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1. THE DIlII-D FIVE-YEAR PROGRAM SUMMARY

1.0.1. THE DIlI-D NATIONAL PROGRAM OVERVIEW AND MISSION

The strategy for the recently restructured U.S. Fusion Energy Sciences Program focuses on innovation
and scientific discovery to strengthen the program'’s ties to other fields of science, to position the United
States to continue playing a meaningful role in the world fusion energy effort within available resources,
and to preserve the basis for a future expanded U.S. Fusion Energy Program. The DIII-D Research
Program is a cornerstone element in this national fusion program strategy (see 2.1). The problem addressed
by this proposal is the optimization of the tokamak. Within this context, the DIII-D Program mission is:

To establish the scientific basis for the optimization of the tokamak approach to fusion energy
production.

The DII-D Program is an Advanced Tokamak (AT) Program using and advancing fusion energy science to
provide the basis for future fusion initiatives. Tokamak optimization has been a basic organizing thrust of
the DIHI-D Research Program for severa years. In implementing the new DIII-D research plan, we will
pursue AT science and integrated performance optimization as the most promising direction for determining
the tokamak’s highest potential. The DIII-D Program mission seeks to develop and exploit fusion science
(confinement, stability, power and particle control, and current drive) to advance fusion energy. DII-D will
produce demonstrated, scalable plasma performance; backed up by a firm, comprehensive theoretical
model; and achieved in a configuration that has the potential to be attractive as a power plant concept. Thus,
the proposed research will contribute significantly to the three legs of the U.S. Fusion Program: fusion ener-
gy science, concept innovation, and burning plasmas.

In support of the DIII-D overall mission, the specific goals of DIII-D AT research in the period
19992003 are:

« Toattain the theoretically predicted minimum in the cross-field transport of heat and energy;
o To extend the operation of DIII-D to the theoretically predicted limits of plasma stability;

o To seek a plasma that exhibits full recombination in the divertor before it reaches a material sur-
face, thus achieving the smple description of magnetic confinement as using magnetic fields to
prevent hot plasma from touching a material surface;

¢ To develop methods of plasma current generation (initiation, ramp-up, sustainment, and profile
control) to provide future devices the basis for full steady-state transformerless operation; and
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o To integrate the above objectives in single steady-state operational scenarios to demonstrate the
possibility of simultaneous optimization of the tokamak in the four major areas of fusion science.

The DIII-D National Program consists of a tokamak facility with its operating staff and a national
collaborative research team that utilizes the facility to carry out research to support the goals of the U.S.
Fusion Energy Sciences Program. DIII-D is the world's most flexible tokamak and the largest magnetic
fusion device in the U.S. program. Its ability to control a variety of complex plasma shapes and its diagnos-
tic instrument set are the best in the world. It has reliable heating and current drive systems, pumped diver-
tor systems, and a digital plasma control system capable of achieving the plasma control essentia to the
tokamak optimization mission. The DIl1-D open data system architecture enhances the effectiveness of the
large collaborative national team.

The DII1-D Program has strong linkages (Section 2.6) to foreign and domestic experiments (the U.S.
Theory Program) enabling technology development programs, the general science community, and the
designers of future fusion initiatives such as International Thermonuclear Experimental Reactor (ITER).
Links to universities and |aboratories provide broad intellectual input to the DII1-D Program and provide
paths for flow of research results between other groups and the DI11-D Program.

1.0.2. THE PROPOSED DIII-D FIVE-YEAR PROGRAM PLAN

An outline of the proposed research plan is presented in Fig. 1-1. Two major in-vessel installations
divide the upcoming five-year time frame into three major experimental periods. The research emphasis
progresses from short pulse AT physics to extended pulse and more optimized AT physics, and then to
sustained 10 second AT physics. During the fall of 1999, we expect to complete the
private flux baffle and pump in the upper divertor of the DIII-D vessel. In year 2000, we expect to com-
plete installation of a set of external asymmetric magnetohydrodynamic (MHD) feedback coils. During
the fall of 2001, we expect to complete installation of the lower divertor upgrade. By adding 110 GHz
microwave gyrotrons, the ECH power will reach 6 MW in the fall of 2000 and 10 MW by 2003. These
installations naturally separate the experimental program into three parts.

o Thefirst period will continue the present research program into 1999. We expect to obtain deeper
understanding of transport, obtain results on the improvement of stability limits using wall stabi-
lization, elucidate the mechanisms which lead to edge instabilities that limit high confinement
regimes and reduce the maximum beta, exploit the microwave heating and current drive, increase
understanding of the physics of parallel heat transport in the scrapeoff layer and divertor, and fur-
ther explore plasma shape optimization.

e The period 1999-2001 will be an intensive AT experimental period devoted to exploring the
open-versus-closed divertor question and to developing pressure and current profile control and
fueling techniques for sustained, quasi-stationary operation. Further experiments to implement
theoretically predicted optimized profiles will also be undertaken.
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| ; |
Activity/ I 5-year contract period 1
Calendar Year L1997 1998 1999 2000 2001 2002 2003  j
1 | | | | | | i
Operation (weeks) 14 11 18 18 18 18 18
Research program ITER physics R&D and pulsed AT physics ~ Optimize and extend AT Integrate and sustain AT
Operation Schedule RUN RUN RUN
; ; * 35 Chan MSE * Central Thomson * Electron * 3-D Equlibrium
New diagnostics « Divertor flow + Divertor diagnostics transport
Facility upgrades
ECH I IZMW I |3MW I |6MW I IlOMW
Divertor . Upper . Lower
Tokamak Asymmetric MHD feedback coils D D 10 s pulse

Fig. 1-1. The DIII-D program plan progresses from short pulse Advanced Tokamak physics, through optimization, to 10 s
operation. The baseline plan is to operate 18 weeks per year for each of the next five years. The electron cyclotron heating
capacity will increase to 6 MW by 2001 and 10 MW by 2003 and installation of the upper and lower radiative divertors are
scheduled for 1999 and 2001.

o Thethird intensive experimental period, from the end of 2002 through 2003, will be devoted to
using the systems installed in 2001 to develop integrated, near steady-state (10 s), optimized AT
scenarios. There will be a particularly intensive effort to control the current profile and the pres-
sure profile using rf systems using the full double-null divertor.

1.0.3. LEADERSHIP

A key responsibility of the DIII-D Program, for the period 1999-2003, isto provide national program
leadership in optimization of the tokamak approach to fusion energy. We propose to accomplish this mis-
sion with the diverse capabilities of the DI11-D National Team consisting of about 120 operating staff and
100 research scientists drawn from 8 U.S. National Laboratories, 19 foreign laboratories, 17 universities,
and 5 industrial partnerships (see Table 1-1 and Section 2.6).

As the contractor for the DIII-D National Fusion Fecility, GA will provide |leadership for the DIII-D
Program of toroidal fusion research. GA is responsible for optimizing the pace for the research program
for the most scientific and cost-effective output, and for safe and environmentally sound operation in
accordance with applicable DOE, federal, state, and local government rules and regulations.
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TABLE 1-1

DIll-D PRoGRAM COLLABORATORS INSURE COORDINATION OF
NATIONAL AND INTERNATIONAL TOKAMAK OPTIMIZATION

National International

Laboratories Universities Laboratories

ANL Cal Tech ASIPP (China)

INEL Columbia U. Cadarache (France)

LANL Hampton U. CCFM (Canada)

LLNL* Johns Hopkins U. Culham (England)

ORNL* Lehigh FOM (Netherlands)

PNL MIT Frascati (ltaly)

PPPL* Moscow State U. loffe (Russia)

SNL* Palomar College IPP (Germany)

RPI JAERI (Japan)
U. Maryland JET (EC)

Industry Collabs U. Texas KAIST (Korea)
CompX U. Washington Keldysh Inst. (Russia)
CPI (Varian) U. Wisconsin KFA (Germany)

GA* UCB Kurchatov (Russia)
Gycom ucCl Lausanne (Switzerland)
Orincon UCLA* NIFS (Japan)
UCSD* Troitsk (Russia)
SWIP (China)

Tsukuba U. (Japan)

*DIII-D Executive Committee Membership.

Project Saff

General Atomics' leadership responsibilities include maintaining:

A DIII-D Executive Committee, including GA and collaborator members to advise the director
on program planning, direction, priorities, and budgets.

e A DIII-D Program Advisory Committee composed of technical experts from other laboratories
to provide outside peer review.

e A DIlI-D Long-Range Plan to chart DIII-D Program goals and milestones coordinated with
major DIII-D collaborators.

e ADIII-D Research Plan to detail planned activities for at |east a one-year period.
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1.1. TOKAMAK RESEARCH USING THE DIII-D NATIONAL FACILITY
(SOW AND WBS TASK 1)

The technical approach which we will use to pursue the DIlI-D Program mission and goals can use-
fully be described in different cross-cutting ways. At the highest level, we see the Program as two main
lines, core plasma and boundary plasma physics, both of which work toward an eventual integration
demonstrated by sustaining a 5% beta plasma for 10 seconds. Figure 1-2 of this volume gives some of
our numerical targets for tokamak optimization and indicates some of the areas of integrated research
between core and boundary physics.

CY98 | 99 | 2000 | 01 | 02 | 03 |
[ [ [

CORE PHYSICS

* REACH MAXIMUM STABILITY LIMIT
» ATTAIN NEOCLASSICAL CONFINEMENT
» ACHIEVE 100% BOOTSTRAP CURRENT

A A 6 MW ECH 10 MW ECH
* HIGH TEMPERATURE o HIGH PLASMA
* LOW NEUTRALS PRESSURE

« HIGH CURRENT
DRIVE ETICIENCY PHYSICS OF LonG LULSE |N'l:EszF\;ﬁlEENélg\éél\ll\ll:ﬁE’\lﬂDE;\ll'?HKiMAK PHYSICS

H-MODE
INTERFACE | * 100% BOOTSTRAP CURRENT

LAYER * HIGH * 100% RECOMBINATION

e STRONG PUMPING DIVERTOR
OF OPTIMAL SHAPE POWER
RADIATIVE DIVERTOR
* HIGH RﬁD'AT'ON HANiL'NG / DIVERTOR / OPTIMIZATIONS
« ATTAIN PARTICLE CONTROL WITH DOUBLE NULL DIVERTOR

» OPTIMIZE EDGE CONFINEMENT AND STABILITY
» ACHIEVE RECOMBINING DIVERTOR PLASMAS

BOUNDARY PHYSICS

Fig. 1-2. DIlI-D Advanced Tokamak research plan will integrate the upgraded heating and divertor to optimize perfor-
mance. Core plasma physics and boundary physics studies will culminate in 10 second, 5% beta operations.

The second way we view the program is as an integrated AT Program (see Section 2.2). The AT
Program approach to optimizing the tokamak is expressed in lines of action or research thrusts. Our abili-
ty to pursue these research thrusts motivates the plasma control tools and diagnostics the program needs.
Finally, the broadest view of the DIlII-D Program is by the science topical areas (confinement, stability,
power and particle control, and steady state). We present the program in those WBS categories.
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RESEARCH THRUSTS

The four principal DII-D research thrusts are:

1. Controlling interior plasma profiles and wall stabilization for higher stability and confinement.
2. Controlling the plasma edge for sustained AT performance and better confinement.

3. Developing the basis of steady-state operation.

4. Developing advanced divertor operating modes.

Figures 1-3 and 14 of this section show diagrammatically the required plasma control tools and diag-

nostic upgraded needed to pursue the DIII-D Research Program. Detailed descriptions of these upgrades
and enhancements to DIII-D are given in Section 2.5. The research thrusts are described in
Sections 2.2.1.4 and 2.2.3.1 and briefly below. These four principal AT research thrusts are cross cutting
activities which integrate elements from the four topical science areas to achieve AT progress.

1-6

1. Controlling the Interior Current and Pressure Profiles. Controlling the current density profileisthe

key to attaining the high plasma stability levels sought. The current profile also enters into deter-
mining the growth rates of turbulence. The principal objectives are to sustain negative central
shear (NCS), to sustain high internal inductance (high ;) profiles (peaked current profiles), and
to suppress sawteeth. The transport barrier location will greatly affect the current profile since the
bootstrap current peaks where the pressure gradient is large. Principle tools to directly control J(r)
are the electron cyclotron current drive (ECCD) for off-axis current drive and the fast wave cur-
rent drive (FWCD) for on-axis current drive.

The tokamak core has a complex feedback loop whichiif it is optimized can create transport barri-
ers. Introducing shear in ExB flow at a particular point in the plasma can reduce fluctuations
locally, reducing the local transport which increases gradients of pressure and flows, which in
turn-amplifies the radial electric field, thus closing the loop. Principal tools to intervene in this
loop are off-axis ECH to control the pressure profile and divertor pumping to control the density
to control the neutral beam injection (NBI) deposition profile.

The presence of a hearby conducting wall can stabilize long wavelength MHD modes, and there-
by increase the limiting beta. Present nonideal MHD theory indicates that with a resistive wall
and plasma dissipation, sufficient rotation leads to stability. In the five-year program, we plan to
use feedback controlled nonaxisymmetric coils to improve the wall stabilization concept.
Initially, we will use the existing six magnetic field error correction coils (C—coil) for *smart
shell” stabilization techniques. Then we will add segmented coils outside the vessel, above and
below the midplane, to greatly improve the spatial mode structure of the coil system.

Controlling the Plasma Edge for Sustained AT Performance and Better Confinement. The high ener-
gy confinement (H—-mode) shear layer is a battleground of conflicting requirements,
providing both the boundary condition for the core plasma and setting the scrapoff layer (SOL)
density, temperature, and power flow boundary conditions.
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RESEARCH THRUSTS TOOLS
Control interior profiles MICROWAVE ECH POWER
and wall stabilization Localized heating

Off-axis ECCD

P
J(r), P(r) Electron heating (To - Tj)

Wall stabilization

FAST WAVE RF POWER

On-axis current drive
Sawtooth stab. (high ¢;)

Control plasma edge

Neutrals
Stability NON—-AXISYMMETRIC
MHD COILS
Steady-state Active wall stabilization
- Edge ergodization
Sustain AT

Disruption avoidance
transformerless operation RADIATIVE DIVERTOR
Density control
Neutral control
Advanced divertor physics Pellet fueling

Impurity enrichment
Radiating core mantle

Fuel physics
Impurity physics

Fig. 1-3. Implementation of the proposed DIII-D research requires the plasma control tools defined in the facility upgrades.

RESEARCH THRUSTS DIAGNOSTICS

ELECTRON TRANSPORT |

Control interior profiles
and wall stabilization

(). P() CENTRAL THOMSON
Wall stabilization HIGH DENSITY J(r)

Control plasma edge
Neutrals REAL TIME E;

Stability MEASUREMENT FROM
COUNTER BEAMLINE

Steady-state

Sustain AT performance
disruption avoidance 3-D EQUILIBRIUM
transformerless operation RECONSTRUCTION

Advanced divertor physics

Fuel physics DIVERTOR DIAGNOSTICS
Impurity physics

Fig. 1-4. Pursuit of the key research thrusts requires the diagnostic upgrades included in the DIlI-D Plan.
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1-8

The desire for a high quality H-mode edge is motivated by the correlation between decreasing
neutral fueling and increasing H—factor and the correlation of the height of the H-mode pedestal
with decreasing neutral fueling. The highly baffled Radiative Divertor Project (RDP) installation
is expected to make the edge more neutral free. Pellet fueling with inside and outside launch is
also being substituted for gas fueling to further lower the neutral gas source at the separatrix.

The large pressure gradient that forms in the H-mode edge leads to a large bootstrap current
which is unfavorable for kink modes. A variety of active control techniques are being proposed
{the use of aradiating mantle [e.g., the TEXTOR radiative impurity improved confinement mode
(RI-mode)], the use of marginally diverted plasmas, control of the plasma shape, the use of non-
axisymmetric coils to ergodize the plasma edge, and the regulation of ELMs} to reduce the edge
pressure gradient through degraded H—mode edges or even low energy confinement (L—mode)
edge.

Developing the Basis of Steady-State Operation. The extremes of tokamak performance have thus
far been achieved under transient conditions. The DIlI-D Program will work to extend quasi-sta-
tionary operation to 10 s pulses.

AT operation relies on having a significant fraction of the total plasma current produced by the
bootstrap effect which closely couples current profile evolution to stability and transport. Control
of the current and current profile will require both direct external noninductive sources [neutral
beam current drive (NBCD), ECCD, FWCD] and indirect control through bootstrap current
manipulation viathe density and temperature profiles by heating or transport barrier control.

The potential for plasma disruptions requires a means to avoid or mitigate disruptions. We plan to
pursue two approaches. The first is to gain a sufficiently predictive scientific basis of plasma sta-
bility to be able to operate using real-time control near, but not exceeding, stability boundaries.
Even if this goal is achieved, however, disruptions will still occur (but rarely) owing to random
events injecting material from plasma-facing component surfaces into the plasma or faults in the
control system. So the second major development for those remaining disruptions is a reliable
disruption mitigation system.

Density control techniques are needed for three reasons. First, back-projection from promising
power plant designs (see Section 2.4) leads to DIII-D scenarios with n/n Greenwald = 0.2 to 0.4,
roughly a factor of two lower than usually obtained in H-modes. Second, the efficiency of nonin-
ductive current drive varies inversely with density, placing a premium on low density/high-tempera-
ture operation. A third, practical consideration for DIII-D is that the cutoff density for the 110 GHz
ECH systemis 7 x 1019 m3, so the density should be kept below this level. In the near term, diver-
tor pumping will be used to lengthen the high performance phase of DIII-D plasmas using the baf-
fle and cryopump of the proposed divertor upgrades. Neutral beam and central pellet fueling will be
used in DII-D to feed density inside aforming transport barrier to drive up the density gradient. To
improve penetration, high-field-side pellet injection is planned.
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We will explore several techniques for transformerless operation, including ECH, helicity injec-
tion, or use of the outer poloidal field coils for initiation and initial ramp-up. Overdriving the
bootstrap current is a promising idea for ramp-up over a wide range of plasma current. Helicity
injection startup will also be explored.

4. Developing Advanced Divertor Operating Modes. The pattern of recirculation of neutrals in the
divertor is governed by the shape of the divertor structures. Encouraging more convective parallel
heat transport (instead of conduction) may be aroute to increasing divertor radiation. The shaping
of the divertor structures that determines the 2-D patterns of fuel flow also dominates the impurity
transport problem. We will explore the use of entraining fuel flow to enrich impuritiesin the diver-
tor while limiting their buildup in the core plasma in AT modes. Impurity radiation in the divertor
and fuel flow physics are also emerging as the keys to obtaining a plasma that fully recombines
before reaching a material surface. Our goal isto find a regime of radiative and/or detached diver-
tor operation that alows low heat flux to divertor surfaces and low erosion of those surfaces, and
is compatible with a low impurity content, high performance core plasma. Finally, the boundary
interface between the plasma and the wall must be controlled in order to regulate recycling of fuel
and sources of impurities.

1.1.1. SCIENCE RESEARCH (WBS SUBTASK 1.1)

The research science is managed and organized by the four key fusion energy science topica areas:
confinement, stability, power and particle control, and steady state. The motivations, scientific issues, instru-
ments required, and proposed studies in each area are discussed in depth in Sections 2.3 and 2.5 of this vol-
ume. The following paragraphs briefly clarify the scientific content of each of these categories, summarize
the research tasks we expect to undertake during the period covered by this plan, and present the manpower
loading proposed in each area. The scientific staff activities include design and conduct of experiments,
developing and operating diagnostics, analysis of data, support of theory and modeling efforts, comparison
to theoretical models, and publication of results. In addition to the four topical science areas, we present the
plans and required labor in the three principal areas of science support: applications programming, new
diagnostics, and genera physics support. In each of these seven subtasks, we indicate the required labor
effort. For reference, we give the FY 98 1abor [in full-time equivaent (FTE)] for GA aswell asfor collabora-
tors. In our plan, in accordance with DOE guidance, we have assumed that the collaborator level remains
constant during the period FY 99— FY 03.

