3.4.  COMPUTER SYSTEMS

During FY99, there were 3,488 tokamak shots containing 577 Gigabytes of raw data.  The larg-
est shot was 305 Megabytes, a size increase of 14% over the previous year.  Also the DIII–D shot
number reached 100,000 with no software problems with the change to a 6-digit shot number.  Work
this year focused on software/hardware enhancements to data acquisition, Thomson Scattering, and
Plasma Control; improving network bandwidth; full deployment of the HSM system and changes to
data flow topology; and preparing for the year 2000 transition.

Work progressed on the new Compaq Alpha data acquisition computer to replace the old Mod-
comp data acquisition computer to permit faster data acquisition and access.  However the CAMAC
software driver for the new system (being developed by Kinetic Systems) ran into many problems.  A
working version of the driver was not received until the end of FY99.  Fortunately, the old computer
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performed very reliably.  To improve performance, data access was done through another computer,
thus substantially reducing the load on the system.

The simplified PTDATA-based Thomson Scattering data analysis code was completed.  The
new software consists of a raw data processing (acquisition) program, temperature and density profile
generation programs, an analysis graphical user interface, and writing of profile results to the
MDSplus data system.  A new control computer was installed and several analysis programs were
implemented.

FY99 DIII–D operations startup provided an opportunity for testing and verifying many changes
made to the plasma control system (PCS).  The isoflux elongated limiter algorithm was finished.  The
basic neutral beam substitution capability was added to the PCS which allows substituting spare neu-
tral beams if the primary beamline ceases operation before the end of its designated on time.  New
code was added for performing RWM feedback control, a new matrix editor user interface, and fixes
to the parameter data routines.  Towards the end of FY99, efforts shifted to planning for a major
upgrade of the PCS.  Several possible real-time solutions were investigated.  Support was also given
to NSTX at PPPL to help with a customized version of the PCS for NSTX use.

Three major networking improvements have provided substantially improved performance and
reliability which enhanced DIII–D operations.  First, the Fusion Cisco router was upgraded to a newer
and much more powerful model.  Secondly, the Fusion office buildings were wired with Category 5
cable so that Fast Ethernet could be supported, and Fast Ethernet capable computers in the office
buildings and computer center were connected.  Thirdly, Fast Ethernet was expanded within the
DIII–D facility.

We responded to a number of security directives.  The frequency of unauthorized network
probes from the outside has escalated substantially throughout the year.  A hacker broke into a new
Sun computer that had only recently been brought up and had a newly discovered security weakness.
Appropriate agencies were notified and the system was removed from the network until a secure
system was installed.  Further security enhancements are being implemented.

All DIII–D raw data has now been migrated into the HSM system for storage and retrieval.  All
three levels, magnetic disk, optical disk, and DLT tape are being used, and data is now automatically
restored from optical or tape media without operator intervention.  With changes in data flow topol-
ogy, data now moves automatically from its origin node (on a diagnostic) to the HSM system, and
thus never leaves disk or becomes unavailable.  Data is now automatically archived with one copy
kept on site and a second copy stored offsite for security.  Several improvements were made to the
raw data access routine, to improve the speed that users can access data.

All UNIX and VMS computer systems were made Year 2000 compliant.

The DIII–D year-end review meeting was broadcast over the internet using a Polycom Stream-
station, also used was a Polycom Viewstation for video conferencing, and a Showstation for display-
ing viewgraphs to a web browser.  Based on this experience, a home-grown system is being
implemented in FY00.

Other work this year included:  retirement of the old general purpose VAX-VMS computers
which have been replaced by new Alpha-VMS systems; rewriting code for the residual gas analyzer;
changes to the primary timing code to get neutral beam substitution information; porting of a wide
variety of codes to a LINUX test system; evaluating the feasibility of upgrading the bolometer data
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acquisition computer to a LINUX-PC; deploying the enterprise-wide Netbackup system to most com-
puter systems; moving e–mail handling to a new server; installing and configuring a new server to be
used for MDSplus processed data by physics; and adding more tape drives to handle increased backup
requirements and HSM data management.

3.5.  DIAGNOSTICS OPERATIONS AND MAINTENANCE

Diagnostic efforts in FY99 focussed on three broad areas.  The first was physics plasma
operations support, the second was diagnostic calibrations, and the last was refurbishment of existing
systems.

During the first quarter of FY99, the diagnostic set was calibrated.  The calibrations included
three weeks of double shifts inside of the vessel and a week of dedicated machine operations for cali-
brations requiring other parts of the tokamak such as power supplies, neutral beam injection, or gas
injection. Operation of the diagnostic set during the research campaign occupied much of the diag-
nostic resources during January to June.

Two major and several minor diagnostic refurbishments were undertaken in FY99.  Several sig-
nificant tasks were initiated in an effort to improve the alignment of the Thomson scattering diagnos-
tic by means of a mechanical alignment target in the divertor and new beam steering mirrors and
external alignment points for all three systems.  Also several tasks to improve the stray light in the
divertor Thomson scattering diagnostic were started by means of new in-vessel baffles and beam
dump.

In the continued effort to replace the aging detectors in the edge CER system, new CCD cameras
were ordered and two cameras were received and integrated into the system.  A total of eight cameras
are on order and will be used to replace all of the old edge detectors.

The toroidal x-ray system was reinstalled during the research campaign in April with new beryl-
lium windows with an improved design.  Data from the improved system was available for the last
two months of operations.

3.6.  SUPPORT SERVICES

3.6.1.  Occupational Safety

The fusion safety program provides for the safe operation of the DIII–D facility and for a safe
working environment for employees and visitors.  The outstanding DIII–D safety record for the last
several years is illustrated in Fig. 3.6–1.  Special programs address high voltage and high current,
high vacuum systems, ionizing radiation, microwave radiation, cryogenics and the use of power
equipment and machine tools.  DIII–D is provided support by GA’s Licensing, Safety, and Nuclear
Compliance (LSNC) organization and GA’s Human Resources Safety organization in areas such as
health physics, industrial hygiene, environmental permitting, hazard communication, hazardous
waste, and industrial safety.
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Fig. 3.6–1.  Accident case rates for industry and DOE laboratories.

The Fusion Safety Committee focuses on addressing both immediate and longer range safety
needs and goals.  The Safety Committee meets twice a month and solicits specialized help from five
fusion safety subcommittees during reviews of lasers, electrical systems, vacuum systems, the use of
cryogens or chemicals.  In addition, two individuals are dedicated full-time to on-site “preventive”
safety involvement.  Their activities include writing and reviewing procedures, developing and
conducting special training classes, conducting inspections and follow-up, and providing continuous
oversight to assure compliance with established safety policies, procedures, and regulations.

The DIII–D Emergency Response Team (consisting of individuals involved directly with main-
tenance and operation of the DIII–D equipment) were trained in cardiopulmonary resuscitation
(CPR), first aid, use of self-contained breathing apparatus (SCBA) and the use of fire extinguishers,
evacuation and crowd control, and facility familiarization.  This team can respond within seconds to
provide immediate assistance until outside emergency assistance arrive.

All new employees and collaborators must go through a thorough and comprehensive safety
indoctrination by the Senior Fusion Safety Officer and the Pit Coordinator.  They are informed of the
specific potential hazards that are present daily at DIII–D and the special safety precautions and rules
that apply, with specific emphasis on the areas where they will be working.  Subcontractors also
receive a similar indoctrination.  This year a total of 31 individuals received this indoctrination.

Training is all-important to the safety of both personnel and equipment.  Due to the complexity
of the DIII–D site and its potential hazards, numerous safety training classes are conducted.  Subjects
of the classes included:  confined space entry, CPR, back injury prevention, radiological safety, laser
safety, electrical and high voltage safety, hazard communication and hazardous waste disposal, fall
prevention and protection, crane and forklift operation, lockout/tagout, office ergonomics, machine
shop tool usage and basic industrial safety requirements.

Safety inspections are conducted throughout the year to promote an active hazard prevention
program.  The inspections are conducted by a combination of Fusion, GA Licensing Safety and
Nuclear Compliance personnel and outside consultants.

Four internal safety inspections of the DIII–D site were conducted by representatives from GA
Safety, Fusion Safety, Fusion Management, and Fusion Facilities Engineering with a total of 83
findings noted.  At the close of FY99, there were six items remaining to be completed on the findings
list.  A special one-time new addition acceptance inspection was conducted while the contractors
were still available to correct the items.
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The San Diego Fire Department’s Combustible, Explosive and Dangerous Materials (CEDMAT)
team inspected the DIII–D facility.

DOE-OAK conducted a safety review of the DIII–D site in June with focus on our ISM program
which included the guiding principals and core functions.  They concluded that the combined GA and
fusion safety program did indeed result in an ISM program.  They identified nine items that needed
attention or correction.  At close of FY99, all identified items were corrected.

The Fusion Safety Committee met 24 times this fiscal year to discuss various safety issues.  The
committee reviewed and approved 17 Hazardous Work Authorizations (HWA) after appropriate rec-
ommendations and changes by the Safety Committee and select safety subcommittees, and reviewed
two incidents that involved no injury and four accidents that required minor off-site medical treatment
and one lost time accident.  The committee also approved several updates to the DIII–D safety
manuals.

3.6.2.  Radiation Management

Radiation management tasks include monitoring the site boundary radiation, monitoring the dose
exposures of individuals, ensuring compliance with legal limits, DOE guidelines and DIII–D proce-
dures, monitoring material for activation, maintaining and operating the radiation monitoring detec-
tors (neutron and gamma), and maintaining a database of dose exposures for both the site boundary
and for personnel.

The total neutron radiation at the site boundary for FY99 was 6.8 millirem, the total gamma
radiation was 3.1 millirem, giving a total site dose for the year of 9.9 millirem (Figs. 3.6–2 and
3.6–3).  This is below the SAN DOE annual guideline limit of 40 millirem and the California annual
limit of 100 millirem.  In turn, these limits are less than a third of the natural radiation level.

The total dose exposure of personnel was kept below the DIII–D procedural limits of
30 millirem/day, 100 millirem/week, and 400 millirem/quarter (1600 millirem/year).  The highest
personnel dose for the year measured by the radiation monitoring film badges was 270 millirem of
gamma radiation.  A total of 14 individuals had measurable film badge doses with a total person-rem
for the year of 1.19.  The highest dose accumulated and measured by the personnel digital dosimeters
by an individual from pit runs and vessel entries (but not operations) for FY99 was 447 millirem.  A
total of 131 individuals received doses with 67% of the doses being below 25 millirem.  All doses
were logged in the database of personnel radiation doses.

The vessel was vented twice in FY99 for a total of 79 days.  Radiation monitoring was per-
formed:  alpha, beta airborne samples; alpha, beta, and tritium wipe samples; dose rate and activity
levels.  The initial dose rate in the vessel was typically 4 to 6 millirem per hour.

Four DIII–D radiation training classes were given as part of the radiation training for new per-
sonnel and for refresher training.  A total of 116 people received training.

The annual renewal of the DIII–D work authorization was completed.  Updates and changes
were made to the access control, radiation, and emergency response procedures.  Also modified were
the ALARA plan and the radiation control program summary documents.  A new procedure describ-
ing the ALARA experimental planning and the ALARA daily operation was added to the radiation
procedures.



FY99 DIII–D Annual Report Project Staff

3–12 General Atomics Report GA–A23299

25

20

15

10

5

0

SI
TE

 R
A

D
IA

TI
O

N
 (m

re
m

)

FISCAL YEAR
           88 89 90 91 92 93 94 95 96 97 98 99

DOE Guideline limit = 40 mrem/yr

 gamma
 neutron

Total Site Radiation by Fiscal Year
Shield
completed
after 2nd
quarter
1989

Fig. 3.6–2.  History of site dose due to DIII–D operations by fiscal year.