1.1.1.1. CONFINEMENT (WBS SUBTASK 1.1.1). The scope of confinement research on DIII-D covers the
transport of particles, angular momentum, and heat within the tokamak core plasma from neoclassical
and turbulent processes. Our objective is the suppression and stabilization of turbulence, leading to opti-
mized confinement. Neoclassical thermal transport levels have been reached for the ions. We seek high
confinement per unit current (H factor up to 4). Our primary approach is stabilization of turbulence by
means of ExB velocity shear, leading to the appearance of transport barriers. Regimes of principal inter-
est are the NCS and high /; regimes. More broadly, our goal is to improve the fundamental understanding
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of turbulent transport and of the dynamics of transport barrier formation and control to obtain a predictive
modeling capability for projection to future machines. The particular areas of confinement study that we
propose to undertake in the coming five year period are al in this volume (2.2-7):

e Understanding ExB shear stabilization of turbulence (2.3-3ff).

e Producing and controlling transport barriers through suppression of turbulence (2.3-7ff,
2.3-64, 2.2-11).

e Reducing electron thermal transport (2.3-8ff).

o Testing and further developing models of turbulent transport (2.3—-10).

« Investigating nondimensional scaling to extrapolate to future devices (2.3-10).
e Understanding fuel and impurity ion transport (2.3-12).

o Exploring regimes with high electron temperature (2.3-10, 2.3-74, 2.2-22).

o Testing and further developing models for the transition from low energy to high energy confine-
ment mode (L—H transition) and the H-mode edge pedestal (2.3-14,15, 2.2-15).

¢ Investigating confinement physics of novel configurations, like RI-mode (2.3—-16).

« Developing diagnostics needed for turbulent transport investigations (see p. 2.5-33).

1.1.1.2. STABILITY (WBS SUBTASK 1.1.2). The scope of this subtask isideal and non-ideal MHD stability
research. Our objective is to advance understanding of MHD stability and develop active and passive
means of improving it. Advanced tokamaks leading toward a more compact, economical, and reliable
fusion power plant need approximately twice the value of normalized beta (8y) on which ITER is based.
Our approach to obtaining operation at such high By is to employ wall stabilization along with optimiza-
tion of the plasma shape and current and pressure profiles, particularly profiles near the plasma edge. The
goals of this work are higher 3 operation and a sufficient basis of understanding to project such opera-
tion to future machines, and to operate in such regimes in a manner to avoid creating physics-driven dis-
ruptions. For those remaining disruptions triggered by system hardware faults, we have proposed a dis-
ruption mitigation approach. In the next five years, we propose to investigate the following issues affect-
ing stability (2.2-9, 2.3-21):

o Optimizing plasma shape (2.3-23).

e Optimizing and controlling the pressure profile (2.3-23).

e Optimizing and controlling the current profile (2.3-23).

o Understanding and applying wall stabilization (2.3-25).

o Seeking profiles with good bootstrap current alignment (2.3-64).
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e Understanding and stabilizing nonideal instabilities (2.3-28).
¢ Avoiding and mitigating disruptions (2.3-31).

1.1.1.3. POWER AND PARTICLE CONTROL (WBS SUBTASK 1.1.3). The scope of this subtask encompasses
divertor physics, boundary conditions for the core plasma, and plasma-materia interactions. Our primary
objective is to achieve a detached, radiating divertor plasma compatible with an advanced tokamak core
plasma, particularly in regard to providing the needed density control for steady-state regimes. The sim-
plest way to increase radiated power is to raise the density at the separatrix, but that can be inconsistent
with the need to maintain alow collisionality core plasma or with density limits. Our approach is to seek
increased radiation at fixed density using impurity enrichment in the divertor, 2-D patterns of heat and
fuel flow, and plasma recombination. A strongly pumped, double null divertor (implemented in stages) is
our approach to providing the density and impurity control and management of neutral fueling for a high
triangularity, high performance core plasma. A secondary line of investigation that may be compatible
with a thrust toward L—mode edge core plasmas is the use of radiating mantles. The issues in this area
revolve around impurity sources from the divertor, core plasma impurity transport, and synergistic effects
of impurities on confinement (e.g., RI-mode). Besides achieving plasmas with core/divertor compatibili-
ty, our goal is a verified 2D divertor and surface modeling codes that can be used predictively. In the next
five years, we propose to investigate the following plasma boundary issues that are all in this volume
(2.2-10, 2.3-36):

e Understanding the roles of conduction and convection in parallel heat transport and optimizing the
divertor using this physics (2.3-39, 2.3-47).

o Obtaining high degrees of plasma recombination (2.3-41).

e - Increasing impurity concentration enrichment in the divertor (2.3-42).

o Finding compatible detached divertor and advanced tokamak core configurations (2.3-44).
o Assessing double versus single null divertor operation (2.3-47).

e Providing density control for the advanced tokamak core plasma (2.3-49).

o Developing pellet fueling (2.3-51).

o Understanding the physics of density limits (2.3-52).

e Understanding the role of neutrals in core confinement (2.3-53).

o Understanding the role of neutrals in H-mode access and the H—-mode shear layer structure
(2.3-56).

» Understanding and controlling edge |ocalized modes (ELMs) (2.3-58).

¢ Understanding impurity source mechanisms and surface erosion (2.3-59).
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1.1.1.4. STEADY STATE (WBS SUBTASK 1.1.4). The scope of this subtask is the scientific issues associated
with the physics of heating plasmas to high temperatures and of driving electrical currents in plasmas,
including self-generated currents like the bootstrap current and the Pfirsch-Schluter current. For processes
using waves, this includes the physics of wave generation, propagation, absorption, and effects on the dis-
tribution function like those giving rise to plasma current. Our objective is to provide the scientific basis
for noninductive plasma current initiation, ramp-up, maintenance, and current profile control. Our
approach will be to utilize various plasma initiation schemes, bootstrap and rf for ramp-up, and ECCD
and FWCD for current maintenance and current profile control. Our goal is to provide the basis for full
transformerless operation of the tokamak. Some of the issues of current drive and heating (2.2-10,
2.3-63) that we expect to explore during the plan period include:

o Controlling the current profile using ECCD and FWCD (2.3-64).
o Contralling transport barrier thresholds and locations (2.2—18ff).

o Developing off-axis current drive by mode conversion of fast waves to ion Bernstein waves
(2.3-68).

o Initiating the plasma current without using the ohmic heating (OH) transformer (2.3-71, 73).
« Ramping up the plasma current using the bootstrap effect (2.3-72).

e Maintaining the plasma current with ECCD, FWCD, and bootstrap (2.3-64ff).

e Studying electron versusion heating (T = T; operation) (2.3-74).

e Studying wave absorption by fast ions (2.3-75).

o Using wave power versus NBI to sort out the role plasma rotation and rotational shear on trans-
port barrier formation (2.3-76).

o Stabilizing sawteeth (2.3-77).

o Stabilizing neoclassical tearing modes (2.3-77).

o Controlling ELMs (2.3-78).

o Studying transport by localized heat pulses (2.3-10).

1.1.1.5. APPLICATIONS PROGRAMMING (WBS SUBTASK 1.1.5). The scope of this task is to provide the
necessary database and data analysis support to the scientific staff on the DIII-D Program (see
Section 2.5.6). Our objective is to provide researchers with easy, timely access to all necessary experimen-
tal results, and thereby enhance the productivity of DIII-D as a national user facility serving researchers
from many institutions both on site and off site. Our approach is to modernize the computing environment
to provide the ability for remote participation and a distributed data analysis and modeling capability. Our
goal is an open data system that facilitates fast and efficient analysis of data by the DII1-D National Team.
Our approach to this goal requires the following actions to be taken:
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o Implementing acommon /O file standard to facilitate data transfer.

o Installing a modern, commercially available data warehousing software to archive and refrieve a
variety of data.

o Developing user-friendly tools for code invocation, data visualization, and data transfer.
o Constructing a programmable environment for code coupling and continuous improvement of

comprehensive simulation capability.

1.1.1.6. NEW DIAGNOSTICS (WBS SUBTASK 1.1.6). The scope of this subtask is the diagnostic upgrades
and modifications necessary to support the scientific program (see Section 2.5.5). Our objective isto per-
mit the new areas of research necessary to achieve the scientific subtasks defined previously by providing
new measurement capability or changes in the DIlI1-D machine hardware or, (in some limited number of
cases such as the core Thomson scattering diagnostic), to fill in gapsin our existing measurement capabil-
ity. Our approach is to use the DI11-D National Team to implement new measurement systems targeted at
key physics issues. Our goal is to enable sufficient measured data to decisively confront theoretical mod-
els and enable the development of predictive models based on DIII-D research. Some of the areas of
diagnostic upgrade are listed below.

« Radiative Divertor Diagnostics. (See Section 2.5.5.2 Table 2.5-5 and Table 2.5-6).
o Plasma Control Diagnostics (2.5-31).

o Electron Transport Diagnostics (2.5-33).

o Study of Small-Scale Turbulence Via Scattering (2.5-33).

o Magnetic Field Fluctuation Measurements (2.5-34).

e Measurement of Turbulent Temperature Fluctuations (2.5-34).

¢ Central Thomson Scattering (2.5-34).

o 3-D Equilibrium Reconstructions (2.5-35).

e Current Profile Measurements at High Densities (2.5-35).

e Laser Pumping to Improve Beam Emission Spectroscopy Diagnostics (2.5-36).
1.1.1.7. PHYSICS SUPPORT AND LEADERSHIP (WBS SUBTASK 1.1.7). The scope of this task covers GA
support for both incoming and outgoing collaborations. Our objective is to support the interface of the

DIlIN-D Program to the collaborators, other laboratories both domestic and foreign, and the external
fusion community. This objective is supported by four principal activities:

o Research Program Leadership (program direction and development, research plan development,
and advisory committees).

+ On-site Collaborator Support (phones/offices, diagnostic operations and maintenance support for

General Atomics Report GA-A22950 1-13



THE DIII-D FIVE-YEAR PROGRAM PLAN 19992003 Project Saff

collaborators, data acquisition support for collaborators)
« External Collaboration Support (international cooperation and ITER Expert Group participation)
e Technical Publications Support for the DII1-D Scientific Staff (including collaborators).

1.1.2. DIlI-D FACILITY OPERATIONS (WBS SUBTASK 1.2)

The scope of this subtask is the operation of the DIII-D facility (see Section 2.5). This subtask is sub-
divided into seven subordinate subtasks: Tokamak Systems, Neutral Beams, ECH Heating, lon Cyclotron
Resonance Frequency (ICRF) Heating, Diagnostics, Data Systems, and Operations Support. The objec-
tive is to provide and organize the resources necessary to enable the DIII-D National Fusion Facility to
provide sufficient run time and capability to carry out a wide range of state-of-the-art tokamak experi-
ments. Operation of the DIII-D facility is the responsibility of GA, who provides the core operational
engineering and technical staff, along with the appropriate infrastructure to organize the effort. At the
heart of the facility isthe DII1-D tokamak which is capable of operating at plasma currentsup to 3.0 MA
with a magnetic field of 2.2 T. The DI11-D tokamak has a unique capability for varied highly noncircular
limiter and divertor plasma configurations. Substantial plasma heating and current drive capability is
available from 20 MW (delivered) of neutral beam heating, 6 MW (source) of ICRF power and 2 MW
(source) of ECH power. The DIII-D diagnostics set provides over 50 diagnostic systems capable of pro-
viding definitive measurements of plasma parameters in the core, edge, and boundary regions of the plas-
ma. Control of the tokamak, heating systems, and auxiliaries is managed through a set of interconnected
computers and sophisticated internally developed algorithms.

The approach we have taken to this task, and plan to continue, to take is to maximize the productivity
of individual run days and run periods. Owing to its operational flexibility and the excellence of its diag-
nostic set, DII1-D can complete an experiment in a single run day. Research operations have been carried
out on afive-day-a-week basis for three weeks of operation followed by two weeks of maintenance, cali-
bration, and testing. Typicaly one longer period is set aside each year for new installations and major
refurbishments. In recent years, the number of operating weeks has been limited by funding (8 weeks in
FY97 and 13.6 weeks in FY 98, compared to up to 27 weeks earlier). This DIlI-D proposal calls for 18
weeks of single shift operation in the annual research operation of the DIII-D facility for the period
1999-2003. A proposed option would extend the operation to 18 shift-and-a-half weeks. Such a schedule
allows the maintenance time necessary to keep the machine in a high state of operationa efficiency. Our
god is that the planned increased operation will enable up to 50 experiments per year, longer campaigns
that require several days, exploratory studies and efforts into new regimes, and additional opportunities
for collaborators.

1.1.2.1. TOKAMAK SYSTEMS (WBS SUBTASK 1.2.1). The scope of this subtask is to support the operation
of the Ohmically heated DI11-D tokamak and its support systems. Besides normal operations and mainte-
nance, this task also requires continuous refurbishment and improvement of aging subsystems, installa-
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tion of asymmetric MHD feedback coils, and increasing the electrical substation capacity to enable high
power and longer pulse plasma heating and magnet system operation. Our approach is to maintain our
historically effective operations and maintenance programs. This subtask provides for the operation and
maintenance of the following systems:

Toroida cail.
Ohmic heating cail.

Eighteen independently controlled poloidal field shaping coils each powered by an independent cur-
rent regulator.

A set of six coils which correct the residual error fields.

Graphite vacuum vessel first wall protection system.

The 400°C baking and outgassing system.

The boronization wall conditioning system.

The glow discharge cleaning system.

The upper and lower divertor cryopump systems (liquid helium, 40,000 I/s each pump).
Hardwired systems that implement critical safety limitations.

State-of-the-art high speed digital plasma control system.

Programmable fuel and impurity gas injection systems.

Cryogenic D5, pellet injector and room temperature lithium pellet injector.

Prime power substations from the local utility’s power mains.

Two flywheel energy storage motor generators (525 and 260 MVA).

A set of phase controlled power suppliesfor the coils.

A system of switching current regulators (choppers) for the field shaping coils.
Twelve high-voltage power supplies (6 MW each) for the auxiliary heating systems).
A 150 I/h helium liquifier to support beamline and divertor cryopump operation.

A substantial high pressure, high purity water cooling system.

The radiation shield (the wall and moveable roof of the machine hall).

The radiation monitoring system to comply with DOE and Nuclear Regulatory Commission
(NRC) aslow asreasonably achievable (ALARA) principles.

1.1.2.2. NEUTRAL BEAMS (WBS SUBTASK 1.2.2). The scope of this subtask is to operate and maintain the
DI1I-D neutral beam systems, which consist of four beamlines. Each beamline has two positive ion
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sources in paralel, focused through a common drift duct. These neutral beam systems were designed for
5 s deuterium beam operation at beam energy of 80 keV with 16 MW of total injected neutral beam
power from eight sources. They routinely operate at this level. Improvements in operational technique
and in system hardware have led to the routine operation in deuterium at beam power level of 20 MW for
3.5 s. Successful testing and operation of threeion sources at 93 keV deuterium beam energy also leads to
the possibility of enhancing system capability to 28 MW. Control and data acquisition computers have
recently been upgraded, along with several instrumentation and control systems to improve system func-
tionality, availability, and reliability.

The 20 MW, 80 kV neutral beam system is the workhorse of day to day operation. Four beamlines are
routinely available on demand to provided heating at their design levels. They have also become an
important source for a number of diagnostics including ion temperature, plasma rotation, radial electric
field, current profile, and turbulence. Our approach will be to maintain this excellent capability to meet
the high availability objective.

1.1.2.3. ECH (WBS SUBTASK 1.2.3)." The scope of this subtask is to operate and maintain the installed
ECH systems. At present, we have two 110 GHz gyrotrons operating at a nominal 1 MW (source) power
level. The first gyrotron is made by Gycom in Russia. It has an edge-cooled window of boron nitride
which limits the pulse length to 2.0 s at a power level of 1 MW. It has achieved power levels of 960 kW
for 2.0 s pulses in tests in Russia. The other gyrotron is made by CPI (formerly Varian). It has a face-
cooled window of sapphire which limits the power to 1 MW for 0.8 s or 0.5 MW for 2 s. Both vendors
indicate their designs are steady state compatible except the window. These gyrotrons have injected
power into DI11-D through the transmission system, and the beam patterns and locations generated in the
vacuum vessel correspond approximately to those expected from the theory of Gaussian beam propaga-
tion and from vacuum ray tracing using a 3D computer model. A third gyrotron is expected from CPI in
late 1997

The transmission system for these gyrotrons is evacuated corrugated waveguides of diameter 31.75
mm propagating the HE11 hybrid mode. The waves are launched into the vessel via a rotatable mirror
which can steer the beams in the vertical direction in order to control the poloidal location of the power
deposition. The steering in the toroidal direction can be changed, but only during a vent of the vacuum
vessel. The present mirrors are tilted 19 deg in the toroidal direction in order to generate co-current drive.

Power supplies for the gyrotrons are modified neutral beam supplies. A single neutral beam power
supply has sufficient power to support the operation of two 1 MW gyrotrons. However, Gycom gyrotrons
operate near 72 kV and CPI gyrotrons operate near 80 kV, so gyrotrons of mixed brands cannot be operat-
ed by a single supply. At present, we use a modified Mirror Fusion Test Facility (MFTF) neutral beam
supply for the Gycom gyrotron and amodified DI11-D Universal Voltronic Corporation neutral beam sup-
ply for the CPI gyrotron.
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Our approach will be to continue to operate existing and newly commissioned gyrotron systems for
physics experiments while implementing the ECH power upgrade. The objective of the physics experi-
ments will evolve from basic physics tests to major demonstrations as the total available power rises. Our
goal isagradual increase in reliable operational power from the present 2 MW to 6 MW and eventually
to 10 MW.

1.1.2.4. ICRF HEATING (WBS SUBTASK 1.2.4). The scope of this subtask is to operate the three existing
ICRF power sources, eventually a fourth source to be installed, and the associated power transmission
and antenna systems. A modified Fusion Materials Irradiation Testing (FMIT) system has power of 2 MW
for at least 10 s over the frequency range 30 to 60 MHz. Two Asea Brown Bovari (ABB) transmitters
have rf power of 2 MW for at least 10 s over the range 30 to 55 MHz with power falling off to 0.4 MW at
120 MHz. The FMIT power is coupled to an uncooled four strap antenna which is limited to a 2 s pulse
length. The ABB transmitters are connected to the water cooled four strap antennas at 0 and 180 deg
which can operate for 10 s.

A transmission line configuration more tolerant to variations in plasma-antenna loading is being
installed, which is based upon a traveling wave concept. This configuration uses a less efficient coupling
factor between the antenna strap and the plasma, which resultsin alower perturbation back at the transmitter
for any change in plasma edge condition. However, the loss in coupling efficiency is recovered by recircu-
lating the uncoupled power back to the antenna using a resonant ring loop.

Our approach will be to support ICRF operations to allow steady progress in gradually building up
the necessary physics tools and approaches toward the advanced tokamak goal.

1.1.2.5. DIAGNOSTICS (WBS SUBTASK 1.2.5). The scope of this subtask is to operate and maintain the
DIl-D plasma diagnostic set, which is made up of more than 50 instruments built and operated by the
DIlI-D National Team. This ensemble of instruments is the most complete of any tokamak in the world
and routinely produces the high quality data required to fuel the DIII-D scientific research program. The
DIl-D diagnostics set includes extensive divertor and edge measurement capability, plasma core profile
measurements of density, temperature and plasma current, and a large suite of fluctuation diagnostics.
Our approach is to utilize the present mixed team of GA personnel and collaborators to continue the
effective operation of the DIII-D diagnostics. A complete list of the diagnostic systems installed on
DI11-D and the measurements that they makeis shown in Section 2.5, Table 2.5-4.

1.1.2.6. DATA SYSTEMS (WBS SUBTASK 1.2.6). This subtask supports data acquisition and control com-
puting and the general DII1-D computing infrastructure. The extraction of data from the experiment, the
production of results through data analysis, and the dissemination of information to national and interna-
tional researchers involves computer systems and programming at all levels. As a nationa facility, the
number of collaborators on-site, and more importantly collaborators at remote sites are expected to
increase. Our goal is to support the projected 40%/year increase in the data rate due to participation of
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more collaborators, more diagnostics, more operation and longer pulses, and to support the increasing
sophistication of the DII1-D control system. The computer systems supported are:

Neutral beam control systems.

Plasma control system.

General purpose facility CAMA C-based data communication and timing system.
Interlinked local computer network infrastructure.

The tokamak control computer that monitors the entire operating cycle.

The data acquisition and archival computer system.

Thelocal and off-site mass data storage system.

Numerous front end diagnostic control and data acquisition computers.

1.1.2.7. OPERATIONS SUPPORT (WBS SUBTASK 1.2.7). Operations support is a diverse collection of tasks
which support the DII-D operation and research activities including planning, safety, facilities operation
and maintenance, stockroom, quality assurance, engineering analysis, computer-aided design (CAD) sys-
tem, document center, collaboration laboratories.

Our objective isto provide the services and tools required for the operators and research staff to carry
out a safe, documented, quality program.
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THE DII-D Five-YEAR PROGRAM PLAN 1999-2003

1.2. UPGRADE DIII-D COMPONENTS AND SYSTEMS TO ACHIEVE
PROGRAM OBJECTIVES (WBS AND SOW TASK 2)

In order to carry out the proposed five year research program, certain upgrades to the DII-D facility
arerequired: anincrease in the 110 GHz microwave power, modification of the divertor, and extension of

the tokamak pulselengthto 10 s.

The ultimate opportunity for carrying out the AT Program begins in 2002 when DII1-D is equipped
with the three principal tools it needs for this integrated research (see Fig. 1-1):

o Precise off-axis current drive and heating from electron cyclotron microwave power sources to
sustain and control the optimal current profile. The 110 GHz ECH power will be increased from 2
to 6 MW in 2000 and to 10 MW in 2003 with 1 MW 10 s pulse gyrotrons. Figure 1-5 of this sec-
tion depicts some of the key, recent technical advances upon which our proposal is based.

o A double-null divertor system which can strongly pump the optimal high-triangularity plasma
shape to maintain the core plasma in the required high temperature regime of low-collisionality
while producing detached divertor plasmas through advanced divertor physics effects. Such a
divertor will be operational in 2001. Figure 1-6 of this section shows the various stages of imple-

mentation of the Radiative
Divertor Project.

e Modest improvements to the
magnet system to enable
operation for 10 s pulse
lengths.

This upgrade plan was selected
as the highest priority among many
options. However, recognizing that
specific future scientific outcomes
cannot be assured, the DIII-D Plan
includes contingency options which
could be implemented in lieu of the
proposed baseline plan. The strategy
for contingency optionsis outlined in
Fig. 1—7 of this section. The initia
facility upgrades are the ECH 3 to 6
MW upgrade and the upper divertor
upgrade. Based on results from
experiments with these new tools, at
an intermediate decision point
(December 2000), we would asses

Fig. 1-5. Recent technical developments of 110 GHz gyrotrons and a high-
power diamond window (upper right) motivate an accelerated ECH program.
The importance of microwave heating and current drive to our advanced
tokamak research program lies in off-axis current profile control, transport
barrier control, Tg = T;, probing transport, momentum versus heating, and
two component plasmas.
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Fig. 1-6. We plan to implement a high triangularity pumped divertor in stages. These
divertor modifications provide particle control of advanced tokamak shape plasmas.

1.2.1. ECH UPGRADE (WBS SUBTASK 2.1)

Project Saff

continuing  with the
Baseline Upgrade Plan or
to decide to implement
one or more alternate
upgrade contingency
options (described in
Section 2.5). These con-
tingency options are not
costed in this proposal
but could be implement-
ed by a DOE change
order within the cost
envelope of this propos-
al, inlieu of the proposed
baseline upgrade and/or
operations activity.

The scope of this subtask is the development of a high power microwave system for the DIII-D
Research Program for electron heating and current drive (Section 2.5.1). The deposition of microwave

Initial upgrade priorities

December
2000

ECH3to 6 MW

Upper divertor

checkpoint

Upgrade baseline plan

ECH 6 to 10 MW

Lower divertor

Magnet pulse length

Upgrade contingency options

ICF 6to 8 MW

Counter neutral beam
Liquid jet

Internal asymmetric coils
New plasma chamber walls
Tungsten divertor

Fig. 1-7. The DIII-D upgrade plan includes contingency options to adapt to evolving scientific outcomes.
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power is very localized because of the strong electron cyclotron absorption and can be accuraiely deposited
either by antenna aiming of the narrow microwave beam or by varying the toroidal magnetic field (and
thereby the resonant magnetic field location). Our objectives in implementing this exceptionally precise
controlled research tool are to enable:

o Localized and transient energy transport studies.

o Control of the electron to ion temperature ratio for transport studies.

o Current drive off-axis for negative central shear advanced tokamak experiments.
o On-axiscurrent drive for high ¢; advanced tokamak experiments.

¢ Highly localized heating for studies of control of internal transport barriers.

o Studies of electron energy transport.

The 110 GHz ECH system consists of two 1 MW gyrotron systems which are operational, and a third
system with a diamond window which is expected to be operational in late 1998. The 110 GHz ECH
Upgrade is proposed to be implemented in two phases. In the first phase an increase in power from 3 to 6
MW with the addition of three 1 MW gyrotron systems. In the second phase, the power would be
increased from 6 to 10 MW.

Our approach to the ECH upgrade will be to build on currently proven GA transmission line technol-
ogy and to purchase gyrotrons from commercial suppliers. The ECH Upgrade will be implemented using
1 MW 110 GHz gyrotrons with diamond windows, power supplies, and transmission line systems similar
to those now operating on DIII-D. Several manufacturers now build 110 GHz gyrotrons (CPI, Gycom,
Thomson, and Toshiba) so they can be procured on afixed cost basis. Power supplies will be modified 80
kV MFETF supplies as are now operating on DIII-D. The transmission system (mode converter, low loss
waveguide, and launcher) would be areplica of the present system. The labor and costing for this upgrade
are thus based on experience with the prototype systems now operating on DIII-D. Further details are
givenin Section 2.5.1.

1.2.2. DIVERTOR UPGRADE (WBS SUBTASK 2.2)

The scope of this subtask is the divertor upgrades needed to effect the eventual integration of core
and boundary physics into integrated, steady-state scenarios (Section 2.5.2). The objectives of the divertor
installation are:

o Provide density control (density reduction) to

— increase current drive efficiency in advanced tokamak core plasmas (Reducing the plas-
ma density increases the plasma electron temperature; which doubly increases the cur-
rent drive efficiency by theratio T/ng)
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— maintain the core plasma in the correct regime of collisionality for extrapolation to a
reactor (Ng < 0.4 niyy) and below the ECH cutoff density (7 x 1019 m3).

e Provide baffling to control (reduce) edge neutral effects on confinement and the L—H transition
and encourage divertor recombination.

e Provide recycling structures to optimize fuel flow patterns in the divertor for impurity retention
and enhanced divertor impurity radiation.

e Provide a divertor structure suitable for answering the design questions posed by future
machines:

—  Single or double null?
—  Optimal triangularity?
— Pumping the inner, outer, or private flux regions?

—  Optimal baffle geometry?

Our approach will be to continue implementing the eventual double-null divertor (Fig. 1-7) in stages.
The first stage was the installation in 1996 of the upper, outer baffle and the cryopump behind it. This
installation has enabled the pumping of high triangularity plasmas while maintaining the excellent diag-
nostic capability for divertor studies in the open lower divertor. The second step will be the completion in
1999 of the upper divertor with the private flux dome (and cryopump behind it), and some shaping of the
inner wall tiles to obtain the capability to operate a highly baffled divertor for upper single null plasmas
and to pump the inner leg of the divertor. Lower, open single null divertor research can continue.
Depending on results in the interim from the plasma shape optimization studies and the divertor studies,
the lower divertor would be similarly modified in 2001 to enable full double null capability. In the diver-
tor upgrade, we plan to continue to use technology proven aready in DIII-D, which is the operational
cryopumps and the long proven and trouble-free inertially cooled graphite tiles and associated mounting
arrangements.

Our goal isto eventually provide the operational and scientific basis for the choice of optimal divertor
geometry and plasma shape in future tokamaks, taking account of the constraints of integrating divertor
performance with advanced tokamak core plasma modes.

Costing for the divertor upgrade was based on actual costs of the previous modifications. The esti-
mated FTEs for these WBS |abor categories are:
1.2.3. MAGNET PULSE LENGTH UPGRADE (WBS SUBTASK 2.3)

Extending the pulse length of the DIII-D tokamak from 5 to 10 sfor a2 MA plasma at 2T magnetic
field requires only minor modifications to the tokamak and additional auxiliary heating required for cur-
rent profile control (Section 2.5.3). The changes needed are the interconnecting busswork between the
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bundles of the toroidal field coil, upgrade of the poloidal field shaping coil regulators (choppers), and an
upgrade of the cables on the patch panel and the cables connecting the motor generator to the dc power
supplies. One dc power supply will be required for the poloidal field coils.

1.2.4. UPGRADE CONTINGENCY OPTIONS

The DIl-D National Facility has the capability and flexibility to pursue avery broad range of fusion
research and facility upgrades. Funding ultimately constrains the range of upgrades that can be imple-
mented. Through discussion with the national collaborative team, we have identified the highest priority
upgrades included in the baseline costing for the next five years (ECH, divertor, and magnet pulse length
upgrades). However, new experimental or theoretical results, or programmatic priorities could dictate
plan changes. Alternate contingency options have been discussed in the technical section (Section 2.5)
andinFig. 1-8.

These alternate upgrade options which are described further in Section 2.5 include:

1. Increase of ICRF power to 8 MW and/or the installation of mode conversion current drive
combline antenna (Section 2.5.7).

2. Reorientation of one neutral beam linefor counter injection (Section 2.5.8).
3. Construction and installation of aliquid jet for disruption mitigation studies (Section 2.5.9.1).

4. Internal MHD cails to control plasma rotation to provide feedback stabilization of resistive wall
modes (Section 2.5.4).

5. Replacement of divertor walls with tungsten or replacement of main chamber tiles with B4C or Si
doped graphite walls (Section 2.5.2.3).
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2. TECHNICAL DISCUSSION: THE DII-D FIVE-YEAR
PROGRAM PLAN

2.1. THE DIII-D FIVE-YEAR PROGRAM PLAN

This document presents the DII1-D Program Plan for the period 1998-2003. The plan was devel oped
by the national collaborative team that operates, plans, and carries out research using the DIII-D facility.
This research program addresses the problem of establishing the scientific basis for the optimization of
the tokamak approach to fusion energy production.

2.1.1. THE DIII-D MISSION

Development of the scientific basis of the fusion energy source for future generations represents a
grand challenge for science and offers the prospect of great benefits for mankind. The strategy for the
recently restructured U.S. Fusion Energy Sciences Program focuses on innovation and scientific discovery,
strengthens the program’s ties to other fields of science, positions the U.S. to continue playing a meaning-
ful role in the world fusion energy effort within available resources, and preserves the basis for an expand-
ed U.S. Fusion Energy Program when national needs require.

Significant advances have occurred recently in tokamak research. Techniques for producing high tem-
perature plasmas have become routine and reproducible, measurements of plasma internal magnetic and
electric fields are now routinely available during experiments, and methods for controlling the plasma
current and pressure profiles are being deployed. Transport barriers have reduced ion energy transport to
neoclassical levels, plasma pressures have reached MHD theoretical limits, current drive by neoclassical
bootstrap currents and rf current drive are at theoretical levels, and divertor operation with active particle
pumping and radiative power dissipation has been demonstrated and modeled with numerical codes. The
experimental advances have been observed in discharges for short periods and generally in isolation.
However, using such advances to help build understanding of the underlying processes, tokamak research
is developing a capability for truly theory-based discharge manipulation, which is fairly mature in some
areas and less so in others.

Within this context, the DIl11-D Program mission goal is:

To establish the scientific basis for the optimization of the tokamak approach
to fusion energy production.
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“Optimization” means experimentally demonstrating performance parameters at the theoretically
predicted limits for the tokamak confinement system and achieving to the greatest degree possible an
integrated, steady-state demonstration of optimized performance that projects to an attractive fusion
power system. *‘ Scientific’ means developing a solid understanding of the underlying physical principles
and incorporating it into useful predictive modeling tools. The integrated optimization sought, and the
scientific basis established, will alow the definition of optimal paths to fusion energy using the tokamak
approach.

The DIII-D Program mission seeks to develop and exploit fusion science to the betterment of the
fusion energy goal: demonstrated, scalable plasma performance that is backed up by afirm, comprehen-
sive theoretical model and achieved in a total configuration that is attractive as an eventual power plant
concept. In DII-D we quantify this goal as sustaining for 10 s a plasma with 5% beta (the ratio of plasma
to magnetic field pressure).

The AT has been the basic organizing thrust of the DIII-D Research Program for several years. The
AT is now recognized, partially because of early DII1-D successesin this area, as potentially making pos-
sible a variety of attractive near-term development steps for magnetic fusion energy. In implementing the
new DIII-D Research Plan, we will continue along this path and pursue AT science and integrated perfor-
mance optimization as the most promising direction for determining the tokamak’s highest potential.
Advancing and benchmarking modeling tools will go hand-in-hand with these investigations.

The DIII-D Nationa Program will support the six near-term (five-year) objectives established by the
U.S. fusion community. Primary contributions will be made to two of these objectives:

o Marked progressin scientific understanding and optimization of toroidal plasmas.
« Improved integrated modeling based on theory and experiments.

aswell as secondary, but significant, contributions to the other four objectives:

o Participation in international collaboration to study burning plasma physics and related fusion
technologies.

o Strengthened general science and education and connection to other scientific communities.

o Evaluation of several nontokamak fusion approaches.

o Marked progress in understanding technol ogies and materials for fusion power.

In the newly restructured U.S. Fusion Energy Science Program, DIII-D is called “to move toward
full, maximally productive utilization, including some upgrades, as a user facility to pursue the rich sci-
ence to be gained.” The role of DIII-D isto advance fusion science, to lead the development of tokamak
improvements, to link to our international partners, and to provide critical physics R&D for ITER. The
plasma physics issues being addressed in DIII-D are aimed at maturing the tokamak knowledge base for
future applications, whether tokamaks or aternate concepts. The plasma science also has applications to a
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wider and broader scientific understanding of natural plasma phenomena, application to other branches of
science, and industrial application.

2.1.2. THE DIlI-D PROGRAM

The DIII-D Program is an AT Program using and advancing fusion energy science to provide the basis
for future fusion initiatives. DINI-D (Fig. 2.1-1) consists of a national facility with its operating staff and a
national collaborative research team that utilizes the facility to carry out research to support the goals of the
U.S. Fusion Energy Sciences Program. DIII-D is the world's most flexible tokamak and the largest magnet-
ic fusion device in the U.S. Program. Its ability to control a variety of complex plasma shapes and its diag-
nostic instrument set are the best in the world. It has areliable 20 MW neutral beam heating system; radio-
frequency heating and current drive systems and pumped divertor systems are being developed and are the
principal system upgrades in this plan. Its digital plasma control system will control the heating and other
systems to achieve the interior plasma profiles essential to the tokamak optimization mission. The DIII-D
open data system architecture has facilitated the development of the large collaborative national team.

THE DIlI-D
NATIONAL PROGRAM

NATIONAL
RESEARCH TEAM

THEORY COLLABORATIONS
PROGRAM N\\_> ~AND OUTREACH
ENABLING S2

TECHNOLOGY
PROGRAM

GENERAL SCIENCE
COMMUNITY

DOMESTIC
PERIMENTS
FOREIGN
EXPERIMENTS
FUTURE
EXPERIMENTS

is used by the

DIlI-D NATIONAL TEAM
to implement the

DIll=D RESEARCH PLAN

to provide the
scientific basis for

ADVANCED
TOKAMAK
(Section 2.2)

FUTURE FUSION
INITIATIVES
(Section 2.4)

FUSION ENERGY
SCIENCE
(Section 2.3)

Fig. 2.1-1. DIII-D Program linkages provide intellectual inputs, research inputs, and staff opportuni-
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GA operates the DIII-D Program for the U.S. DOE. About 50 institutions participate in the DIII1-D
Research Program which is managed by an effective system of governance. The primary governance body is
the DIII-D Executive Committee, which advises the DI1I-D Program Director on matters of program plan-
ning, direction, task priorities, and budgets. The committee is comprised of program leaders from GA and
the mgjor collaborating institutions. A DII1-D Program Advisory Committee, consisting of technical experts
from other national and international fusion programs, provides advice semi-annually to the DIII-D
Executive Committee on plans and other magjor programmatic issues. A multi-institutional Research
Planning Committee develops and peer reviews the annua Experiment Plan and reviews, approves, and
schedules experiments. Such plans, as was the case with this Long Range Plan, arise from meetings open to
the entire National Team and then study and working groups commissioned by the Executive Committee
develop the ideas into programmetic research thrusts.

The DIlN-D team consists of about 120 technical operations staff and 100 research scientists drawn
from 9 U.S. national laboratories, 19 foreign laboratories, 16 universities, and 5 industrial partnerships.
The team ranges from undergraduates to those with three decades of experience in fusion research. This
staff has been recognized for its outstanding research: 5 winners of the Excellence in Plasma Physics
Award and 30 Fellows of the APS.

The DIII-D Program has strong linkages to foreign and domestic experiments, the U.S. Theory
Program, enabling technology development programs, the general science community, and the designers of
future fusion initiatives (Fig. 2.1-1). These links to universities and laboratories provide broad intellectual
input to the DII1-D Program, provide opportunities for DIII-D staff to enrich their professional experience,
and provide paths for input of research results from other groups into the DI11-D Program.

2.1.2.1. RESEARCH GOALS. In support of its overall mission, the specific goals of the DIII-D AT
Research Plan in the period 1999-2003 are:

o To attain the theoretically predicted minimum in the cross-field transport of heat and energy.

o To extend the operation of DIII-D to the theoretically predicted limits to plasma stability for a
tokamak at the DIl1-D aspect ratio.

o To seek aplasmathat exhibits full recombination in the divertor before it reaches a material sur-
face, thus achieving the smple description of magnetic confinement as using magnetic fields to
prevent hot plasma from touching a material surface.

o To develop methods of plasma current generation (initiation, ramp-up, sustainment, and profile
control) to provide future devices the basis for full steady-state transformerless operation.

o To integrate the above objectives in single steady-state operational scenarios to demonstrate the
possibility of simultaneous optimization of the tokamak in the above four major areas of fusion
science.

214 General Atomics Report GA-A22950



Project Saff THE DIH-D FIvE-YEAR PROGRAM PLAN 19992003

This set of research goals defines the ultimate expression of what is called the AT. We see the Research
Plan (Fig. 2.1-2) as two main lines, core plasma and boundary plasma physics, which both work toward
an eventual integration demonstrated by sustaining a 5% beta plasmafor 10 s.