6

5

4

3

2

1

0
88 89 90 91 92 93 94 95 96 97 98 99

Neutron
shield

completed

 gamma
 neutron

Total Site Radiation by FY Quarter

SI
TE

 R
A

D
IA

TI
O

N
 (m

re
m

)

FISCAL YEAR
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With the expectation that operations during the year might reach 5 millirem per quarter, it was
decided to plan for using the full 10 millirem per quarter limit.  This involved a minor increase in the
areas personnel are excluded from during shots and changing the personnel limits to the full work
authorization levels of 30 millirem/day, 100 millirem/week, 400 millirem/quarter (previously in use
were 25/day, 100/week, 300/quarter).

A plan was developed to manage the anticipated facility dose and machine activation for an
experiment which expected to produce a record daily site radiation dose of 1.1 millirem.  The proce-
dure for pit access and surveys were reviewed, modified, and made part of the radiation procedures.
In particular, the pit will be closed for general work if the radiation levels reach 100 millirem/h at any
location in the pit.  However, the experiment did not attain these levels.

The DIII–D ALARA committee met and reviewed both the site radiation production and per-
sonnel doses for the previous year.  The CY98 ALARA goal for a maximum individual dose from
vent work of 180 millirem was exceeded (237 millirem actual) due to additional vent tasks, while a
second ALARA goal of 250 millirem for all of CY98 was met (242 millirem actual).
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A web page (http://d3dnff.gat.com/radiation) with DIII–D radiation related items was com-
pleted.  It includes documentation, procedures, memos, and training presentations.

Waste disposal during the year consisted of a 55-gallon drum of mixed waste (oil contaminated
with tritium) along with a 55-gallon drum of tritium contaminated dry house trash that was sent to the
GA waste yard.  Due to the elimination of the GA waste yard, a new procedure was developed by GA
LSNC to allow shipment of tritium contaminated oil directly from DIII–D to a disposal vendor.
Using the new method, two shipments of tritium contaminated oil (45 gallons) were made directly
from DIII–D.  The total contamination estimate of the disposed waste for the year was less than
1.5 millicurie of tritium.

Some of the site boundary film badges again showed neutron doses of 20 to 30 millirem.  A
meeting was held to evaluate this incident and review the past history of the non-zero doses recorded
by the site boundary film badges.  A set of action items resulting from the meeting were completed
and summary memos were written.  The conclusion is that these non-zero neutron doses on the
badges do not represent doses due to DIII–D operations.

A minor radiological incident occurred in which a set of flanges were improperly released.
There was no exposure of personnel and no ultimate release of contaminated material.  The flanges
were released based on the radiation levels but a tritium contamination survey was not performed.  An
incident report was written, the radiation procedures were modified, and a class was held to inform
and retrain workers.

3.6.3.  Quality Assurance

Fusion Quality Assurance (QA) engineers, inspectors, and support personnel maintained a high
level of activity during FY99.  Significant projects supported were the inspection and alignment of
the radiative divertor tooling, the inspection and assembly of radiative divertor components, and the
inspection of the ECH 110 GHz power upgrade components.

The Fusion QA Department performed the following specific jobs:

1. Reviewed and approved DIII–D design drawings, specifications, procedures, and procure-
ment requisitions.  Participated in design reviews and chaired the Material Review Board.

2. Performed receiving inspections, source inspections, and measurements of purchased and fab-
ricated material, parts, subassemblies and assemblies.  Witnessed load (proof) testing of lift-
ing fixtures for gyrotrons, cryostats, neutral beam plasma sources, and ECH launchers.

3. Revised and released for use two DIII–D Work Procedures (WP). WP:01, Initiation, Review,
and Approval of DIII–D Task Proposals, was revised to include a section that addresses
Potential Safety Hazards/Concerns. WP:03, Design Reviews, had a paragraph added that
requires that the draft of HWA be submitted to Fusion Safety for review prior to the prelimi-
nary design review.  This will help insure that the design will contain the functional elements
needed to operate safely.

4. Completed the semiannual building concrete footing and building column settlement surveys;
no unexpected subsidence was detected.  An inspection of the cracks in the concrete walls
adjacent to the machine was also performed with no noticeable changes noted.  Also com-
pleted the semiannual beamline settlement task.
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5. Routinely assisted the project with precise optical alignments of equipment and diagnostic
experiments to ensure optimum performance of the devices.

6. Occasionally assisted project personnel including collaborators in obtaining as-built meas-
urements in and around the machine.  In addition, we periodically performed reverse engi-
neering of modified or experimental parts.

7. Fusion QA initiated trend reports on supplier performance in an effort to increase awareness
of good and poor performance.

3.6.4.  Continuous Improvement

The Continuous Improvement process is a means by which every member of the Fusion Group
continually examines all of the processes, procedures, methods and activities by which work is
accomplished, and implements or suggests improvements.  The process involves submitting a
suggestion on a Continuous Improvement Opportunity form to a member of the Continuous
Improvement Committee (CIC).

The CIC reports to the Fusion Group Senior Vice President.  The CIC is chartered to provide an
overview of and administer the Continuous Improvement Program.  Each Fusion Director appoints at
least one representative to serve on the CIC.  The CIC receives, investigates, and makes recommen-
dations associated with all suggestions.  Six Continuous Improvement Opportunity forms were
received and acted upon in 1999.  Most suggestions for improvement are handled by normal line
management organization.

3.6.5.  Planning and Control

The Planning group supported operation and maintenance of the DIII–D facility.  The group
provided long-term program planning, as well as day-to-day scheduling (cost control, preparation of
Field Work Proposals, and Cost and Fee Proposals), processing of purchase requests, expediting and
reporting of status.  These support activities are essential to constraining the program within pre-
scribed budgets and schedules.  Our planning activities (budget, schedule, resource) enabled us to
maximize the utilization of available resources for accomplishment of program goals and were
important in planning and replanning of scope, budget, and schedule with fluctuating funding levels.