CY98 | 99 | 2000 [ 01 | 02 | 03 |
[ [ [

CORE PHYSICS

* REACH MAXIMUM STABILITY LIMIT
» ATTAIN NEOCLASSICAL CONFINEMENT
» ACHIEVE 100% BOOTSTRAP CURRENT

A A 6 MW ECH 10 MW ECH
* HIGH TEMPERATURE o HIGH PLASMA
* LOWNEUTRALS PRESSURE

D‘R“VE“EEFER&“JY | INTEGRATED ADVANCED TOKAMAK PHYSICS

PHISICO OF LONGPULSE |, STABILITY By = 6, CONFINEMENT H = 4
INTERFACE | * 100% BOOTSTRAP CURRENT
LAYER  « HIGH + 100% RECOMBINATION
« STRONG PUMPING DIVERTOR
OF OPTIMAL SHAPE POWER
o RAD o ER. RADIATIVE DIVERTOR
DIVERTOR OPTIMIZATIONS

» ATTAIN PARTICLE CONTROL WITH DOUBLE NULL DIVERTOR
» OPTIMIZE EDGE CONFINEMENT AND STABILITY
» ACHIEVE RECOMBINING DIVERTOR PLASMAS

BOUNDARY PHYSICS

Fig. 2.1-2. The DIII-D research plan culminates in integrated, Advanced Tokamak operating scenarios.

In Table 2.1-1, we show in each of the typical science areas the programmatic objectives, the toughest
challenges we anticipate, and some quantitative targets. The H-factor is the confinement quality normed
to ITER-89P scaling. By = BT(%)/Ip/aBT). Enrichment is the ratio of impurity concentration in the
divertor to the core plasma. The quantity fy is the bootstrap fraction.

2.1.2.2. FACILITY UPGRADES AND IMPROVEMENTS. The principal opportunity for carrying out the AT
Program begins in 2002 when DII1-D is equipped with the two principal tools it needs for this integrated
research (see Fig. 2.1-2):

o Precise off-axis current drive and heating from electron cyclotron microwave power sources to

sustain and control the optimal current profile. The electron cyclotron heating (ECH) power will
beincreased from 2 to 6 MW in late 2000 and to 10 MW in early 2003 with 10 s pulse gyrotrons.

o A double-null divertor which can strongly pump the optimal high-triangularity plasma shape to
maintain the core plasmain the required high temperature regime of low-collisionality while pro-
ducing detached divertor plasmas through advanced divertor physics effects. Such a divertor will
be operational in 2001.
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TaABLE 2.1-1
ADVANCED TOKAMAK PROGRAM — OBJECTIVES, CHALLENGES, AND TARGETS

Programmatic
Area Objectives Toughest Challenges Quantitative Targets
Confinement  Neoclassical con- Sufficient under- H - 4(>559)
finement through standing of under-
transport barrier lying turbulence;
control extension to long
pulse
Stability Long-pulse, high By, Profile control; neo- BN — 6 (>559)
AT operation classical islands; wall
stabilization
Divertor Fully recombining Compatibility with Recombination = 100%
divertor plasma low-collisionality AT Enrichment — 8
plasmas
Peak heat flux
reduction — 5
Steady state  Fully transformerless  Profile control; fbs — 100%
operation extension to long

pulse; startup

Our near term plans are to: implement improvements to the data analysis and database systems to
support greater access to the data and efficiency of data analysis by the national research team; improve
diagnostics such as installing a Central Thomson Scattering System, a package of diagnostics aimed at
studying electron transport, areal time radia electric field measurement, and a package of upgrades and
modifications connected with the new divertor; improvements to the rf transmitter power, reliability, and
antenna systems; and improvements to the plasma control system to drive the divertor and current drive
control tools for real time control of plasma profiles.

Longer term upgrades and enhancements, being considered for the period 1999-2003 based on
research results are as follows:

« Additional diagnostics improvements could include packages for 3D reconstruction of
equilibria, magnetic turbulence, temperature fluctuations, advanced current profile measure-
ments, and laser pumped beam emission spectroscopy.

« Nonaxisymmetric coils are being designed to enhance wall stabilization by rotating the plasma or
by feedback controlling low order modes and/or ergodizing the plasma edge.

o Tokamak systems to enable the study of long pulse physics at full parameters. In our baseline
plan, the pulse length will be extended to 10 s by 2003.

+ RF antenna modifications are expected to enable transport barrier control and mode conversion cur-
rent drive.
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o Possible divertor optimizations and first wall modification options include a longer divertor slot, a
geometry modification toward increased convective parallel heat transport, or a geometry that opti-
mizes helicity injection.

o One of the four DIII-D neutral beamlines may be re-oriented to inject in the counter-direction to
control the radial electric field through toroidal rotation and to facilitate precise real-time mea-
surement of the radial electric field.

The upgrades and improvements proposed for the DIT1-D facility are described in Section 2.5.

2.1.2.3. FACILITY OPERATION. The DIII-D Plan calls for 18 single-shift operation weeks in the annual
research operation of the DIII-D facility for the period 1999-2003 (Fig. 2.1-3). An unsolicited option is
proposed to extend the operation to 18 shift-and-a-half weeks. Such a schedule allows sufficient off time
for the operating staff to perform the necessary maintenance and the scientific staff to carefully prepare
experiments, benefiting from analysis of previous weeks. The maturity of the diagnostic systems enables
complete data sets to be obtained in one discharge resulting in completing one experiment on an average
of aday and a half. The planned increased operation will enable DIII-D to include longer campaigns that
require several days, to support exploratory studies and efforts into new regimes, and to provide addition-
a opportunities for collaborators.

B-year contract period

| |
Activity/ I !
Calendar Year L1997 1998 1999 2000 2001 2002 3 2003 |
| | | | | 1 | 1
Operation (weeks) 14 11 18 18 18 18 18
Research program ITER physics R&D and pulsed AT physics  Optimize and extend AT Integrate and sustain AT
Operation Schedule RUN RUN RUN
; ; + 35 Chan MSE + Central Thomson + Electron + 3-D equlibrim
New diagnostics * Divertor flow + Divertor diagnostics transport

Facility upgrades

ECH [ [omw | |amw | |emw | |omw
Divertor . Upper . Lower

Tokamak Asymmetric MHD feedback coils D D 10 s pulse

Fig. 2.1-3. DIlI-D Program schedule. The reference plan is to operate 18 weeks per year with an option for an additional
9 weeks (27 week total).
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The DI11-D Plan outlined here is expected to take five years to complete, depending on resources avail-
able and rates of research progress. Almost certainly, some of the longer term activities described above will
extend beyond 2003. Around 2001, we will evaluate the possibilities for the period after 2003.

2.1.3. NATIONAL LEADERSHIP

A key element of this DIII-D Program Plan is to provide national program leadership in the area of
the DI11-D mission; optimization of the tokamak approach to fusion energy. This extends the responsibil-
ity of the DIII-D National Team in six directions (indicated in Fig. 2.1-1) beyond the
conduct of the DII-D Research Program using the DII1-D facility:

o The DIII-D Program will identify the critical theoretical effort needed for the mission, and will
seek to obtain that effort from the broader Theory Program.

o TheDIil-D Program will identify enabling technologies that need to be developed to advance its
mission.
o The DIII-D Program will continue its active program of collaboration and coordination with

national and foreign experiments to assist their progress with DII1-D results and to benefit from
their input into the DII1-D research directions.

o« The DIII-D Program will be pro-active in identifying experimental research from other
programs, especialy smaller university experiments which can support the DIl11-D mission, and
will form linkages to assist those experiments to succeed and to obtain timely input of their
resultsinto the DII1-D Program.

o The DIII-D Program will continue and strengthen its coupling to the design teams for future
devices to assure timely and accurate input of the important research results from DIII-D into the
planning for future facilities.

e The DIH-D Team will promote interaction with the broader U.S. scientific community, making
available when appropriate the well-diagnosed DII1-D high temperature plasma facility for nonfu-
sion plasma physics research and communicate the excitement and progress of fusion energy sci-
ence to abroad community.

2.1.4. BENEFITS OF DIll-D RESEARCH

In line with the three “legs’ of the restructured Fusion Energy Sciences Program, three constituencies
will benefit greatly from the results of the DI11-D Research Program.

Fusion Energy Science. The DIII-D Program will advance fusion energy science in the topical areas of
plasma confinement, plasma stability, power and particle exhaust, current generation, and plasma control.
The intent of the Program is to incorporate what is learned into theory based, predictive modeling packages.
Such packages are well advanced in the areas of plasma stability and current generation, less advanced for
confinement and power and particle exhaust. Ultimately, these topical packages will be integrated into a
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comprehensive predictive model for the tokamak as part of a national effort. The physical principles to be
studied are of general value to the science of magnetic confinement of plasmas, especially but not exclusive-
ly intoroidal systems. These activities are described extensively in Section 2.3 of this document.

The Advanced Tokamak (Innovation). DIH-D will integrate the topical science elements into discharge
scenarios which support the feasibility of steady-state AT operation and which simulate fusion power sys-
tems by appropriate scale-size extrapolation. The notion of AT incorporates many of the improvements in
tokamak performance which have been demonstrated in short pulse experiments over the last few yearsinto
a composite picture of an attractive fusion power system. The principal challenge for the DII1-D Program is
to demonstrate these characteristics under integrated and near steady-state conditions. As the most success-
ful means to date of confining fusion plasma, the tokamak warrants a thorough exploration of its highest
potential as afusion power candidate. The development and implementation of AT operation is discussed in
Section 2.2.

The DIII-D Program has played and will continue to play the lead role internationally in the AT
thrust. The flexibility of the DII-D device alows early testing of new approaches that can, if successful,
later be implemented on the larger tokamaks in Europe (JET) and Japan (JT-60U). DI11-D scientists have
participated in such experiments on foreign machines, transferring techniques developed on DII-D.
Working with foreign tokamaks of various sizes, DIlI-D has played a key role in developing the dimen-
sionless parameter approach to the scale size dependence of confinement. The path of developing AT
approaches on DIII-D, and confirming those approaches on the larger foreign tokamaks, will provide the
scientific basis for use of AT operating modes on future international Fusion Development Steps.

Next Steps in Fusion Development. The science base built by DIII-D and the integrated demonstra-
tion of AT operating modes will provide a broad basis on which to define optimal national or international
next steps toward magnetic confinement fusion energy using the tokamak approach. Able to simulate
ITER discharges at one-fifth scale, DIII-D today plays a prominent role in ITER physics R&D. The AT
thrust points directly at optimized superconducting tokamak fusion devices and compact ignition experi-
ments. The AT physics elements also lead in new directions; for example when expressed in alow aspect
ratio device, these become the basis of the spherical torus approach to the volume neutron source or a
pilot plant. The projection of DII-D results to future devicesis developed in Section 2.4.

DIll-D Research Provides Pathways to the Future. DIII-D’s high temperature plasmas have dimension-
less parameters close to those of afusion power facility, except for size as measured by normalized gyrora-
dius p«. DIlI-D’sintegrated AT operation and radiative divertor provide a high-performance configuration
capable of steady-state enhanced plasma performance with good particle and heat exhaust. This combina-
tion opens up avariety of future steps for fusion energy devel opment:

o For the ITER design, DIII-D results extend to ITER aong a dimensionless parameter scaling
path varying only p«. Key elements are confinement at least as favorable as Bohm scaling and
radiative divertor physics compatible with a collisionless core.
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o For a moderate-aspect-ratio tokamak reactor, DII1-D results provide a basis for a minimum-sized
superconducting design like Advanced Reactor Innovations and Evaluation Study — Reverse Shear
(ARIES-RS). Key elements to this demonstration are confinement at least as favorable as Bohm
scaling, wall stabilization for high normalized beta, transformerless operation, and a radiative
divertor compatible with the ARIES-RS collisionless core.

o For amoderate-aspect-ratio ignition experiment, DI11-D points to a small-sized, high-field device
if confinement scaling is at least as favorable as gyroBohm.

o For either an ignition experiment or reactor with low aspect ratio, DIlI-D forms the basis for pro-
jection along B-scaling paths and can address a number of key issues, e.g., wall stabilization for
high beta, transformerless operation, and radiating-mantle power exhaust.

2.1.5. THE DIIi-D NATIONAL TEAM

DIlI-D is a national fusion science facility. The DIHI-D Program is conducted as a national program
with approximately 50 participating institutions. Among these collaborators, seven institutions have broad
based multitopic research programs or have broad programmatic responsibilities and management roles.
These seven ingtitutions (indicated by asterisks in Table 2.1-2) work together to formulate strategic pro-
gram directions and form the membership of the DIII-D Executive Committee. Planning, execution, and
peer review of the scientific research experiments is carried out by a multi-institutional Research Planning
Committee. An international DII1-D Advisory Committee provides overal peer review. Further information
on program participants, governance, and linkages to national and international Fusion Energy Science
Programsis given in Section 2.6.
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TABLE 2.1-2

THE DII-D Five-YEAR PROGRAM PLAN 1999-2003

DIlI-D PRoGRAM COLLABORATORS

National International

Laboratories Universities Laboratories

ANL Cal Tech ASIPP (China)

INEL Columbia U. Cadarache (France)

LANL Hampton U. CCFM (Canada)

LLNL* Johns Hopkins U. Culham (England)

ORNL* Lehigh FOM (Netherlands)

PNL MIT Frascati (Italy)

PPPL* Moscow State U. loffe (Russia)

SNL* RPI IPP (Germany)

U. Maryland JAERI (Japan)
U. Texas JET (EC)

Industry Collabs U. Washington KAIST (Korea)
CompX U. Wisconsin Keldysh Inst. (Russia)
CPI (Varian) UCB KFA (Germany)

GA* ucl Kurchatov (Russia)
Gycom UCLA* Lausanne (Switzerland)
Orincon UCSD* NIFS (Japan)

Troitsk (Russia)
SWIP (China)
Tsukuba U. (Japan)

*DIII-D Executive Committee Membership.
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2.2. THE DIlI-D ADVANCED TOKAMAK (AT) PROGRAM

The DIII-D Program for the years FY 98—FY 03 will be directed toward a synthesis of the critical ele-
ments needed to address its mission in order to further the objectives of the U.S. Fusion Energy Sciences
Program. The science components of our research: confinement and transport, stability, boundary physics,
and the science of plasma heating and current drive are all directed toward the overall mission of optimiz
ing the tokamak for eventual fusion power production.

In this section, we present the details of the DIII-D Five-Year Research Plan asit has been devel oped
from the DIII-D Mission Statement. We describe schedules for the research activities, for principal
improvements in facility capabilities, and for upgrades and enhancements to DIII1-D. Following the plan
and schedule, we define AT and indicate why thisidea is at the core of the program (Section 2.2.2). We
then expand on the elements of the program from two points of view: the scientific topical areas and the
integrated development issues formulated in terms of aspects of plasma control (Section 2.2.3). Finally,
we illustrate some possible operating scenarios for DII-D (Section 2.2.3.4).

2.2.1. THE PLAN

2.2.1.1. DEVELOPING THE RESEARCH PLAN — APPROACHES TO PROBLEMS. The selection and prioriti-
zation of research tasks is based on three considerations.

o The long-standing DIII-D objective of developing and implementing AT operation. This requires
optimization of tokamak AT performance through active intervention and control of plasma char-
acteristics and behavior. Successful AT operation can significantly reduce the size and cost of
future fusion initiatives, pilot plants, and fusion power plants. Because plasma control is an inte-
gral part of AT development, the theme of control runs throughout this plan. We emphasize par-
ticularly the need to develop steady-state operation of the tokamak. Although this is part of the
AT goal, it isimportant to make the steady-state objective explicit because it does enter into mak-
ing choices between avenues of research.

o Identification of target scenarios which are extrapolatable to interesting fusion power (or prototype)
systems. In this connection, we emphasize the use of nondimensional scaling, which lends confi-
dence that DIII-D experiments are exploring the same physical processes that will occur in the
larger systems.

o Support of efforts to develop a burning plasma experiment (ITER). The flexibility of DIII-D
enables it to address many issues relevant to ITER and to other, less well developed, toroidal
magnetic fusion concepts.

The plan presented here represents a considered assessment of the scientific studies needed to address
each of these issues. In addition, we have incorporated a significant measure of realism in folding into the
plan the sequencing of new hardware tools required for this research, taking into consideration the need to
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plan major acquisitions well in advance, to avoid conflicts between experiments, and to maintain a
smoothly varying budget profile.

2.2.1.2. DllI-D RESEARCH OBJECTIVES. The DIlI-D Five-Year Research Plan develops from five
primary fusion energy science objectives associated with the AT goal. These are:

o To attain the theoretically predicted minimum in the cross-field transport of heat and energy.

o To extend the operation of DIII-D to the theoretically predicted limits to plasma stability for a
tokamak at the DII1-D aspect ratio.

o To seek a plasma that exhibits full recombination in the divertor before it reaches a material sur-
face, thus achieving the simple description of magnetic confinement as using magnetic fields to
prevent hot plasma from touching a material surface.

o To develop methods of plasma current generation (initiation, sustainment, and profile control) to
provide future devices the basis for full transformer-less steady-state operation.

« Tointegrate the above objectives in steady-state operational scenarios.

The specific research efforts needed to approach these goals are summarized in Section 2.2.3.1, and
described much more fully in Section 2.3.

2.2.1.3. RESEARCH SCHEDULE. An outline of the research schedule was given in Fig. 2.1-3. Although
there will be a continuous process of adding to DIII-D capabilities, we envision two major installation
vents during the five-year plan period. These vents divide the five-year time frame into three major experi-
mental periods. During the fall of 1999, we expect to complete the private flux baffle and pump of the
RDP in the upper portion of the DIII-D vessel and install a set of external nonaxisymmetric coils. During
the fall of 2001, we expect to complete the RDP with installation of the lower divertor. By adding gyro-
trons, the ECH power will reach 6 MW in the fall of 2000 and 10 MW by 2003. These installations natu-
rally separate the experimenta program into three parts:

o The first-period will continue the present research program into 1999. We expect to obtain deeper
understanding of transport, results on the improvement of By limits using wall stabilization, on the
mechanisms which lead to edge instabilities that limit high confinement regimes and reduce the max-
imum beta, exploitation of microwave heating and current drive, on understanding the physics of par-
allel heat transport in the SOL and divertor, and on plasma shape optimization.

o From 1999-2001 will be an intensive experimental period devoted to exploring the open
versus closed divertor and to developing profile control and fueling techniques for sustained,
quasi-stationary operation. Further experiments to implement theoretically predicted optimized pro-
fileswill be undertaken.

o The third intensive experimental period, from the end of 2001 through 2003, will be devoted to
using the systemsinstalled in 2001 to develop integrated, steady-state (10 s), optimized scenarios.
There will be a particularly intensive effort to control the current profile and the pressure profile
using 1f systems, modified beams, and fueling using the full double-null RDP.
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2.2.1.4. RESEARCH THRUSTS. Another way to look at the DI1I-D AT Program isin terms of the principal
lines of research activity, the sum total of which will culminate in integrated, long pulse AT operating sce-
narios. We see these principal research thrusts as.

1. Controlling interior plasma profiles for higher ) and H.

2. Controlling the plasma edge for sustained AT performance and better confinement.
3. Developing the basis of steady-state operation.
4.

Developing advanced divertor operating modes.

In Fig. 2.2—1, we present these four principal AT research activities, their sub-issues (green dots), and the
approximate time scale of the main activities (yellow) aimed at these issues.

Looking at the program this way begins to make explicit the integrations of elements from the four
science areas (confinement, stability, boundary, current drive) that are needed to achieve an AT progress
element. For example, consider the elements “control edge stability” and “sustain AT mode for 5-10 s.”
The principal problem in extending AT modes to long pulse appears to be instabilities that originate in the
plasma edge. The causes of these instabilities must be better identified in the period 1997-1999 (see
Stability Science, Section 2.3.2). It is felt that the likely solution is to lower the edge pressure gradient
and therefore bootstrap current through either marginally diverted radiative divertor mode (RI—-mode)
plasmas or ultimately an ergodic boundary (2000—2001, Section 2.3.3 Boundary Science). Presuming
success in stabilizing the edge, to sustain AT modes for 5-10 s requires in addition an understanding of rf
current drive efficiency (1998-99) and the application of localized ECCD to stabilize neoclassical MHD
(1999-2000) (see Section 2.3.4 Physics of Current Drive and Heating). The primary scenario for long
pulse, the NCS will be developed starting in earnest in 2000 (see Sections 2.3.2 and 2.3.4). Ultimately the
NBI power will be brought in (2001-2003) and the full RDP will be needed to handle the power and par-
ticle throughput for 10 s.

The AT activities in Fig. 2.2-1 are explained in more detail in Section 2.2.3 and in much more detail
in Section 2.3 on Fusion Energy Science. To provide here a maximally compact overall summary of the
AT activities, we have constructed Table 2.2—1. Thetableislaid out asfollows:

¢ Magjor Activity Heading

— Sub-topical area
+ Key effort I:I Toolsand
+ Key effort approaches implied

Most of the tools and new hardware proposed in this plan are shown in Table 2.2—1 as derived from
the key research efforts that need to be made. Detailed descriptions of these upgrades and enhancements
to DIlI-D are givenin Section 2.5.
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Fy | 1997 | 1998 | 1999 | 2000 [ 2001 | 2002 | 2003 |

cy | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003
’ Control interior profiles for high By and H
@ Wall stabilization: BN >> By W/o wall RF vs. NBI (co/ctr)
’ "Smart shell"

@ Interior J profile control: Sustained high ¢;
Sawtooth stabilization

Sustained NCS

@ Pressure profile control: NBI with pumping
Counter NBI
Off-axis ECH
’ Control plasma edge for high H and steady-state
@ Control neutral sources: Collisionless, neutral-free édge
Pellet fueling
|
@ Control edge stability: Causes of instability
Marginally diverted Rl mode

Ergodic boundary

@ Steady-state

@ Sustain AT mode for 5-10 s: Neoclassi¢al MHD Long pulse NBI with pumping
NCS with ECH

RFCD efficiency
|

@ Transformerless operation: HICD, outer F coil|startup RFCD 10 seconds
Bootstrap overdrive

‘ Advanced divertor physics ‘
@ Fuel physics: Parallel heat transport
’ Fugl flow pattern control

Recombining plagmas

|
@ Impurity physics: Divertor enrichment Double null
Impurity sources Optimized divertor
@ Facility capabilities J
Tokamak Asymmetric coils 10 s pulse
NBI 8 co beams, 80 keV Cctr beams or other mod |
ECH 2 MW 3 MW 6 MW 10 MW
FW | Teww 8 MW |

| | | |
Divertor | | iTop RDP | Double-lnull RDP | |

Fig. 2.2-1. The 1999-2003 research plan advances facility capability in step with advancing confinement, stability, boundary
and current drive science.
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THE DII-D Five-YEAR PROGRAM PLAN 1999-2003

TaABLE 2.2-1
ProGramM Locic DEFINES TOOLS AND APPROACHES

« Control Inter

for Profiles for Higher By and H

— Wall Stabilization

+ Show wall stabilization works if the plasma rotates.
+ Study by trading off co/counter NBI and rf

+ Make the plasma stay rotating (esp. edge)

+ Make the wall appear “superconducting”

— Interior J Profile Control

— Contr

« Control the Plasma Edge for Sustained AT Performance and Better Confin

— Contr

— Solve

+ Make high |; profiles with qq <'1.
+ Sawtooth stabilization with ICRH.

+ Make hollow g profiles with g > 2 and qpy;p, at large radius.

ol Pressure Profiles

+ Control radial location of the pressure gradient
and bootstrap peak by controlling the transport barrier
location, by controlling the ExB profile.

+ Control the plasma shape, magnetic well, and Shafranov shift.

ol Neutral Sources

+ Understand impact of neutrals in confinement
+ Create a more collisionless, neutral free edge.

the Edge Stability Problem

+ Understand stability properties of the edge.
+ Lower the edge pressure gradient (bootstrap current).

* Develop Steady-State Operation
— Sustain AT modes

— Devel

O

+ Suppress Neo-Classical MHD

+ Sustain an AT mode for a current profile relaxation time.

op the basis of transformerless operation.

+ Develop methods of transformerless current initiation.
+ Develop a method of noninductive current ramp-up.
+ Develop sustaining current drive.

* Develop Ad

vanced Divertor Operating Modes

— Fuel Physics

+ Understand the mechanism of parallel heat transport
+ Understand how to achieve recombining plasmas

— Impur

ity Physics

+ Understand impurity transport and sources
+ Develop ways to increase divertor radiation

+ Maintain a clean core plasma.

O

Smart Shell
Counter beamline

Control density to control NBCD profile and
increase RFCD efficiency

ECCD (>6MW) for off axis current drive

Comblines for MCCD off-axis

FWCD for on axis current drive

Control location of bootstrap peak (see below)

Pump to control the density to control NBI
deposition profile

Counter beamline and/or low voltage beams.

Off-axis NBI and ECH

Plasma shape control

ement

Pump for lower density

Baffled divertor for lower core gas fueling
Pellet fueling instead of gas

Lithium wall conditioning

Radiative mantle

Understand L-H and H-L to find a
way to retain L-mode edge

Radiative mantle

Marginally diverted plasmas

Ergodize the edge

Upgrade the tokamak for 10 sat2 T

Long pulse rf for J(r) control

Pump to regulate density for enhanced RFCD
and to regulate NBI deposition

Radiate in divertor to lower heat flux a factor of
2-3 to enable 10 second operation

HICD Outer PF coils only

Bootstrap overdrive Early NBI

10 s upgrade ECCD, FWCD assist

Develop science ECCD, FWCD, MCCD
of current drive

Use RDP structures to alter flow patterns
Encourage/increase convective heat flow

RDP to produce divertor enrichment

Dome to lower chemical sputtering C source
Impurity entrainment

Baffled divertor
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2.2.2. WHAT IS AN ADVANCED TOKAMAK?

The fundamental distinction between the concept of the “Advanced Tokamak,” and the “ordinary”
tokamak is the use of active external intervention and control in all of these areas to improve tokamak
performance.

It is possible to describe a tokamak power plant without AT features. Such a machine would have a
low beta plasma and produce neutron and thermal surface power fluxes low enough to satisfy conserva-
tive neutron damage and surface heat loading criteria. Its plasma core would be large. We know of no
development path toward this conservative power system that does not soon require large ignition
devices, DEMOs, pilot plants, etc. Thisis the present conundrum of the U.S. and world fusion programs.

Application of the features associated with ATs can address these difficulties. A simultaneous improve-
ment in stability (to give higher beta and lower magnetic field and plasma current), in transport (to ignite the
plasma with less external power), in boundary control and heat removal (to ease the demands on the materi-
a walls and divertor), and in the efficiency and control of current drive and heating (to increase the energy
gain of the reactor) can provide both a more affordable devel opment path for fusion power and an ultimate
reactor which produces power at lower unit cost.

Although a portion of the proposed DII1-D Program is to conduct individual investigations in each of
these areas, in order to gain a better understanding of the underlying science, we also continue to main-
tain our focus on using this understanding to demonstrate that integrated active control for optimization in
all aspects leads to a better product for the fusion program.

2.2.3. THE SCIENCE, THE TOOLS, AND THE INTEGRATION

There are three different motivating objectives of the proposed DIl1-D Program. These are:
e The advancement of the plasma and fusion science underlying the behavior of tokamak plasmas.

o The development of techniques, methods, and tools for maintaining the plasma in a condition
giving higher performance than otherwise possible.

e The integration and demonstration of the successful application of these tools and this
understanding.

Success in al three is needed to make real progress toward the goal of advancing the prospects for
fusion energy. In this plan, we describe these elements sequentially. However, one should bear in mind
that in the DIII-D Program as it will be carried out, these threads will be pursued simultaneously and
interactively.

2.2.3.1. ADVANCING SCIENTIFIC UNDERSTANDING. The plasma physics important to the development of
tokamaksis somewhat arbitrary divided into four categories. In shorthand terms, these are “confinement,”
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“stability,” “boundary,” and “current drive and heating.” The motivations, scientific issues, principles,
techniques and instruments required, and proposed studies and solutions in each area are discussed in
depth in Sections 2.3 and 2.5. The following sections briefly clarify the scientific content of each of these
categories (i.e., what physics is included) and summarize the research tasks we expect to undertake dur-
ing the period covered by this plan.

Confinement. Confinement studies are concerned with the physics which affects the transport of par-
ticles, angular momentum and heat within the tokamak plasma. These fluxes are determined by a
combination of neoclassical (collisional) and turbulent processes. Suppression and stabilization of the
turbulence can lead to optimized confinement. For the AT Program, the present concentration in this area
is on stabilization by means of ExB velocity shear, in narrow radial regions (leading to the appearance of
“transport barriers’) or over the entire plasma cross section. We need to improve the fundamental under-
standing of turbulent transport [low energy confinement (L—mode)], and of the dynamics of transport bar-
rier formation and control. This should lead to a predictive modeling capability. High beta, intermediate
wavelength electromagnetic turbulence can also affect transport and lead to pressure limits, but experi-
mental studies have thus far been limited. Work on high magnetic shear, high ¢; configurations will be
expanded. The particular areas of confinement study that we propose to undertake in the coming five year
period are:

o ExB shear stabilization of turbulence.
— Make more detailed and quantitative comparisons between experiment and theories of
turbulence stabilization.
— Develop and test transport models including ExB shear stabilization.
— Investigate synergistic effects between electric and magnetic shear.

e Produce and control transport barriers through suppression of turbulence.
— Ultilize profile control of current, density, toroidal rotation, temperature and poloidal rotation
to manipulate ExB shear.
— Investigate transport of particles, angular momentum and heat in the presence of ExB shear.
— Determine whether poloidal rotation agrees with neoclassical prediction.

e Test and further develop models of turbulent transport.

o Utilize results of nondimensional scaling investigations to extrapolate DIII-D results to future
devices.

o Explore regimes with high electron temperature.
— T ~T; with direct electron heating.

o Test and further develop models for the high energy confinement (H-mode) edge.
— L toH and H to L transition models.
— Models for the H-mode edge pedestal, including physics of edge localized modes (ELMs).
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e Investigate confinement physics of novel configurations.
— RI-mode (high density, good confinement, with radiating edge).

o Encourage diagnostic development needed for turbulent transport investigations.
— Direct E; measurements.
— Measurement and visualization techniques for S(w,k,p).
— Measurement of higher frequency, shorter scale length el ectron-scale turbulence.

Stability. ITER isdesigned for MHD-stable operation at a normalized beta value By ~ 2.5. ATs leading
toward a more compact, economical, and reliable fusion power plant need approximately twice this vaue.
Wall stabilization is the key requirement. Our stability research aims at advancing the physics understand-
ing of MHD behavior in high performance tokamak plasmas and at developing active and passive means
of improving tokamak stability. Research in the past has shown that the plasma’s stability to both ideal
and resistive MHD instabilities depends strongly on the profiles of current density, pressure, and angular
momentum, as well as the discharge shape. To improve stability, we need to optimize both plasma shape,
internal pressure and current profiles, and particularly profiles near the plasma edge. The results of this
work should allow higher beta operation. A second important result will be a sufficient basis of stability
understanding to operate a tokamak in a manner to avoid creating disruptions for physics reasons. Of
course, disruptions will still occur, triggered by material from surfaces falling into the plasma or system
hardware faults. For these cases, it is important to develop a disruption mitigation approach. In the next
five years, we propose to investigate the following physics issues affecting stability:

o Plasma Shape
— Investigate effects of triangularity on ideal and resistive stability.
— Confirm predicted synergism of shaping and profilesin raising stability limits.
— Use plasma shape to control pressure driven edge modes.
— Use extreme shaping to access predicted higher beta and second stability regime.

o Profile Effects
— Improve stability limits of NCS plasma by increasing ¢;.
— Develop high performance high ¢; regime with H—-mode edge.
— Demonstrate feedback control of current density profile with rf.
— Demonstrate edge pressure profile control with pellet injection and edge ergodization.
— Control core pressure profile with ECH and ECCD (and possibly mode conversion).

o Wall Stabilization
— Determine rotation requirements for wall stabilization.
— Enhance and sustain wall stabilization using external coils.
— Useinternal coilsfor angular momentum input.

o  Bootstrap Current Alignment
— Explore theoretical and experimental solutions with better alignment.
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— Develop high performance discharges with ELMing H—mode edges.
— Demonstrate long pul se sustainment with large bootstrap fraction and modest rf current drive.

o Nonideal instabilities
— Verify neoclassical tearing mode theories.
— Avoid neoclassical tearing instability by reducing sources of seed islands.
— Assess neoclassical tearing mode stabilization by ECCD.
— Investigate Alfvén instabilitiesin NCS.

e Disruptions
— Investigate and characterize halo currents and runaway el ectrons during disruption.
— Evaluate disruption mitigation techniques using impurity pellets, gas puffing and liquid jets.
— Explore disruption avoidance using neural network systems.

Boundary. Indivertor physics, there exist certain conventional assumptions that might be termed the
“standard model” (classical conduction limited heat flow along the field lines, constant pressure along the
field lines (attached plasmas), coronal equilibrium radiation rates, constant impurity concentration
everywhere in the system, sheath limited heat flow at the divertor plate). Within this model, the amount of
power that can be radiated in the SOL/divertor is in-principle limited. The only way to increase radiated
power is to raise the density at the separatrix which can be inconsistent with the need to maintain a low
collisionality core plasma or in conflict with density limits. To realize an AT, advanced divertor physicsis
needed that goes beyond the standard model to enable increased SOL/divertor radiation compatible with
AT core conditions.

The elements of such advanced divertor physics that we will investigate in the five-year period are
listed below. Another line of investigation that may be compatible with athrust toward L—mode edge core
plasmas is the use of radiating mantles. The issues in this area revolve around impurity sources from the
divertor, core plasma impurity transport, and synergistic effects of impurities on confinement (e.g.,
Rl-mode). Finally, the divertor provides the means of fuel and impurity exhaust and primary manage-
ment of neutral fueling for the core plasma. Our main lines of investigation in these areas are listed
below. We will seek to express success along these lines in verified 2D divertor and surface modeling
codes that can be used predictively.

o Advanced Divertor Physics Elements
— Theroles of conduction and convection in parallel heat transport.
— Impurity concentration enrichment in the divertor.
— Noncoronal equilibrium radiation rate enhancements.
— 2-D flow patterns of heat and fuel.
— Non-LTE enhancements of radiation.
— Plasma recombination.
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Radiative Mantle | ssues

— Core plasmaimpurity transport, especialy in AT regimes.

— Synergistic effects on confinement.

— Understanding impurity source mechanisms and surface erosion.

Core Plasma Boundary Condition I ssues

— Therole of neutrals in core confinement.

— Therole of neutrals in H-mode access and the shear layer structure.
— Density control and density limits.

— Fueling without gas injection — pellets, compact tori.

Current Drive and Heating. Current drive and heating studies aim at resolving scientific issues associ-
ated with the physics of heating plasmas to high temperatures and of driving electrical currents in plas-
mas, including self-generated currents like the bootstrap current and the Pfirsch-Schluter current. For
processes using waves, this includes the physics of wave generation, propagation,
absorption, and effects on the distribution function like those giving rise to plasma current. Some of the
issues of current drive and heating that we expect to explore during the plan period include:

Wave generation, propagation, absorption, and current drive.

— Definitively determine effect of magnetic well on current drive efficiency, for ECH and
FWCD, and compare to Fokker-Planck codes.

— Study physics of mode conversion of fast waves to ion Bernstein waves at the ion-ion hybrid
frequency and subsequent propagation and damping of the Bernstein waves, including genera-
tion of radial shear in E;.

— Determine limits and behavior of nonthermal and nonlinear wave physics including effects on
resistivity which affect the relaxation times.

Effects of wave fields on the transport of particles and heat in a plasma.
— Study anomalous transport caused by wave fields.

— Study nonlocal effects on transport.

— Uselocalized heating as a perturbation or diagnostic.

— Study effect on transport barriers.

Effect of wave power on plasma rotation and rotational shear.

Physics of the bootstrap current.
— Elucidate the physics of bootstrap generation and compare with the many theories; include the
effects of fast ions.

2.2.3.2. DEVELOPING TOOLS AND TECHNIQUES. Pursuit of the objective of using active intervention and
control to improve tokamak performance requires more than an understanding of the underlying scientific
principles governing tokamak plasma behavior. We also require proven techniques for applying this con-
trol — actuators in the language of control systems.

2.2-10
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In past and present studies, the DIlI-D Program has demonstrated the benefits derived from control
of the details of the shape and location of the plasma. The steadily improving DIII-D plasma shape
control system, now an expanded digital plasma control system, has contributed greatly to both
developing understanding of the dependence of MHD stability and transport on plasma shape, and to the
achievement of outstanding performance.

The principles and past experience with plasma control in the DII1-D Program form the basis for the
proposed program for the next five years. With improved understanding of the dynamics of tokamak plas-
mas, and with increasing recognition of the need to control many aspects of the plasma, we are proposing
expanded programs in the areas of “interior pressure and current profile control, wall stabilization, densi-
ty control, control of the core plasma boundary, steady-state operation, and control of the plasma-wall
interface. Thislist followsthelist of issuesin Fig. 2.2-1 and Table 2.2—1 in moving from the plasma cen-
ter out into the SOL and finally to the wall of the vacuum chamber. Again, these are shorthand phrases for
groups of complex interactive systems we propose to develop These areas have also been referred to as
“composite issues’ because a successful outcome of these research lines requires contributions from sev-
eral of the scientific topic areas.

In addition to describing the activities in each of these areas, we also discuss tools and techniques
specifically associated with the steady state aspects of the DII1-D AT Program.

Interior Pressure and Current Profile Control. Present control systems focus on control of plasma shape
and global plasma parameters. To reach theoretical optimum performance, control of local profiles
becomes important. Both gross stability and the turbulence levels that determine confinement are deter-
mined by the pressure, current, fluid flow, and radial electric field. These are coupled through the require-
ment of radial pressure balance to form the sheared ExB flow that suppresses turbulence. Transport of the
related qualities (heat, particles, angular momentum) is determined by the turbulence levels that develop as
aresult of the gradients and profile shapes. Thus the tokamak core has a complex feedback loop which if it
is optimized can Create transport barriers. Introducing shear in ExB flow at a particular point in the plasma
can reduce fluctuations locally, changing the local transport, modifying the profiles over a wider region, in
turn affecting turbulence, transport, and stability limits for the entire plasma cross section. Principal tools to
control the pressure profile are off-axis ECH, pumping to control the density to control the NBI deposition
profile, and the counter beamline.

Controlling the current density profile is the key to attaining the high plasma stability levels sought.
The current profile a so entersinto forming the ExB shear flow and in determining the growth rates of tur-
bulence. The principal objectives are to make sustained hollow q profiles with
Qo > 2 and gy, at large radius (NCS), to make sustained high ¢; profiles (peaked current profiles), and to
suppress sawteeth. The transport barrier location will greatly affect the current profile since the bootstrap
current peaks where the pressure gradient is large. Tools to directly control J(r) are the ECCD for off-axis
current drive, mode conversion current drive (MCCD) for off-axis current drive, FWCD for on-axis current
drive, and density control to control the NBCD profile.
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Feedback control involves using diagnostic measurements to calculate discharge parameter
profiles, comparison to the required profiles and modification of actuators to change the profiles to correct
any error. To improve our ability to control profiles, both new actuators and improvements in the plasma
control system are needed. New actuators such as a counter-injection neutral beam, nonaxisymmetric coils
to force plasma rotation, and increased ECH and fast wave power are being planned. To improve the sys-
tem, hardware will be installed to allow real time profile data acquisition and reduction. The counter beam-
line will enable real time measurement of E;. Further enhancement in computing power will be required
for equilibrium reconstruction including the additional information.

The challenge is to produce quasi-stationary plasmas that simultaneously minimize transport and
maximize beta.