Major planning activities during 1999 included work on the ECH 6 MW and radiative divertor
upgrades, a major vent focussing on hardware for these upgrades, diagnostic development, and modi-
fications, TdeV ECH system installation and the construction of a new ECH related addition to the
DIII–D building.

3.6.6.  Visitor and Public Information

Tours of the DIII–D facilities are open to organizations and institutions interested in fusion
development (colleges, schools, government agencies, manufacturers, and miscellaneous organiza-
tions).  These tours are conducted on a noninterference basis and are arranged through the DIII–D
tour coordinator whose responsibilities include security, arranging tour guides, and scheduling tours.
During 1999 1,712 people toured DIII–D.  Included in this count were 36 DIII–D educational tours
(College and K–12) which consisted of 1,151 teachers and students.
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DIII–D personnel have also taken an active role in supporting science education within the
community.  Educator workshops covering topics in plasma science, the electromagnetic spectrum,
fusion, and radiation were presented at national, state, and local conferences.  School visits by staff
members and exhibition of plasma and fusion science related activities at off-site student science
expositions has increased.  The fusion education web sites, http://fusioned.gat.com and
http://fusion.gat.com/PlasmaOutreach continue to be interactive sources for students, teachers, and
the general public to obtain information about fusion science or to contact the education group.
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4.  PROGRAM DEVELOPMENT

4.1.  110 GHz ECH 6 MW UPGRADE PROJECT

4.1.1.  Introduction

In support of the Advanced Tokamak research program on DIII–D, methods are being developed
to control the current and pressure profiles of plasma discharges, with particular interest in driving
off-axis current.  The first step was to install 3 MW of electron cyclotron heating (ECH) power at
110 GHz in 1998.  Step two is to increase the installed power to 6 MW.  This additional power
capability will also be enhanced by the ability of extending the pulse length from the present 2 s to
10 s for the new ECH gyrotrons.

4.1.2.  Gyrotron and Transmission System

The Upgrade Project is based on the use of three CPI 1 MW class gyrotrons with CVD diamond
output windows and diode guns.  The departure from the typical CPI triode gun was based on opera-
tional experience of existing CPI and Gycom tubes.  It was felt that the ease of operation of a diode
gun gyrotron far outweighs any loss in modulation flexibility.  The transmission line system is com-
prised of miter bends, polarizer miter bends, power monitor miter bends, straight sections, dummy
loads, mirror interface units, and the associated structural supports and vacuum components.  The
transmission line chosen is GA’s standard 31.75 mm corrugated waveguide.  This transmission line
design has been used successfully for several years on existing high power systems on DIII–D.  The
use of a diamond gyrotron output window enables the direct injection of a Gaussian mode (HE11) into
the waveguide.  This, along with our small diameter waveguide, has eliminated the need for any
costly phase correction mirrors in the system.  Figure 4.1–1 shows the layout of the DIII–D ECH
system.

As part of the DIII–D/PPPL collaboration effort, PPPL engineered tanks for the three new
gyrotrons.  Electronic file transfer techniques and video design reviews enabled this portion of the
project to be completed successfully in a timely manner.  The three installed tanks are shown in
Fig. 4.1–2.

4.1.3.  Gyrotron Control and Instrumentation

The gyrotron control system uses software distributed among networked computers interfaced to
a programmable logic controller (PLC), the timing and pulse system, power supplies, vacuum and
waveguide controls, and instrumentation.  During DIII–D operation, the system enables control and
monitoring of each of the operational gyrotrons.  The use of a PLC simplifies the hardware and soft-
ware design.  It reduces interlock and control circuitry while improving reliability and flexibility.  The
pulse control system is designed around arbitrary function generators, allowing for various
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Fig. 4.1–1.  The DIII–D ECH system layout.

Fig. 4.1–2.  PPPL gyrotron tanks installed in the new gyrotron room.
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modulation schemes to be implemented, including real-time modulation control.  With the recent
boost in performance of personal computers, we have departed from the use of workstation computer
platforms.  We are now able to distribute various computers throughout subsystems and at the same
time reduce the overall cost.  The distributed computer technique has also enabled us to have a more
robust control system while also realizing an increase in speed.

4.1.4.  Physical Infrastructure Overview

In order to accommodate the addition of three new gyrotron systems and associated high-voltage
power supplies, water cooling, and controls, it was necessary to add additional floor space to the
existing DIII–D facility.  This was accommodated with the addition of approximately 3000 ft2 of
floor space in addition to the same amount of space for nonrelated activities.  Every effort was made
early in the design and building layout phase to factor in future growth along with serviceability.  The
addition of gyrotron systems required not only space for the gyrotrons themselves, but also adequate
room for the instrumentation and data acquisition equipment, high-voltage modulator regulators, and
the main gyrotron control room.

4.2.  RADIATIVE DIVERTOR UPGRADE PROJECT

The Radiative Divertor Upgrade Project will be completed in January 2000 with the installation
of the upper inner divertor baffle and pump.  This divertor, in conjunction with the upper outer
divertor and the divertor located in the lower outer quadrant of the DIII–D vessel (Fig. 4.2–1), allows
for the study of heat flux reduction in the immediate regions and particle and impurity control for
high triangular discharges.  The baffle structures common to all three of the divertors, permit the dis-
tribution of the heat flux via radiation, thereby reducing the energetic particle impingement on the
divertor structures.  The structures also limit the transport of the neutral gases and impurities into the
core of the plasma based on their geometries and orientation to the plasmas.  The structures, primarily
made of Inconel 625, are protected from the plasma by graphite tiles.  The inertially cooled tiles are
attached to the Inconel water-cooled baffle structures and vessel walls via a stud-clamping
arrangement.