Wall Stabilization. The presence of a nearby conducting wall can stabilize long wavelength MHD
modes, and thereby increase the limiting beta. Present nonideal MHD theory indicates that with a resistive
wall and with plasma dissipation, sufficient rotation leads to stability. The beta-limiting instabilities are then
purely internal to the plasma. So far, it has been difficult to sustain wall-stabilized plasmas, perhaps because
of the difficulty of maintaining the necessary plasmarotation. In the five-year program, we plan to develop
severa approaches which make use of nonaxisymmetric coils to improve the wall stabilization concept.

External coils can be used to stabilize modes even with little or no plasma rotation. An asynchronous
rotating field may be applied, so that a mode stationary with respect to the vessel wall is stabilized by this
““fake rotating shell.” Synchronous fields may be applied using feedback control, either with a coil set opti-
mized for a particular instability, or with a** smart shell”” consisting of autonomous coils controlled to simu-
late aperfectly conducting wall. Also, arotating field applied can add angular momentum to the plasma and
keep it rotating rapidly enough to maintain stabilization by the resistive wall. The coil set may be either
inside or outside the vacuum vessel. The inside coil is more difficult and expensive, but its high frequency
capability allows for additional applications.

We envision several phases to the development of these techniques in DIII-D. Initially, we will use
the existing C—coil for *‘fake rotating shell’” and **smart shell”” stabilization techniques. Second, we will
add segmented coils outside the vessel (similar to the C—coil) above and below the midplane to greatly
improve the spatial mode structure of the coil system. Finally, we will install segmented inside coils with
a much faster time response for feedback control and angular momentum input. With an appropriate
design, it should also be possible to use the same internal coil set for edge pressure profile control by
ergodization of the edge magnetic field, and for other applications.

Disruption Avoidance and Mitigation. There are two key approaches that need to be developed in the
tokamak to remove disruptions as a major operational issue for future tokamak devices. The first is to
gain a sufficiently predictive scientific basis of plasma stability to be able to operate a tokamak using real-
time control near but not across stability boundaries. Even if this goal is achieved, however, disruptions
will still occur (but rarely) owing to random events injecting material from plasma-facing component sur-
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faces into the plasma or faultsin the control system, particularly the poloidal field (PF) coil system. So the
second major development for those remaining disruptions is areliable disruption mitigation system.

Essentially, the entire purpose of the DIII-D research in the stability area is to build the scientific
base of plasma stability so that disruptions may be avoided. We have devel oped the diagnostic techniques
to measure the current and pressure profiles. Work is ongoing to enable these measurements to be made in
real time so that they can be used as the sensors in plasma feedback control loops. The various actuators
(NBI, rf, the “smart shell,” etc.) will be the active elements of such control loops. The stability code work
ties these efforts together in building predictive understanding. An integrated approach to the disruption
avoidance control is being pursued with the use of real-time neural networks to identify the disruption
boundaries. By incorporating the set of advanced profile diagnostics now available on DIII-D, more
advanced numerical techniques, and training on a more complete ensemble of DIII-D disruptions includ-
ing advanced tokamak operating modes, an early warning system will be developed to avoid disruptions
and maintain stable operation or allow implementation of a soft shutdown or disruptions mitigation system.

Disruptions mitigation involves two main activities. The first is the identification of the physical phe-
nomenathat occur before and during a disruption in order to know what has to be done to mitigate the con-
sequences and the second is to develop an active method of disruption mitigation. In the area of disruption
characterization, the physics of the thermal quench will be examined in order to understand the mechanism
of the energy loss and the resulting time scales and spatial distributions of the lost energy. Current quench
processes that will be investigated include halo currents, the role of impurities and turbulence in the plasma
resistivity during the disruption, and the generation and confinement of runaway electrons.

Finally, it is necessary to develop areliable, active disruption mitigation system. Our primary candi-
date for such a system is a combination of a supersonic liquid helium jet injection followed by injection
of ahigh-Z impurity pellet. The combined effect should significantly reduce halo currents, radiate most of
the plasma therma and magnetic energy, and avoid the production of runaway electrons. This approach
requires a significant hardware development that has been separately proposed to the OFE Technology
Division. In addition to the hardware development, the physics issues of the liquid jet approach will be
investigated.

Density Control. Control techniques are needed for both the average plasma density and for the den-
sity profile in DIII-D. First, back-projection from promising power plant designs (see Section 2.3) leads
to DIII-D scenarios with n/ngreenwa ¢=0-2-0.4, roughly a factor of two lower than usually obtained in
H—modes. Second, the efficiency of noninductive current drive varies inversely with density, placing a
premium on low n operation. A third, practical consideration for DIII-D is that the cutoff density for the
110 GHz ECH system is 7 x 1020 m=3, so the density should be kept below this level. Local fueling and
density profile control is closely coupled to the formation and maintenance of transport barriers. Density
control becomes a means for current and current profile control in plasmas with a large fraction of boot-
strap current.
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In the near term, divertor pumping will be used to try to lengthen the high performance phase of NBI-
driven NCS plasmas. Transport simulations have predicted that multisecond sustainment of this AT mode
could be made if density control through pumping these high triangularity plasmas were available. For that
reason, the installation of the upper, outer baffle and cryopump of the RDP was made in thislast year. This
density control capability will be available in the next two years and will be extended from the present
40,000 I/s capability to 160,000 I/s when the full RDPisinstalled in 2001.

NBI and central pellet fueling can be used in DI1-D to feed density inside a forming transport barrier
to drive up the density gradient. In future machines, NBI and pellets will not be able to fuel the center of
the plasma. To improve penetration, high-field-side pellet injection is planned for 1998.

Control of the Core Plasma Boundary. The H—-mode shear layer is a battleground of conflicting
requirements. It both provides the boundary condition for the core plasma and sets the SOL density, tem-
perature, and power flow boundary conditions. Since thisis al'so where neutral influx is primarily attenu-
ated, giving rise to a strongly spatially varying neutral source density, this region is in-principle not
described solely by the dimensionless parameters of plasma physics. The complications of this region
account for the conflicting strategies for controlling its properties.

The desire for a high quality H-mode edge is well understood. There is a correlation between
decreasing neutral fueling (coupled to wall conditioning) and increasing H factor. Recently emphasis has
been placed on the height of the H-mode pedestal, which is aso correlated with decreasing neutral fuel-
ing. To make the edge more neutral-free and collisionless, the highly baffled RDP installation is expected
to lower the core fueling a factor of 8 for fixed neutral refluxes from the divertor targets. Pellet fueling is
also being substituted for gas fueling to further lower the neutral gas source at the separatrix. Further
efforts in lithium wall conditioning are also planned, in addition to boronization. Finally we must note
that the RI-mode radiating-mantle approach, though it seems contradictory to this line, nevertheless has
been shown to improve the core plasma confinement.

However, the large pressure gradient that forms in the H-mode edge is linked to the termination of
AT modes This pressure gradient leads to a large bootstrap current which is unfavorable for kink modes.
Thus, there is interest in controlled reduction of the edge pressure gradient through degraded H—mode
edges or even an L—-mode edge. L—mode edges are preferable from a divertor physics point of view. A
variety of active control techniques are being proposed: the use of aradiating mantle (a la RlI-modg), the
use of marginally diverted plasmas, the use of nonaxisymmetric coils to ergodize the plasma edge, and
the regulation of ELMs.

Steady-State Operation. The extremes of tokamak performance have thus far been achieved under
transient conditions. When studies are done of long-term behavior, other effects enter in a way which
complicates plasma behavior and tends to reduce performance. These include current profile changes,
wall modifications in response to the changing plasma, and resistive and neoclassical effects on stability.
In this plan, the DIII-D Program will work to extend quasi-stationary operation to 10 s pulses. These
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experiments will not be truly steady-state because 10 s is not enough time for the plasma to reach full
equilibrium with the walls and divertor, and there will certainly be residual current profile relaxation
effects on thistime scale.

The principal area of study and source of control requirements is the plasma current (or equivalently
poloidal flux) profile. AT operation relies on having a significant fraction of the total plasma current pro-
duced by the bootstrap effect, which closely couples current profile evolution to stability and transport.
Control of the current and current profile will require both direct external noninductive sources (NBCD,
ECCD, FWCD) and indirect control through manipulation of the density and temperature profiles by
heating or transport barrier control. The long term dynamical stability of these profiles, on the flux trans-
port time scale, is a major research topic for the next five years. Another consideration is that the trans-
port and relaxation of the current profile is certainly affected by the level of turbulence or large scale
instability (sawteeth, ELMs) in the plasma. Control of the steady-state plasma in the presence of these
processes is not presently understood.

When steady-state versions of the AT operating modes are achieved, we will have the opportunity for
much more extensive study and optimization of these configurations. The accurate determination of trans-
port properties can be done without concern about corrections (e.g., the contentious dwW/dt term in the ener-
gy balance). Experiments requiring high precision, such as the dimensionless scaling determinations, will
then be possible for the advanced regimes. Measurements requiring signal averaging will
benefit from the huge increase in observation time at optimum conditions.

The DI11-D Program will make major contributions to establishing the basis for fully noninductive for-
mation of a high performance plasma. Noninductive current initiation and ramp-up require determination
of an optimal time-dependent path through parameter space, to avoid instability and produce the desired
profile. We will explore severa techniques for transformerless operation, including ECH, helicity injec-
tion, or use of the outer poloidal field coilsfor initiation and initial ramp-up. Overdriving the bootstrap cur-
rent is a promising idea for ramp-up over a wide range of plasma current. With a better understanding of
current diffusion processes, helicity injection may also find useful application.

Control of the Plasma Wall Interface. The interface between plasma and divertor structuresis a critical
control element in achieving advanced divertor physics. The pattern of recirculation of neutrals in the diver-
tor is governed by the shape of the divertor structures. Our recent research has shown that encouraging
more convective parallel heat transport (instead of conduction) may be a route to beating the radiation con-
straint of the standard divertor model. We will investigate this in the RDP and are developing an advanced
version of this solution to the divertor problem which seeks to create strong convective flows in the diver-
tor. The shaping of the divertor structures that determines the 2-D patterns of fuel flow also dominates the
impurity transport problem. It is the entraining fuel flow (if it exceeds the thermal force) that can give rise
to impurity enrichment in the divertor. We also must find a way to retain impurities in the divertor to limit
their buildup in the core plasmain AT modes. Impurity radiation in the divertor and fuel flow physics are
also emerging as the keys to obtaining a recombining plasma. A plasma that fully recombines before reach-
ing amaterial surface offers the best possible interface.
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Finaly, the boundary interface between the plasma and the wall must be controlled in order to regu-
late recycling of fuel and sources of impurities. Presently, we feel the principal source of carbon is chemi-
cal sputtering in the private flux region. The dome of the RDP should lower this chemical sputtering
source. Wall sources of carbon cannot be overlooked. Much more work needs to be done on characteriz-
ing these sources before we can plan an intervention.

2.2.3.3. THEORY OBJECTIVES. Even at the presently reduced budget level, the U.S. theory effort has been
able to maintain aleadership role in the world fusion program. The ITER-EDA hasincreasingly relied on
U.S. theory help in resolving outstanding issues. Similarly, U.S. experiments have recognized that
increased coupling with theory and modeling provides a means to make more effective use of our remain-
ing facilities. The success of the DIII-D Program will depend critically on the contributions of theory. In
particular, forming teams of experimentalists and theorists cutting across traditional disciplinary areas has
been found to be a most effective way of stimulating progress in physics understanding. The key objec-
tives of theory and modeling in support of DIII-D areto:

« Develop quantitative models which can be validated by experiments leading to deeper under-
standings and contributing to the long-term goal of comprehensive simulation of fusion
systems.

e Provide innovative ideas for concept improvement which can be tested on DIII-D leading to
advances in the design of a commercialy attractive fusion power plant.

For the next five-year program on DIII-D, focusing theoretical efforts in the following issues would
be of particular relevance.

o Elucidate the effects of sheared flow, shape and magnetic shear on core transport barrier
formation.

o Clarify p B, vgscaling in relation to microstability physics.

o ldentify physics processes responsible for electron heat transport.

o Develop quantitative models for L—H transition and edge pedestal.

o Elucidate the physics of ELMs and their impact on stability and confinement.

o Ascertain the effects of shape, profiles and resistive wall on ideal MHD stability.

¢ Investigate resistive instabilities and their role in long-pulse stability limits.

o Understand the MHD triggers for disruptions and develop mitigation techniques.

o Evauate the impact of bootstrap alignment on stability.

s  Study the efficacy of EC and fast wave (FW) for current and pressure profile control.

o  Elucidate the physics of MCCD and the optimum regime for off-axis current profile control.

o Explore transport barrier formation using EC and FW.
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o Validate the physics of divertor detachment, impurity transport and impurity enrichment.
« Confirm the theoretical model for heat and particle transport in the SOL.

o Explore the compatibility of an effective radiative divertor and good core performance.

In addition, continuous development of a comprehensive, time-dependent simulation capability is
required. This would include the ability to evolve strongly shaped magnetic geometry including separatri-
ces, honstandard g-profiles, shear flows, and physics-based heat and particle transport models. The simu-
lation should distinguish between heat input to different species, hence quantitative heat, particle and
momentum sources should be incorporated. The coupling between core simulation and SOL/divertor
should be strengthened. Finally, afirst step in coupling transport simulations to a fully nonlinear resistive
MHD stability code should be undertaken.

While the DIII-D Program will make contributions in many of these areas, making needed progress
toward establishing the scientific basis for fusion will require national cooperation in addressing these
issues.

2.2.3.4. DEVELOPING INTEGRATED SCENARIOS

Common Characteristics. Development of these scenarios serves several purposes. In addition to illus-
trating the plasma configuration and parameters that are the target of the AT Program, the scenarios high-
light the requirements which have to be met to achieve these configurations. The scenarios point out the
present uncertainties in performance, help identify the most important research tasks, and illustrate the
needs for new techniques and new hardware to carry out this development path. Development of scenar-
ios is an on-going process.

Table 2.2—2 presents several scenarios which try to use and extend the most recent advances in our
understanding of plasma transport. These scenarios are 1D simulations developed with the ONETWO
code. They represent several realizations of the beneficial results of NCS current profiles — both the for-
mation of atransport barrier for improved confinement and improved stability at high By

These cases represent a range of 3 from 5% to 11.5 %. The toroidal magnetic field is 1.95 T and the
plasma currents are 1.6-2.2 MA. All have strong shaping (k=2.1, 8=0.8). The heating and current drive
power is 15-20 MW, made up of roughly equal contributions of NBI, ECH, and FW. Fast wave heating is
used to achieve a high core electron temperature. We should note that the power levels quoted here are
delivered to the plasma (what’'s important to plasma simulations). The system power capability at the
sources is necessarily higher. Thus, the 6-7 MW of ECH indicated in Table 2.2-2 corresponds to a 10 MW
source specification, and 4 MW of fast wave power requires anomina 6 MW rf system.

They also seek high bootstrap fractions and make up any difference in the plasma current and the
bootstrap current by use of rf current drive. The resulting plasmas have rather low p« and very low v,
but they match up well along dimensionless parameter scaling paths to future tokamak
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TABLE 2.2-2
PARAMETERS OF DIII-D SCENARIOS
Case 1 2 3 4 5

B (%) 75 5.0 8.1 8.7 115
By 5.7 38 6.2 5.8 6.0
Iy (MA) 1.6 16 16 18 2.2

Ipootsirap 1.07 1.45 1.85 1.92 2.1

lecc 0.35 0.50 0.03 0 0

lrweD 0 0 0 0 0

INBCD 0.25 0.11 0 0 0

loy -0.07 -0.46 -0.28 -0.12 ~0.10
®% 3.8 23 25 39 34
Gmin 2.6 33 2.1 23
T,(0) keV 15 123 185 145 19
To(0) keV 85 9.7 7.0 127 13
ng(0) 1020 m=3 0.59 0.89 0.72 0.88
71020 M3 0.57 0.35 0.54 0.48 0.53
Nedge 1020 m=3 0.23 0.23 0.23 0.21

ning 0.4 0.26 0.4 0.32 0.3
P (MW) 20 14 12 14 14

Pyg( (MW) 6.5 4.0 4.0 4.0 4.0

Pec (MW) 7.0 6.0 4.0 6.0 6.0

Py (MW) 6.5 4.0 4.0 4.0 4.0
W (MJ) 1.25 1.3 46 6.0
£ () 0.21 0.29 0.28 0.4
Hgop 35 34 4.4 4.0 4.95

Pe al Tg 23x1074  25x10%4  21x10%  28x10%  29x10°%
P, atT 1.3x 1072 1.2 x 1072 15x 1072 1.3 x 1072 15x 1072
Vee at Te 12x102  42x103  80x103  29x103  21x1073
v, atT; 2.7 %1073 1.8x1073 0.8 x 10-3 16x1073 0.7 x 1073

2.2-18

Case 1: SSC-VH [Turnbull PRL 74, 718 (1995 )]
Case 2: B=5%,P=16 MW,n & v(ptransported
Case 3: B=8%,P=152MW, n& v(ptransported

Case 4: B=8%, P=17 MW
Case 5: B=11%, P =17 MW
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devices (see Section 2.3). The scenarios all have rather low densities and high temperatures. The
combination of low density (well below the Greenwald limit) and high power will make it particularly
challenging to obtain radiating, detached divertorsin these scenarios.

Second-Stable Core Very High Confinement Operating Mode (SSC-VH). For reference, the first sce-
nario is that published by Turnbull [Turnbull (1995)]. At that time, DI11-D had seen plasmas with hollow
current profiles and very high central beta. The plasma core was calculated to be in the second stable
regime for ballooning modes [Lazarus (1992)]. We had aso seen in other highly shaped discharges the
very high confinement mode (VH-mode), with a transport barrier forming near p=0.8. The VH—phase
was correlated with g > 1 [Lazarus (1994)]. This scenario considered combining these two features. With
the inverted q profile, stability calculations gave By = 5.7, assuming wall stabilization. Electron heat dif-
fusivities were modeled by the INTOR scaling and the ion diffusivity was taken to be neoclassical near
the core and rising to 5xneoclassical near the edge. A combination of bootstrap current which peaked off
axis and ECCD and NBCD were used to sustain the hollow current profile. Fast wave heating sustained
the core electron temperature. A limitation of this scenario was the use of a fixed density profile; no den-
sity transport was considered. The rather broad density profile did not contribute much bootstrap current.

New Scenarios with Transport Barrier Simulation. Since the SSC—VH scenario was constructed, consid-
erable progress has been made in understanding the characteristics of that regime. Very strong internal
transport barriers have been seen, first with strongly NCS in the g profile and later with weak central shear
(WCS). The formation of these transport barriers has come to be understood in terms of stabilization of tur-
bulence by sheared ExB flow. We have constructed a full transport model that can exhibit transport barrier
formation in al channels (see Section 2.4.1 for details) and have used that transport model to construct sce-
narios 2-5 in Table 2.2—2. This model of transport barrier formation contains many feedback loops, since
the radial electric field depends on all the profiles, and a very rich set of phenomena, some of which have
been seen in DIII-D. Perhaps more important than the specific numbersin the table are the qualitative fea
tures we have seen from the barrier formation model.

The Plasma Edge. The cases considered all model an L—mode edge. The transport barrier forms where
the shearing rate from the gradient of the radial electric field exceeds the local growth rate of the turbu-
lence. Gyrokinetic calculations of the radial profile of the growth rate for ion temperature gradient (ITG)
trapped-electron modes generally show a peak around p=0.6, with smaller values in the core and at the
edge. Hence it is easiest to form transport barriers in the plasma edge (H-mode) and in the center (NCS).
Our basic task is to join these two regions, overcoming the peak in the growth rate. When density transport
is turned on in the code, the strong local fueling source at the edge easily forms an edge transport barrier
quickly leading to excessive edge pressure gradients. To avoid this problem, we imposed a large edge
growth rate to keep the edge in L-mode and fixed the edge density. Development of a high performance
discharge with an L—mode-like edge in order to avoid MHD instability is one of the DIII-D main AT
thrusts. However, because of the high power flow through that edge, some means to suppress the L—H tran-
sition is needed. A configuration with substantial mantle radiation is one possible approach. We leave this
study to future simulation work.
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Role of Density Gradients. One of the most impor-
tant new features we have seen in the core plasmais the
role of density transport in forming a transport barrier.
When turbulence is suppressed, strong density gradi-
ents appear. Density gradients are more effective than
temperature gradients in creating bootstrap current and
for that reason, we obtain more bootstrap current than
in the original SSC—VH scenario. Also, we have moved
the transport barrier further out in radius, which also
increases the total bootstrap current. We find it rather
easy (infact too easy in these simulations) to obtain full
bootstrap current. It appears that with central fueling
from beams or pellets and a longer time for the density
to accumulate, in the future we should see strong trans-
port barrier formation with large density gradients and
with accompanying large bootstrap fractions.

ECH is a Precision Tool. Another important obser-
vation isthat the ECH is very effective at transport bar-
rier control. The ECH deposition profile is about as
narrow as the gradient regions of the transport barrier,
and so the ECH is a precision tool for barrier control.
The use of ECH for barrier control is illustrated in
Fig. 2.2-2. A beam heated (6 MW) target plasma (solid
curves) is near the critical point for an interna trans-
port barrier. If 6 MW of ECH power is deposited cen-
tered at r/a = 0.7 (dashed curves), atransport barrier in
the electron density [Fig. 2.2—2(c)] and temperature
[Fig. 2.2-2(d)] develops at the desposition radius. If
the ECH desposition is centered at r/a = 0.3 (dot-
dashed curves), then no barrier forms due to the large
background transport (156 times electron neoclassical
for the electron thermal diffusivity) near the magnetic
axis. Developing suitable feedback agorithms for pro-
ducing and maintaining the desired transport barriers
will be achallenge.

Transport Assumptions and Consequences. The
various cases 2-5 have varying assumptions about how
low the transport rates become inside the transport bar-
rier. In DIII-D we have already seen ion neoclassical

2.2-20 General Atomics Report GA-A22950

Project Saff

R, ECH Power Density

Fig. 2.2—2. ECH barrier control is illustrated by a three-case
comparison: 6 MW NBI only (solid), 6 MW NBI + 6 MW
ECH at r/a ~ 0.7 (dashed), 6 MW NBI + 6 MW ECH at r/a ~
0.3 (dot dashed). Shown are profiles of (a) ECH power
density, (b) model electron thermal diffusivity, (c) electron
density, and (d) electron temperature.
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transport rates al across the cross section so this assumption for the residual transport was made in all cases.
But it is clear that smilarly low levels for transport rates for electrons and particles in DIII-D are too good.
Beta limits would be quickly exceeded. DIHI-D does not presently see as much transport reduction in the
electron and particle channels as in the ions and apparently will not require such reduction to reach the sce-
narios shown.

Long Pulse Equilibration of lons and Electrons. One regime not yet adequately explored in experi-
mentsis that of equal electron and ion temperatures. In larger steady-state systems ions and electrons will
reach substantially the same temperature, affecting turbulence growth rates and the overall power bal-
ance. In alpha-heating dominated reactors, the principal power flow will be from aphas to electrons to
ions. In these scenarios, al of the fast wave and ECH power heats the electrons, along with a fraction of
the neutral beam power. Even then, it is difficult to produce plasmas with To=T;. To more closely
approach these conditions will lead us in the direction of increasing the fraction of the power input going
directly to electrons with either ECH or fast waves.

These are some of the striking phenomena we have seen in our initial exploration of the possibilities for
AT physicsin the plasma core. The simulations presented give afeeling for the parameter regimes achievable,
the power levels in various systems to achieve them, the density and edge control that may be required. But
the main value of such simulationsis to indicate a wide vista of new phenomena that should open up as the
auxiliary capabilities of DIII-D are developed toward the goa of long pulse sustainment of AT operating
modes.

References for Section 2.2

Turnbull, A.D., et al., Phys. Rev. Lett. 74, 718 (1995).
Lazarus, E.A., et a., Phys. Fluids B 4, 3644 (1992).

Lazarus, E.A., et al., Proc. 15th Int. Conf. on Plasma Physics and Controlled Fusion Research, Seville,
Spain (International Atomic Energy Agency, Vienna 1995) p. 609.
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2.3. FUSION ENERGY SCIENCE IN DIlI-D

The advancement of plasma scienceis an intrinsic part of the Fusion Energy Research Program. The
tokamak, being the most mature magnetic configuration, has contributed significantly to the cumulative
knowledge base of high temperature plasma physics. The DI11-D tokamak, with its flexibility and a com-
prehensive suite of diagnostics, has been and will continue to be a major contributor in this mission; in
turn, it will apply the knowledge gained toward the optimization of the tokamak concept as an economi-
cally attractive fusion power plant. In the next five years, the DI11-D tokamak will deliver valuable scien-
tific information in many areas. Some key deliverables include:

Determine Mechanisms for the Suppression of Turbulent Transport. A general mechanism for
reducing turbulence attributed to ExB shear flow damping is emerging and theoretical models to
understand this effect are maturing. Experimental optimization of transport barriers in al chan-
nels and further study of the dynamics of shear flow suppression will provide a stringent test of
the models. A goal of reducing the transport rates to the theoretical minimum (neoclassical)
appears possible (Section 2.3.1).

Understand Pressure Limits at Very High Temperatures. The science of MHDs predicts fundamen-
tal pressure limits to plasma confinement. Theory and experiment in recent years have shown that
these limits are sensitive to plasma shapes as well asinternal profiles. There is evidence suggest-
ing that nonideal effects come into play. Understanding and circumventing ideal and nonideal
effects in long pulse discharges in order to reach the theoretical stability limits will be a major
focus (Section 2.3.2).

Understand the Physics of Interfacing Hot Plasma to a Material Wall. Recent advances in divertor
diagnostics have opened up investigations of the basic physics of the divertor. Realizing a fully
recombining divertor plasma seems a real possibility. The plasma boundary interacts strongly with
core plasma confinement, stability, and edge currents (Section 2.3.3).

Elucidate the Transfer of Energy and Momentum Among Waves, Charged Particles, and Plasma.
The study of rf heating and current drive has evolved from experiments performed in low density
plasmas aimed at extracting the intrinsic physics to high power experiments under reactor rele-
vant conditions. The science issues involving current drive have become strongly related to trans-
port of particles and energy, transport of current, and generation of off-axis current. In addition,
the difference in momentum content between waves and neutral beams (NB) provides a powerful
tool for probing the role of rotation in transport. A goal of full transformerless operation appears
within reach (Section 2.3.4).
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2.3.1. CONFINEMENT SCIENCE AND TRANSPORT BARRIER CONTROL

The discovery of transport barriersin the DI11-D tokamak has established
the basis for an exciting program of confinement research in the next five-year
period. DII1-D work in this area began with the H—mode transport barrier, pro-
gressed to the VH—mode transport barrier, and recently has extended further
into the plasma in the interior transport barriers formed with NCS We believe
that one physical mechanism, ExB shear stabilization of turbulence, underlies
all three of these transport barrier formations. The physics of ExB shear stabi-
lization is very rich in providing feedback mechanisms which motivate the con-
trol of the profiles of density, ion temperature, electron temperature, current,
and toroidal and poloidal rotation in order to control transport barrier forma-
tion. The conceptual basis given by ExB shear stabilization gives a framework
for theory work on the underlying anomal ous transport, the properties of the
turbulence (such as the radial correlation lengths and the decorrelation rate),
and the residual transport rates after suppression. The promise for fusion appli-
cation of thismajor advance in our understanding is achieving neoclassical
levels of residual transport everywhere across the plasma. This has already
been demonstrated in the ion heat channel. Understanding the transport in the
electron channel and lowering it remains a principal challenge. Understanding
the particle transport, especially that of impurities, inside the transport barriers
Isalso a major area of future work.

We begin this section by reviewing the scientific basis for ExB shear stabi-
lization of turbulence. In Section 2.3.1.2, we present the scheme of transport bar-
rier control implied by the ExB shear stabilization theory. In subsequent sec-
tions, we discuss some particular important elements of the transport barrier
research. Our plan to attack the electron transport problemis presented in
Section 2.3.1.4. Theoretical and experimental work on the basic anomalous
transport mechanisms and the turbulence suppression mechanismis presented in
Section 2.3.1.5. The general plan for dimensionless parameter scaling studies
for both the anomal ous and the residual transport is discussed in Section 2.3.1.6.
The problem of fuel and impurity transport is discussed in Sectoin 2.3.1.7. The
Important remaining problems of the trigger mechanism for the L—H transition
and the structure and stability properties of the H-mode shear layer are dis-
cussed in Sections 2.3.1.8 and 2.3.1.9. Finally, we discuss the new area of the
RI-mode, whose radiating mantle with improved confinement may be a path to
combining a high performance core plasma with effective power exhaust.
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2.3.1.1. ExB SHEAR STABILIZATION OF TURBULENCE. One of the scientific success stories of fusion
research over the past decade is the development of the ExB velocity shear model to explain the formation
of transport barriers in magnetic confinement devices. This model was originally developed to explain the
transport barrier formed at the plasma edge in tokamaks after the L-to-H transition. As has been recently
discussed [Burrell (1997)], this concept has the universality needed to explain the edge transport barriers
seen in limiter and divertor tokamaks, stellarators, and mirror machines. More recently, this model has been
applied to explain the further confinement improvement from H-mode to VH—mode seen in some tokamaks
[Greenfield (1993), La Haye (1995), Burrell (1995)] where the edge transport barrier becomes wider. Most
recently, this paradigm has been applied to the core transport barriers formed in plasmas with negative or
low magnetic shear in the plasma core [Burrell (1997), Strait (1995), Lao (1996), Mazzacuato (1996),
Kimura (1996)].

It is not often that a system self-organizes to reduce transport when an additional source of free ener-
gy isapplied to it. In addition to itsintrinsic physics interest, the transport decrease that is associated with
ExB velocity shear effects has significant practical consequences for fusion research. The best fusion per-
formance to date in the DII1-D and JT-60U tokamaks has been obtained under conditions where trans-
port reduction through ExB velocity shear decorrelation of turbulence is amost certainly taking place
[Lazarus (1996), Ushigusa (1996)]. In the DIII-D case, for example, the ion thermal transport is at the
minimum level set by interparticle collisions over the whole discharge [Lazarus (1996)]. At least in the
ion channel, it appears that anomalous transport is totally absent.

The fundamental physics involved in transport reduction is the effect of ExB velocity shear on the
growth of and radial extent of turbulent eddies in the plasma. Both nonlinear decorrelation [Chiueh
(1996), Biglari (1990), Shaing (1990)] and linear stabilization [Shaing (1990), Waltz (1995), Hassam
(1991), Staebler (1991), Wang (1992), Carreras (1992), Dominguez (1993)] effects have been considered.
The basic nonlinear effect is the reduction in radial transport owing to decrease in the radial correlation
length and the change in the phase between density, temperature and potential fluctuations. There are a
multitude of linear effects specific to various modes; however, one general feature of linear stabilization
is coupling to more stable modes caused by the ExB velocity shear.

The same fundamental transport reduction process can be operational in various portions of the plas-
ma because there are a number ways to change the radial electric field E,. A schematic of the entire
process of ExB shear suppression of turbulenceis shown in Fig. 2.3-1. Theradia force balance equation

-1
E = (zne "OR - vgiBy + V5B (1)

indicates that there is a connection between E, and the cross field heat and particle transport (O P;), cross
field angular momentum transport (v;) and poloidal flow (vg;). Since sheared ExB flow also affects turbu-
lence and transport, there are several feedback loops whereby E; and its shear can change alowing the
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The mechanism of ExB Shear suppression of turbulence makes possible many feedback loops for transport barrier
control. Turbulence is suppressed when the local turbulence shearing rate (wexg) exceeds the local turbulence
decorrelation rate (Awp). Local plasma parameters and anomalous transport theory determine the anomalous
diffusion coefficients and (Awp). Theradial profile of Awp will strongly influence the radial location of the transport
barriers. In principle, multiple transport barriers can form at different radial locations depending on the degree of
anomalous transport suppression and the residual transport in the particle, ion, electron, and toroidal and poloidal
momentum channels. The transport rates and sources determine the profiles which determine Op, Vo Vo which
determine E; and its shear. A current profile feedback loop couples from the bootstrap current and non-inductive
sources to weg through the Bg dependence and to Awpy, probably mainly through the safety factor profile.

Fig. 2.3-1. ExB shear suppression enables transport barrier control.
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plasma access to different confinement regimes. For example, both vg; and [0 P; are important in the
H-mode edge [Burrell (1997)] while Vi appears to play the mgjor role in VH-mode [Greenfield (1993),
LaHaye (1995), Burrell (1995)]. Both v; [Lao (1996)] and U P, [Mazzucato (1996)] appear to play arole
in the core transport barriers. This multiplicity of feedback loops ultimately provides a number of possibil-
ities for active control of transport. NBI, for example, has been used to alter Va [Greenfield (1993),
La Haye (1995), Burrell (1995), Strait (1995), Lao (1996), Mazzucato (1996)] while ion Bernstein wave
(IBW) input has apparently changed vg; [Bernabei (1993)]. The diamagnetic component of ExB (decreas-
ing with smaller p«) is expected to have a poor scaling with increasing B—field and the momentum compo-
nent with increasing density where it is more difficult to get large rotation. The L—H transition [and the
balanced beam tokamak fusion test reactor (TFTR) ERS barrier] is likely a diamagnetic type and the
VH-mode and NCS barrier (in DIHI-D) likely momentum dominated.

One of the important themes in this area is the synergistic effects of ExB velocity shear and
magnetic shear. Although the ExB velocity shear appears to have an effect on broader classes of microtur-
bulence, magnetic shear can mitigate some potentially harmful effects of ExB velocity shear and facilitate
turbulence stabilization. For example, there are many similarities in velocity shear effects in magnetized
plasmas and neutral fluids [Hunt (1991)]; however, in neutral fluids, the increased turbulent drive owing
to the free energy provided by the velocity shear usually overcomes the stahilizing effects of reduced
radial correlation length to drive Kelvin-Helmholtz instabilities. In a plasma with magnetic shear, both in
theideal case [Scott (1988)] and the resistive case [Biglari (1990)], Kelvin-Helmholtz modes are rendered
ineffectual. As a second example, in the case of core transport barriers, the magnetic shear effects play a
role by linearly stabilizing several modes (e.g., sawteeth and ideal ballooning modes) while reducing the
growth rates of others[Lazarus (1996), Scott (1988), Lebedev (1996)], thus alowing the core gradients to
steepen. A transport bifurcation, similar to those previously discussed [Hinton (1993), Staebler (1994)],
results and the core transport barrier forms [Diamond (1997), Lebedev (1996), Hinton (1993), Staebler
(1994)].

Considerable experimental work has been done to test this picture of ExB velocity shear effects on tur-
bulence. The experimental results are consistent with the basic theoretical models. The ExB velocity shear
model has the universality needed to explain: (1) H-mode edge confinement improvement seen in limiter
and divertor tokamaks, stellarators, torsatrons and mirror machines produced with a variety of heating and
plasma biasing schemes; (2) the confinement improvement in the outer half of the plasma seen in VH-mode
and high ¢; discharges [Lao (1993)]; and (3) the formation of core transport barriers in a number of toka-
maks. In addition, there is both qualitative and quantitative agreement between theory and the experimental
results. Finally, in the last several years, there have been severa rigorous tests of causality; the experimental
results are consistent with ExB velocity shear causing the reduction in turbulence and transport in both the
plasma edge and the core.

Although the ExB velocity shear theory has considerable experimental support, there are still areas
where it needs to be tested further. For example, more quantitative comparisons need to be made between
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the turbulence decorrelation rate and the ExB shearing rate under various plasma conditions to verify the
expected inequality. A more readily quantified criterion is that the ExB shearing rate wgxg should exceed
the maximum gyrokinetic linear mode growth rate Yi,,5. This rule describes ExB shear in nonlinear
gyrofluid simulations [Waltz (1995)]. It has been incorporated in transport models with some successin
describing the DII1-D NCS transport barrier [Waltz (1996, 1997), Lao (1996)]. However the stability cri-
terion is based on nonlinear flux 2-D simulations for circular geometry in the limit of vanishing px and
generalization to regimes with significant diamagnetic components (generally the actual case) or with
profile curvature are unclear. In addition, although ion thermal transport at the neoclassical level has been
seen in DINI-D [Lazarus (1996)], electron transport and angular momentum transport are still anomalous,
indicating that not all turbulence effects have been totally suppressed [Lao (1996)]. One possibility is that
high wave number n, modes could support electron heat transport [Waltz (1996, 1997)]. New DIII-D
diagnostics may be able to detect a shift to very high wave number turbulence inside core transport barri-
ers. We need to investigate these questions further. A further reduction in angular momentum transport
would be especially significant since it would reduce the amount of NB torque needed to influence the
electric field by changing the toroidal plasma rotation.

Since synergistic effects occur between ExB shear and magnetic shear, it is important to sort out the
relative role of ExB shear and magnetic configuration in improved confinement. It is known that either
large magnetic shear or reverse shear, particularly large alpha or Shafranov shift, suppress growth rates
making it easier for wepxpg to exceed Yo Some simulations suggest the critical wgxg decreases with
shear |g| but others find that it is independent. Thereis ageneral result on DIII-D that magnetic configura-
tions which have enhanced MHD stability usually exhibit improved energy confinement as well.
Accordingly, we will investigate what role magnetic shear and magnetic configuration have in reducing
turbulent transport, either directly or by facilitating the effects of ExB shear. DIII-D is in a unique posi-
tion to carry out such investigations because of its flexible shaping control and because of the variety of
current drive techniques which will be available during the next five years.

Magnetic topology effects may even lead to a bifurcation mechanism from Shafranov (alpha-)
stabilization of the gyrokinetic ballooning modes not unlike the root to second stability for ideal ballooning
modes. The alpha-stabilization can actually lead to a natural heat flow bifurcation [La Haye (1995), Beer
(1996)] strongest at high—q, weak or negative shear, and high beta. It seems likely that low wave number
gyrokinetic modes are not completely stabilized in an MHD second stable core. Verifying this requires a
detailed gyrokinetic stability study with real geometry. While it seems to be a subdominant mechanismsin
most DII-D transport barriers, it may be possible to design DI1I-D experiments at high field and high den-
sity with sufficient power to get high beta so that alpha-stabilization may dominate. Having no ps« or
momentum dependence, this mechanism has a much better scaling to ITER and is generally compatible
with ideas about AT profile configuration.

2.3.1.2. CONTROL OF TRANSPORT BARRIERS. The results from DI1I-D and other tokamaks cited in the
previous section indicate that control of transport barriers is equivalent to control of the ExB shear. The
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simplest way for DIII-D to change E, isto alter the toroidal rotation using NBs. Unbalanced NBI has |ead
to toroidal rotation speeds as large as 700 km/s. Indeed, in al improved performance NCS discharges in
DIlI-D, the E, is dominated by the effects of toroidal rotation. In order to enhance our control of the rota-
tion, this proposal includes the installation of a NB which will inject in the opposite direction to the stan-
dard beam direction. This will enable us to alter the rotation separately from changes in the heating
power. Figure 2.3-2 shows the great change that can be made in the turbulence shearing rate profile
between co- and counter-injection. Fundamental investigations of angular momentum transport need to be
performed as part of this work, to understand the effects of ExB shear on angular momentum transport.
Because this transport is still anomalous in the DII1-D NCS discharges, further reductions are (in princi-
ple) possible which could lead to much reduced requirements for the input torque needed to maintain a
given rotation speed. Density control (to be provided by the divertor cryopumping system) also couplesin
to this part of the work since E, depends on the rotation speed, which increases as density is |owered.