Inside each of the baffle structures are cryopumps which collect particles and prevent them from
recirculating back into the plasma core.  The particles are exhausted from the cryopump tube surfaces
as the pumps warm between the plasma shots.  Having two pumps on the top of the vessel will allow
pumping inboard and outboard of the private flux region.  With this unique capability of pumping and
injection of gases, various diagnostics will be utilized to understand the impurity transport and plasma
flows.  Five new diagnostics were installed or refurbished to study the plasma and pump performance.

Over the past year, the water-cooled baffle structures, the cryopump, ex-vessel cryopump trans-
fer line, and over 300 new tiles were manufactured for the project.  The water-cooled baffle structures
or cooling rings consist of a welded sandwich plate structure.  The cryopump consists of five concen-
tric tubes or shells through which liquid helium or nitrogen flow through or over.  The cooling rings
and cryopump were manufactured by an outside machine shop and were assembled in-house on the
shop floor.  This allowed for the verification of the assembly and installation procedures prior to
installing the hardware in the DIII–D vacuum vessel and determined any interferences/misalignments
with the individual components.  Also, the external cryopump transfer line was assembled on the shop
floor from off-the-shelf components.



FY99 DIII–D Annual Report Project Staff

4–4 General Atomics Report GA–A23299

Upper Inner
Cryopump

Strikepoint

Strikepoints

"X"-Point

Cryopump

Baffle Structures
and Tiles

"X"-Point

Strikepoints

Baffle Structure
and Tiles

Upper Outer
Cryopump

Baffle Structures
and Tiles

Fig. 4.2–1.  General configuration of the radiative divertor and
the advanced divertor with double-null plasma field lines in
DIII–D.

With well defined procedures and newly developed tools, the physical installation of the
cryopump and cooling rings proceeded quickly and efficiently during the last quarter of FY99 and
first quarter of FY00.  The protective graphite tiles (Fig. 4.2–2) for the cooling rings and vessel walls
were installed with greater accuracy than in past years in an effort to minimize the exposed edges of
the individual tiles to the plasma which is believed to be a source of carbon contamination in the
plasma.  If the tile edges could not be aligned to the required tolerances, the tile front surfaces were
ground/filed in place to provide a smooth continuous surface between the tiles.

After installation of the cryopump, cooling rings, and tiles, liquid helium and nitrogen were
flowed through the cryopump and  water was flowed through the cooling rings to verify the systems
were completely leak tight and that all the control computer systems, sensors and valves were oper-
ating properly.  The project was completed on cost and schedule in December 1999.
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Fig. 4.2–2.  Upper outer and inner radiative divertors.
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5.  COLLABORATIVE PROGRAMS

5.1.  DIII–D COLLABORATIVE PROGRAM OVERVIEW

The DIII–D National Program has collaborations from 60 institutions listed on Fig. 5.1–1.  They
range in size from large multi-topic collaborations with Lawrence Livermore National Laboratory
(LLNL), Oak Ridge National Laboratory (ORNL), and Princeton Plasma Physics Laboratory (PPPL)
to single investigator collaborations.  There were 292 individual DIII–D users in FY99.  This user
count includes only physicists and engineers who publish technical papers and who were on the
DIII–D site for more than 5 days.  Many more make shorter visits or use DIII–D data.  The directly
funded DIII–D physics team in FY99 consisted of 87 FTE with approximately one-third GA employ-
ees, one-third from universities, and one-third from national laboratories, see Fig. 5.1–2.  In addition,
there were nine FTE of collaborations associated with DIII–D operations, largely in the area of
diagnostic instrumentation and radio frequency (rf) systems.  Sixteen students and nine post doctoral
fellows participated in DIII–D research in FY99.

NATIONAL LABS

INDUSTRY COLLABS

ANL
INEL
LANL
LLNL
ORNL
PNL
PPPL
SNLA
SNLL

Alaska
Alberta
Cal Tech
Chalmers U.
Columbia U.
Georgia Tech
Hampton U.
Helsinki U.
Johns Hopkins U.
Lehigh
MIT
Moscow State U.
Palomar College
PRI
U. Maryland
U. Texas
U. Toronto
U. Wales
U. Washington
U. Wisconsin
UC Berkeley
UC Irvine
UCLA
UCSD

ASIPP (China)
Cadarsche (France)
CCFM (Canada)
Culham (England)
FOM (Netherlands)
Frascati (Italy)
Ioffe (Russia)
IPP (Germany)
JAERI (Japan)
JET (EC)
KAIST (Korea)
KBSI (Korea)
Keldysh Inst. (Russia)
KFA (Germany)
Kurchatov (Russia)
Lausanne (Switzerland)
NIFS (Japan)
Postech (Korea)
Troitsk (Russia)
SINICA (China)
SWIP (China)
Southwestern Inst. (China)
Tsukuba U. (Japan)

Comp X
CPI (Varian)
GA
Gycom
Orincon
Creare
Themacore
IR&T
Surmet
TSI
FAR Tech

UNIVERSITIES INTERNATIONAL LABS

Fig. 5.1–1.  DIII–D National Program collaborators.
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Fig. 5.1–2.  The 1999 DIII–D National Physics Team consisted of 87 FTE.

5.2.  LAWRENCE LIVERMORE NATIONAL LABORATORY

The LLNL collaboration continues to contribute to the overall Advanced Tokamak goal in both
current profile measurement and control and in divertor boundary physics.  For the last several years,
we have been continually upgrading the MSE system used to measure the radial profile of the plasma
current and the radial component of the electric field.  In FY99, we installed 10 MSE channels
viewing the plasma edge and increased the total number of channels to 36 and the spatial resolution
from 25 to 3.5 mm.  The main purpose for the higher spatial resolution was to resolve the edge radial
electric field well and the edge bootstrap current associated with H–mode operation.  Because of the
large size of the Er well and the relatively small poloidal field perturbation due to bootstrap current,
the edge MSE measurements are more sensitive to Er than edge current.

During the year, the LLNL group participated in several experiments to expand the radius of
qmin and to obtain transport barriers and improved performance in ELMing H–mode discharges.  We
also participated in counter-injection experiments by providing current profiles from the MSE data
and transport analysis.

The LLNL divertor diagnostics were used to develop a comprehensive picture of detached
plasmas obtained with deuterium puffing in DIII–D.  The divertor plasma is cold, Te ~ 1 eV, and
recombination is an important process.  2–D measurements of recombination have been obtained and
codes were used extensively to model the data.  Based on this validation work, UEDGE predictions of
the detachment behavior in the upper divertor indicate detachment will occur at lower core density
and injected power than in the open lower divertor.  LLNL is leading experimental efforts to check
these predictions.

During the DIII–D vent at the close of FY99, the upper divertor configuration was upgraded
with the installation of a baffle across the dome of the private flux (PF) region and a PF region
cryopump.  A series of experiments was planned to examine the effect of inner versus outer leg
pumping and common flux versus PF pumping at each divertor leg with the goal of maximizing
density control in the core plasma.  For these experiments, LLNL acquired three new IR
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microbolometer focal plane array imaging cameras and a LN-cooled solid state high-speed camera.
We also constructed and installed two new tangentially viewing visible TV systems to allow detailed
up/down comparisons of divertor emissions.  During detachment studies with gas injection, the
transition from attached to detached operation evolved much more slowly in the upper divertor than is
typically seen in the lower divertor.  The new lower divertor tangential TV is now in a new port
location so that simultaneous tangential flow and 2–D emission profile measurements can be made in
future experiments.  This should allow improved spatial localization of the flow measurements than
has been available in the past.  In some discharges, the total radiated power measured by the
bolometer was greater than the injected power.  LLNL modified the bolometer diagnostic to reduce
internal reflections to fix this problem.

We drew from the LLNL institutional strength in that several computer models are being
continually developed by the MFE Theory Group.  The UEDGE code is a sophisticated (fluid) edge
physics model that we use to benchmark experimental data and design future divertors.  There has
been significant progress with UEDGE modeling and comparisons with new experimental results.
We are beginning to apply the LLNL-developed code BOUT to examine the nature of turbulence in
the edge and SOL regions and to determine radial transport rates consistent with this turbulence.  We
have modeled the expected behavior of the plasma operated in the more tightly baffled AT divertor
configuration.  We have expanded the capability of both UEDGE and BOUT to enable simulations of
asymmetric double-null configurations.  UP/DOWN asymmetry is obtained by either the effect of
drifts, or by magnetically asymmetric configurations.  We have examined the effect of drifts on
single-null and magnetically up/down symmetric double-null DIII–D configurations.  We find the
plasma asymmetries to be strongly dependent on the direction of the magnetic field.

Motivated by the FESAC checkpoint in FY04, the DIII–D team has realized the need for
flexible, integrated modeling for both analysis of present results and prediction of future results.  The
present DIII–D analysis tools are the ONETWO and TRANSP codes, and the scenario development
tools are ONETWO and CORSICA.  A series of discussions resulted in a GA/LLNL work proposal to
develop a code “environment” under which both ONETWO and CORSICA could operate.  This
would facilitate the incorporation of new, common “modules” such as ECH/ECCD (TORCH and
TORAY), NCLASS (neoclassical transport), DCON (stability), MCGO (Monte Carlo neutrals
transport), GLF23, and modules developed by the National Transport Computational Collaboratory.
This work has started, and we expect to have the code environment running about mid-2000.

5.3.  OAK RIDGE NATIONAL LABORATORY

Continuing with its theme of “Handshake Across the Separatrix,” ORNL made significant
contributions to the DIII–D program in the areas of pellet injection, edge stability, advanced tokamak
modeling, radiating mantle plasmas, neutral particle effects, divertor spectroscopy, impurity transport
studies, magnetohydrodynamic (MHD) stability, and rf technology.

Two guide tubes for launching pellets from the inside wall of the tokamak were installed along
with a pellet-injected gun capable speed below 300 m/s to allow pellets to traverse curved guide tubes
without breaking.  The results confirmed and extended the earlier ASDEX–U experiments showing
much deeper pellet density deposition with the inside launch or high field side pellets compared with
the outside or low field side.  Such pellets injected during the current rise produced pellet enhanced
performance mode plasmas with improved confinement with highly peaked ne and Te profiles and an
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internal transport barrier (ITB) (see Fig. 2.2–10).  High field pellet injection also lowered the power
threshold for H–mode transitions by about 25%.

In the area of the Edge Stability Thrust led by the ORNL staff, analysis and modeling of the
current profile evolution during the edge localized mode (ELM)-free phase of a high performance dis-
charge indicated that the current profile evolves on a much slower time scale than the pressure gradi-
ent.  Analysis shows that about 70% of neoclassical bootstrap current can be present in the edge.  The
plasma inductive back electromagnetic field drives current negative just inside the edge peak, which
impacts second stability access in the edge.

With transport coefficients derived from existing DIII–D plasmas, advanced tokamak scenarios
were derived for off-axis electron cyclotron current drive (ECCD) with 3 MW of electron cyclotron
heating (ECH) power discharges with an L–mode and an H–mode edge with an ITB.  The ECH
launching was optimized for bootstrap current alignment and ECCD efficiency.  In an H–mode edge
discharge, a weak negative shear with qmin > 1.5 can be sustained for 10 s with H89P of 2.8 and βN of
3.5.  Stability analyses shows it is stable to the high-n ideal ballooning mode and the ideal n = 1 with
a conducting wall at the DIII–D vessel.

The ORNL staff led a successful experiment to document the effects of impurity injection on
turbulence and transport.  Transport analyses show that reduction of transport coefficients with neon
injection are observed in all transport channels, with a factor of up to 5 in the ion thermal channel,
substantial reduction in toroidal momentum and particle transport, and a modest (30%) reduction in
the electron thermal channel.  Performance H–mode level (H ~ 2, βN ~ 2.5) was achieved for 0.7 s
with the radiative mantle.

Data from new spatially resolved neutral density measurements in the X–point used for the
analysis of neutrals effects on L–H transition power thresholds.  Excellent agreement was obtained
with both the measured X–point neutral density profiles and the plasma diagnostic data confirming
that L–H transition power thresholds are strongly correlated with neutrals in the shear layer.

Deuterium dynamics and plasma flows in the scrapeoff layer (SOL) and divertor were subjects
of intensive analysis.  In addition, studies to understand the production and transport of carbon the
divertor have begun.  The “temperature screening” effects seen in the hollow impurity profiles
obtained during DIII–D VH–mode discharges may also be a feature of future larger plasmas.  The
quantitative model for the role of ELMs in impurity purging has been improved through an analysis
of transient neon recycling.

An experiment was conducted to compare sawtoothing in an oval shape with that in a bean shape
to clarify the role of the Mercier stability criterion.  The bean shape appeared to maintain a pressure
gradient near and inside the q = 1 surface through the sawtooth crash in contrast to the case in the
oval shape.

ORNL contributed to ion cyclotron range of frequencies (ICRF) operations.  Two ICRF trans-
mitters built by Thomcast AG have been converted to Thomson TH-526 tubes for the final power
amplifier stage.  The conversion, with manpower assistance from ORNL and PPPL, was completed in
March 1999 with acceptance tests at four discrete frequencies for each system.



Project Staff FY99 DIII–D Annual Report

General Atomics Report GA–A23299 5–5

5.4.  PRINCETON PLASMA PHYSICS LABORATORY

PPPL physicists made substantial contributions to DIII–D results reported in journals and in
papers presented at major conferences and also played leading roles in planning and execution of
experiments.  PPPL engineering and technical staff completed important projects and provided valu-
able support for the major shutdown.  PPPL also continued to provide key operations engineering and
applications software support.

In collaboration with Columbia University, ORNL, UKAEA-Culham, and GA, PPPL conducted
the first tests of active feedback stabilization of resistive-wall-modes (RWMs) and favorable results
were reported.  A survey of several control methods was carried out, including a preprogrammed
rotating magnetic field as well as the “smart shell” and “fake rotating shell” feedback schemes.  The
experiments made use of three switching power amplifiers to drive the six-segment C–coil set.  Each
provides ±5 kA per coil pair for feedback stabilization with full error field correction.  The units were
procured by PPPL and installed and commissioned by GA seven months ahead of the original sched-
ule.  In order to improve characterization of the helical structure of RWMs during CY00 experiments,
PPPL installed 24 new saddle loop sensors in two toroidal arrays of 12 coils each, above and below
the original 6-coil midplane array.

The first attempts at feedback stabilization of low density locked modes were not successful, but
analysis suggests that application of feedback earlier in the discharge and use of improved feedback
algorithms may allow control of locked modes.  Soft x-ray measurements of plasmas with RWMs,
using toroidally separated cameras, are in good agreement with saddle loop magnetic measurements
and confirm the n = 1, kink-like mode structure.  The first measurements on DIII–D of halo currents
during nondisruptive MHD events were also reported.

Another area of major emphasis of the PPPL collaboration is in the formation and sustainment of
ITB.  Experiments in 1999 used counter-injection of neutral beams and pellet injection as tools to
study ITB dynamics.  The DIII–D experiments, together with results from tokamak fusion test reactor
(TFTR) with co- and counter-injection, provided new insight and demonstrated the sensitivity of core
barrier evolution to the relationship between pressure and rotation profiles.

Experimental evidence was reported of an internal kink instability possibly driven by barely
trapped suprathermal electrons produced by off-axis ECH.  A study of Alfvén instabilities during
ICRF sawtooth stabilization experiments suggests that these energetic particle modes, whose fre-
quency decreases as q0 decreases, may cause transport of fast ions and lead to monster sawteeth.  A
theoretical model, based on a detailed study of fast ion orbits, showed the possibility of sustainment
of core plasma rotation by ICRF.

In addition to physics results, PPPL made major hardware contributions in support of high
power ECH/ECCD experiments in FY00.  A remotely steerable ECH/ECCD launcher was completed,
tested, and installed on DIII–D.  The launcher is capable of controlling poloidal and toroidal injection
angles of two 1 MW, 110 GHz gyrotrons and will play a vital role in experiments on current profile
control and neoclassical tearing mode stabilization.  PPPL also provided three gyrotron tanks for the
6 MW ECH Upgrade.

PPPL made several improvements to DIII–D diagnostics.  In collaboration with LLNL and GA,
PPPL installed the Tangential Central Thomson Scattering System, which now provides measure-
ments of core plasma electron temperature and density.  In collaboration with ORNL and GA, PPPL
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designed and installed modifications needed to accommodate both ASDEX and Penning gauges for
gas pressure measurements in the upper divertor area.

5.5.  UNIVERSITY OF CALIFORNIA, LOS ANGELES

University of California, Los Angeles (UCLA) participates in the overall DIII–D research pro-
gram in two main ways:  (1) by developing and applying advanced diagnostic systems for measure-
ments of plasma parameters on DIII–D, and (2) by a focussed participation in research aimed at an
improved fundamental understanding of plasma turbulence and transport, including ITB and H–mode
physics.  The UCLA research team at DIII–D comprises four full-time research staff on-site at
DIII–D and one research staff and one engineer part time at UCLA.

UCLA brings to the DIII–D team institutional strengths in the development and implementation
of advanced millimeter wave, microwave and far-infrared (FIR) plasma diagnostic systems.  In FY99
UCLA operated the following diagnostic instruments on DIII–D:  (1) A coherent FIR scattering sys-
tem to characterize low wavenumber (~1 to 5 cm–1) plasma density fluctuations.  The FIR system can
also monitor higher wavenumber (~12 cm–1) turbulence on an as-needed basis.  (2) Profile reflecto-
meter systems for high spatial and temporal resolution density profile measurements in both the edge
and core.  And (3) turbulence reflectometer systems, including a system for measuring turbulence
correlation lengths (correlation reflectometer) and a poloidal reflectometer system to measure plasma
dispersion characteristics.  These diagnostic systems provide unique measurement capabilities on
DIII–D and results are made available to the wider DIII–D and U.S. fusion research communities.  In
particular, measurements and results from these systems directly support the turbulence and transport
physics related Thrusts and Topical Science Areas in the overall DIII–D program.

Highlights of research directed towards an improved understanding of plasma turbulence and
transport were as follows:  (1) UCLA led a collaboration with the University of California, San Diego
(UCSD) and GA to investigate evidence for self-organized criticality (SOC) in tokamak plasma tur-
bulence.  The characteristics of both edge and core turbulence on DIII–D were found to be consistent
with the predictions of SOC theories.  This work resulted in a paper in Physics Letters A by
T. Rhodes (UCLA), and an invited talk by R. Moyer (UCSD) at the 1999 Sherwood Conference.
(2) Results from the core profile reflectometer led to the identification of a plasma operating regime
with simultaneous localized transport barriers (ITBs) in all four transport channels.  (3) The FIR
scattering system was used to look for high wavenumber/short wavelength (k⊥ ρs > 1) turbulence
features which may be responsible for anomalous electron transport.  Preliminary data show a
correlation between this short wavelength turbulence and the electron thermal diffusivity in ITB
discharges.

5.6.  UNIVERSITY OF CALIFORNIA, SAN DIEGO

The UCSD team completed and published probe measurements of electric field structure in
attached divertor plasmas and resulting E×B flows.  A survey of parallel flows in the divertor for
attached and detached plasmas was completed and published.

We completed analysis of turbulence and transport behavior in very slow L to H transitions and
published results.  Analysis of plasma turbulence and transport data for  avalanche and SOC behavior
in L and ELM-free H–modes resulted in an invited paper at the Centennial Meeting of the American
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Physical Society.  A newly developed digital harmonic detection technique measured SOL electron
temperature fluctuations with a bandwidth of up to 200 kHz and estimate the turbulent heat flux.

Studies were carried out of radiative rates and profiles during killer pellet disruption experi-
ments.  The first measurements of the fast timescale radiated power behavior during disruption ther-
mal quenches was made.

We found that boronized carbon in the divertor does not contribute to the core impurity level
during detached divertor  experiments.  Results were modeled in collaboration with SNL and ANL.

5.7.  INTERNATIONAL COLLABORATIONS

The DIII–D international collaboration program continues to provide a broad source of innova-
tive ideas and opportunities which support the DIII–D research program.  Collaborations were carried
out with the Joint European Tokamak (JET) in England, JT–60U and JFT–2M in Japan, TEXTOR
and ASDEX–Upgrade in Germany, plus many other fusion laboratories.  In addition to the benefits
gained from DIII–D staff assignments in these laboratories, foreign scientists visiting DIII–D have
made significant contributions to DIII–D program goals.  A summary of some of recent major inter-
national collaborations is given below.

Two major exchanges with JT–60U which utilized the JT–60U Data Link System were per-
formed.  These two exchanges are: “High Density Operation” and “Steady State High Performance
for Advanced Operating Scenarios.”  Drs. A. Mahdavi and A. Leonard from DIII–D participated in
the exchange on High Density Tokamak Plasmas.  Techniques for getting high confinement at high
densities were discussed and compared between DIII–D and JT–60U and A. Mahdavi and A. Leonard
participated in JT–60U experiments.  Drs. Lang Lao, T. Osborne, and M. Murakami from DIII–D
participated in the exchange on Steady State High Performance plasmas.  Topics of this exchange
included continuing work on equilibrium fitting (EFIT) reconstruction, techniques for long pulse
operation, and participation in JT–60U “steady state” experiments.  Also several scientists from
JT–60U participated in long-term exchanges at DIII–D: Dr. S. Sakurai completed a long-term
exchange at DIII–D studying Divertor Physics, Dr. Takeji completed a three-month exchange with
DIII–D on the comparison of MHD stability physics between DIII–D and JT–60U.  Dr. Takenaga has
started an eight-month exchange on particle fueling, recycling, and transport.

The JET/DIII–D collaboration for the new 1999 experimental campaign began in December
1998 with C. Greenfield and D. Schissel going to JET to participate in optimized shear experiments
and to establish data analysis and exchange protocols.  Throughout the year, a total of more than nine
DIII–D scientists from GA, ORNL and LLNL participated in a variety of JET experimental and data
acquisition exchanges; including high performance long pulse optimized shear, radiative mantle,
neoclassical tearing mode studies, and data analysis and acquisition discussions.

From TEXTOR, Drs. J. Ongena and A. Messiaen participated in the DIII–D RI–mode experi-
ments.  This exchange was part of an on-going collaboration between TEXTOR and DIII–D on the
study of enhanced confinement caused by a radiating edge mantle of injected impurities.

Dr. M. Gryaznevich from the British START/MAST low aspect tokamaks participated in RWM
experiments on DIII–D.

J. Zhang and Lei Chen of the Chinese Academy of Science completed a multimonth exchange
working with Lang Lao on EFIT development and applications.
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6.  FY99 DIII–D RESEARCH HIGHLIGHTS

DIII–D Research Highlights report important DIII–D research progress bimonthly. The one-page
reports are aimed at readers with a general interest in fusion research, rather than scientific specialists.
DIII–D Research Highlights may be accessed on the DIII–D Web site http://fusion.gat.com/diii-
d/highlights/.
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7.  FY99 DIII–D TECHNICAL BULLETINS

The DIII–D Technical Bulletins periodically report recent scientific advances.  These one-page
bulletins are aimed at plasma physics colleagues at other institutions and are primarily disseminated
electronically and posted on the DIII–D Web site http://fusion.gat.com/diii-d/techbulletins/.
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