If neoclassical theory is correct (this aspect is in question), the poloidal plasma rotation and the ITG
are intimately linked. Indeed, the poloidal rotation is directly proportional to the temperature gradient,
leading to amost complete cancellation of these two termsin Eq. (1) in the banana regime if the theory is
correct [Staebler (1997)]. The portion of neoclassical theory which makes this prediction is the same por-
tion which leads to the prediction of the boot-
strap current, which has been experimentally
verified. A key question that we will confront
experimentally is whether the predicted can- 500.0
cellation of these two terms is true. If it is,
attempting to manipulate E, through tempera-
ture gradient modifications would be fruit-

less. However, there are theoretical indica- 25001

tions that turbulent Reynolds stress can break COUNTER:-INJECTED +-MODE
this connection between poloidal rotation and )

temperature gradient, which would open up §

other avenues for control of E,. Localized E

heating, for example with ECH, could then be <)

used to manipulate E,.

-250.0
If, as was discussed above, temperature CO-INJECTED H-MODE

gradients are ineffective at producing a trans-
port barrier, then the role of control of the
density profile takes on great importance. A -500.0
transport barrier formed from a density gradi- 000 025 050 075  1.00
ent has the added advantage of producing
more bootstrap current for a given pressure

i A ; i Fig. 2.3-2. An opposing NB will enable transport barrier control
gradient. Our on-going transport simulation through manipulation of ExB shear.
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work with ONETWO using the transport model shown in Fig. 2.3-1 has shown the density gradient can
dominate the transport barrier formation and the current profile through its strong bootstrap contribution.
Density gradient transport barriers may have been formed close to the plasma center in DIII-D, but the lack
of Thomson scattering data in the core has prevented a definitive study. A core Thomson system is proposed
in the next plan period. The science involved in density contral is the physics of particle transport. The tools
available to manipulate the density are core fueling with NBs and pellets and edge pumping with the diver-
tor cryopumps. One theory of the L—H transition considers the strongly spatially varying edge neutral fuel-
ing as the trigger mechanism through the density feedback loop in Fig. 2.3-1. We will seek to intervene in
this mechanism by restricting the neutral source available to the core plasma using the well baffled RDP
divertor. A possible use of Compact Toroid injection to develop a fueling technique for future tokamaks is
described in Section 2.5. Fundamental investigations of particle transport in the presence of ExB shear, cou-
pled with these toals, will allow us to manipulate the density profiles to optimize the transport barriers.

Since the general geometry form for the ExB shearing rate involves both electric and magnetic shear
[Hahm (1995)], shaping of the current profile is an important tool for the control of transport barriersin
addition to its importance for improving MHD stability. Figure 2.3—1 shows the loop in which the current
profile affects both the turbulence shearing rate and decorrelation rate. Small or reverse magnetic shear
may just be the mechanism to lower the growth rates in NCS discharges. We plan to intervene in this loop
using the sources of noninductive current drive (ECCD and FWCD) planned for DIII-D.

Most of the discussion in this section has been devoted to improving transport barriers. However, there
are cases where the barriers are already too good and some reduction would be appropriate. For example,
the VH—mode phase of discharges in DIII-D is terminated by an MHD event (kink mode) which is trig-
gered when gradients in the plasma edge become too steep. Control of the edge gradient to extend the
VH-mode to steady state is an important topic for our research. This could be achieved either through plas-
ma shaping, bringing on the onset of ELMs before the kink mode strikes, or possibly by edge radiation,
similar to the work that is discussed later for the RI-mode.

2.3.1.3. ANOMALOUS ELECTRON TRANSPORT. Control of plasma transport via theoretically predicted
ExB shear regulation of turbulence levels has culminated in neoclassical levels of ion thermal transport
across the entire plasma radius on DI11-D. However, while ion transport can now be controlled, transport
in the electron channel is dtill a puzzle. Part of the puzzle is the variability in results from machine to
machine; on TFTR no improvement in electron transport is observed, on DIII-D modest improvements
are observed on occasion but not always, while on JT-60U reduced electron transport is routinely
observed in NCS discharges. An example of DIill-D data showing neoclassical levels of ion transport,
while electron transport remains anomalous is shown in Fig. 2.3-3. Thus, the central remaining challenge
in understanding turbulence and transport in fusion plasmas is the determination of what mechanisms are
responsible for anomalous electron transport and how can electron transport be controlled?

DIH-D has unique capabilities to address and clarify this issue of anomalous electron transport. First,
DI1I-D has a uniquely comprehensive set of turbulence and transport diagnostics, with excellent spatial
and temporal coverage. We believe that the current combination of advanced diagnostic development
capabilities, detailed transport measurement and analysis capabilities, and close coupling to theory make
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DI11-D the natural choice to establish aresearch
program in this area. Obviously, the highly
localizable ECH electron heating source will be
of great value in these studies. Transport simu-
lations using ONETWO show the ECH can
very strongly probe the transport inside a
formed transport barrier.

But in order to comprehensively address this
€electron transport issue, new diagnostic measure-
ment capabilities are required. At present, only
low k density turbulence is measured in the core
of DIII-D, using far infrared (FIR) scattering,
BES and reflectometer systems. Theoretically,
however, severa other mechanisms such as high
k turbulence, or magnetic turbulence may be
responsible for the electron transport. We pro-
pose, therefore, to expand the turbulence diag-
nostic coverage as follows:

e Search for and measure high k electron mode turbulence using a scattering system specifically
modified for the purpose. Theoretically predicted electron mode turbulence (such as n, modes) has
wavenumbers approximately 60 times higher than those responsible for ion transport, i.e.,

wavenumbers of ~30 to 120 cmL.

o  Measure core magnetic turbulence using a cross-polarization scattering system, as on Tore Supra,
or using enhanced scattering at the upper hybrid layer as proposed by Russian and Dutch groups.

« Measure core electron temperature fluctuations using a correlation electron cyclotron emission
(ECE) radiometer system. Temperature fluctuations are directly related to heat transport, while
density fluctuations are more directly related to particle transport.

More detail on these proposed new systemsis given in Section 2.5.2.2.

2.3.1.4. TESTS OF MODELS OF TURBULENT TRANSPORT. As part of the ITER Database and Modeling
Working Groups, DIII-D has made significant contributions to the ITER transport profile database con-
tributing more than half of the presently available 50 to 60 discharges. We expect this effort to continue
with the in-house DIII-D database migrating in a more automated way to the ITER database, thus provid-
ing, for the first time, a worldwide archival database readily available to al modelers. The database pro-
vides not only experimental plasma profiles but also experimental power and particle source profiles. Very
fast transport modeling codes [Konings (1997)] have been developed to exploit the database and test awide
variety of both empirical and theoretical transport models. It has become rather clear that theoretically moti-
vated models generally do somewhat better than purely empirically motivaied models, and transport models
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are competitive with statistical global scaling law descriptions (given H-mode boundary conditions.) In par-
ticular, the theoretical models with ExB shear stabilization are able to describe core transport barriers
[Waltz (1997)]. On the other hand, it appears that best fitting model may not be significantly better than
several good models using standard L— and H—-mode data sets (e.g., 15% versus 25% deviations). Further,
the database does not clearly distinguish models with radically different underlying physics[e.g., ITG mod-
els versus current diffusive ballooning mode (CDBM) or inertial MHD]. The U.S. modeling community is
largely in agreement on the basic correctness of the standard picture with ITG and trapped electron core
modes and resistive edge modes consistent with gyrokinetic stability and gyrofluid nonlinear simulations.
Nevertheless, there is no direct evidence for the existence of the ITG critical gradient length and its demon-
stration is of highest priority. A DII1-D working group has planned experiments to demonstrate the critical
gradient by ECH modulation studies. These exploit the unique feature that the critical gradient decreases
with increasing T/T; which |leads to a phase reversal of the pulses (hot pulse propagating to cold pulse and
vice versa, perhaps, as seen in TEXT and TFTR). Careful modeling of the pulses should distinguish ITG
from CDBM models. The current ITG models also differ greatly in stiffness (Xnegt-puise/Xpower-balance) @nd
from preliminary modeling, we expect that the amplification of the ECH-induced electron and ion tempera-
ture pulses to measurably differ. Additional studies aong this line are possible looking at L—H transition
edge front propagation and pellet perturbations.

2.3.1.5. TRANSPORT SCALING USING DIMENSIONLESS PARAMETERS. The related methods of dimen-
sional analysis, similarity, and scale invariance in physics provide a powerful technique for analyzing
physical systems. The application of these techniques to various approximations of the Vlasov-Maxwell
system of equations yield sets of dimensionless parameters that characterize the plasma dynamics
[Kadomtsev (1975), Connor (1977)]. For example, the scale invariance principle leads to the thermal dif-
fusivity being written in the form

X:XBF(pDB’VDq) ) (2)

where Xg is the Bohm diffusion coefficient, p« is the normalized Larmor radius, B is the plasma beta, v«
is the collisionality, q is the safety factor and the function F depends upon the specific transport mecha-
nism. Since the scale invariance principle can serve as a framework for an empirical as well as a theoreti-
cal approach to plasma physics, recently there has been interest in measuring the dependence of the plas-
ma transport on the dimensionless parametersin Eg. (2). This allows one to differentiate between various
proposed instability mechanisms for turbulent transport and has important implications for the scaling of
fusion devicesto the ignition regime.

The invariance approach to confinement physics makes it possible to determine the required size for
an ignition device based upon data from a single machine. This eliminates the possibility of systematic
machine-to-machine differences in confinement skewing the ignition projections. Existing fusion experi-
ments such as DII1-D can operate with al of the dimensionless parameters at values expected for ignition
devices with the exception of p«. In particular, DIII-D discharges with ITER dimensionless parameters
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(including T;/T¢) the same except p. have been demonstrated [Petty (1997)]. The heat and particle trans-
port from DIII-D can, therefore, be scaled to larger devices by decreasing p. while keeping the other
dimensionless parameters fixed. GyroBohm-like transport, for which F is proportional to p«, projects to
ignition in much more compact devices than Bohm-like transport, for which F is independent of ps [Petty
(1997)]. Therefore, if high confinement is desired for a compact ignition device in the future, it is impor-
tant to identify arobust gyroBohm-like confinement mode in present day machines. On the other hand, if a
mode of apparently high confinement in present day machinesis found to have worse-than-Bohm p. scal-
ing, then it will not scale attractively to future devices.

The scaling of transport with dimensionless parameters also illuminates the underlying physics of
anomalous transport. For example, the p. scaling distinguishes between short wavelength (gyroBohm) and
long wavelength (Bohm) turbulent transport models, the 3 scaling differentiates between electrostatic and
electromagnetic mechanisms, and the v, scaling discriminates between dissipative trapped particle modes
and n; (or collisionless trapped electron) modes. Initial experiments have begun on DIlI-D to measure the
dimensionless parameter scaling of transport for a few basic regimes, as shown in Table 2.3-1. This table
shows that progress has been made for L—mode and ELMing H—mode plasmas; however, advanced modes
of operation such as NCS, high-/; and VH-mode have not been studied yet. The differences between the
L—mode and H—mode results have demonstrated that different ion physics are important in these two
regimes, and certain classes of turbulent transport mechanisms have aready been ruled out. The DIII-D
Program intends to compl ete these dimensionless parameter scaling studies for the various advanced modes
shown in the table. The result will be a scaling principle for both the anomalous and residual transport parts
of the transport coefficients in Fig. 2.3-1. Dimensionless parameter scaling studies require carefully pre-
pared discharge parameters, which is difficult to do in transient situations. That is the main reason why the
advanced modes in Table 2.3-1 have not been studied. Solution of the stability problems discussed in
Section 2.3.2 and the extension of the advanced modes to long pulse will be the key to enabling these
dimensionless parameter studies.

TaBLE 2.3-1
ResuLTs OF DIMENSIONLESS PARAMETER SCALING EXPERIMENTS
IN DII-D For VARIOUS REGIMES

Regime Px B Vx q
L-mode Xe P« X U p;m X e X BO Xe: Xi U VS
ELM-free H-mode
ELMing H-mode Xer Xi [P « XeBOXiB L Xt O Vils
VH-mode
NCS
ngh—fl
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2.3.1.6. FUEL AND IMPURITY ION TRANSPORT. Aswas discussed in Section 2.3.1.2 above, the possibility
that temperature gradients may not be effective in creating transport barriers places increased emphasis on
studying transport barrier formation using density gradients. Moreover, density gradients are more effec-
tive at producing bootstrap current than temperature gradients. The study of fuel particle transport is close-
ly coupled to the divertor physics discussed in Section 2.3.3 below since the recycling from the divertor
platesis ultimately the neutral source for the core plasma In practical terms, the fitting of the divertor para
meters with the SOL modeling code UEDGE and Monte Carlo neutral codes [DEGAS, EIRENE, and a
code under development at Massachusetts Ingtitute of Technology (MIT)] is how the neutral source for the
core plasma gets determined. A program of study to use divertor baffling to ater the core fueling from the
divertor and perhaps affect the core plasma confinement is described in Section 2.3.3.2. Pellet and NB
sources are available for deep fueling of the core. The pellet system makes possible transient transport
experiments.

Electron particle transport coefficients for L-mode, ELM-free H-mode and ELMing H—-mode have
been measured using deuterium gas puffing into DII-D and modeling of the density rise after the L-H
transition. For L-mode and ELMing H—mode plasmas, the diffusion coefficient (D) increases with p, ris-
ing at the edge to severa times that of the center. The central values of D are about the same in both
modes, but for L-mode the edge value is amost twice that for ELMing H—-mode. In ELM-free H-mode,
the central value of D is also about the same as in the other modes, but the edge value decreases to
approximately one-fifth of the central value.

A physics based model which predicts the steady-state density profile in tokamak plasmas with high
transport has been developed and compared with measured profiles. The resulting steady-state profiles
are independent of the absolute magnitude and the radial dependence of the particle diffusion coefficient
but does depend on the relative transport of trapped versus passing particles. This model is valid for
ohmic, L—-mode and ELMing H-mode plasmas.

The plans for the future include a sequence of experiments which will measure the electron particle
transport coefficients and energy transport coefficients for identical plasmas. Comparing the particle and
energy transport will further elucidate the physical mechanisms responsible for the transport in different
confinement regimes.

Helium Transport. The efficient transport and removal of helium ash is an integra part of any fusion-
based power plant solution. Over the past few years, DIII-D has carried out an intensive experimental
campaign to assess helium transport and exhaust in avariety of confinement modes with particular empha
sis placed on ELMing H—-mode. The main results of these studies can be summarized as follows. (1) heli-
um exhaust rates sufficient for a reactor (i.e., exhaust efficiency of the pump and not by the core transport
rate of helium); (2) no preferential peaking of the helium density profile (relative to the electron density
profile) has been observed in any confinement regime including VH—mode and NCS discharges; and
(3) scaling path to ITER (i.e., they have the same collisionality, 3, g, etc.). These results have convinced
the ITER JCT that helium transport ratesin ITER should not be alimiting factor in the ITER design.
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As part of this five-year plan, it is envisioned that the same type of experimental studies will be
carried out with particular emphasis placed on characterizing helium transport in enhanced confinement
regimes, especially those based on core transport barriers. These regimes offer the potential advantage of
improved energy transport and stability, but these improvements may be mitigated by reduced helium
transport rates, leading to unacceptable levels of fuel dilution. Many of the tools that were used for the
studies outlined above are expected to be upgraded substantially. The charge exchange recombination (CER)
spectroscopy system has 40 channels with 8 channels specifically devoted to impurity density profile mea-
surements, allowing helium transport data to be obtained in piggyback mode. The addition of two inner-
strikepoint divertor cryopumps will increase the flexibility in exhausting helium as it appears from spectro-
scopic measurements that the helium density on the inboard side of the divertor is substantially larger than
that at the outboard side at the outer strike point.

Impurity Transport. Contamination of the plasma fuel from impurities either generated from
interactions between the edge plasma and plasma facing surfaces or intentionally injected to aid in dissi-
pating the plasma energy flow to these surfaces via radiation is inevitable. In this regard, it is important
to understand the core transport properties of these impurities both in terms of controlling the impurities
and also in taking advantage of the natural transport properties of the impurities. In this regard, severa
studies have been carried out on DIII-D using the CER system and small, nonperturbative gas puffs
from the plasma edge. The results of these studies to date can be summarized as follows: (1) in L—mode
and H-mode, the transport properties of all low—Z impurities (including helium, carbon, nitrogen, and
neon) is approximately the same with the steady-state density profile for these impurities being the same
as the electron density profile; and (2) in VH—mode plasmas, the transport properties of helium is consid-
erably different than those for carbon and neon (e.g., the helium density profile is the same as the electron
density profile but the profiles for carbon and neon are extremely hollow). As the electron density profile
in VH-mode is generally quite flat, this hollowness is suggestive of a “temperature” screening effect pre-
dicted by neoclassical theory. Although the connection with theory has not been completed yet, the exis-
tence of such a screening effect has the natural outcome that plasmas with flat electron density profiles
will inevitably have hollow impurity density profiles, provided the collisionality of the impurity isin the
proper range. If this effect could be coupled with the impurity enrichment results outlined in
Section 2.3.3.1, an attractive solution for impurity and radiation control would be possible.

As confinement regimes with ion energy transport near neoclassical levels have been obtained on
DIII-D, a natural extension of these studies for the five-year plan would be an assessment of neoclassical
impurity transport and the ramifications of the obtained transport properties (neoclassical or anomalous) on
the performance of these regimes. The Z-dependence of the transport properties is an important clue as to
the nature of the transport since anomalous transport is expected to Z-independent (i.e., transport driven by
electrostatic fluctuations) and neoclassical transport is strongly dependent on the impurity charge. DIII-D is
equipped with a 40-channel CER system capable of measuring the density profile of two impurities simulta-
neously and has the capability of introducing many different impurities through gas puffing or via small
pellets of variousimpurities using the lithium pellet injector.
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2.3.1.7. L-H TRANSITION PHYSICS. Studies of L—H transition physics have elucidated the crucial role of
ExB shear effects in modifying transport in magnetized plasmas and have provided a paradigm for trans-
port barrier formation which has been quickly transferred to the study of core transport barriersin toka-
maks. Achieving the long term goal of understanding the physics of the H-mode transition now requires a
much deeper qualitative and quantitative confrontation of theory and experiment in order to understand
the local conditions required to produce the H—-mode state. From the theoretical side, this confrontation is
being made possible by present and anticipated advances which include increasingly realistic models of
the relevant edge physics, including finite beta and diamagnetic effects, the effects of neutrals, and the
connection between the edge (confined) plasma and the SOL plasma. From the experimenta side, the
confrontation is being furthered by the maturing of edge diagnostics and the development of increasingly
sophisticated techniques for the analysis of the resulting data. L—H studies in DIII-D will provide data
required to quantitatively evaluate L—H transition models based on physics mechanisms such as those
listed in Table 2.3-2. These measurements will utilize existing DII1-D capabilities to measure edge densi-
ty and temperature profiles (of both electrons and ions), edge rotation and radial electric field profiles, the
edge magnetic shear, edge density and potential fluctuations, and the turbulent-driven particle flux.
Existing divertor diagnostics will be used to measure or compute divertor quantities including the elec-
tron temperature and density, radiated power, the spatial distribution of deuterium neutrals and cross field
fluxes of particles and heat due to neoclassical grad-B drift effects. On-going diagnostic developments are
expected to provide measurements of edge electron temperature fluctuations and estimates of the turbulent-
driven Reynolds stress. An important aspect of future experimental studies will be to provide databases of
relevant data for comparison with theoretical models of the transition.

TABLE 2.3-2
TooLS FOR L—H TRANSITION PHYSICS STUDIES
Physics Mechanism Measurement Tools
Turbulence-generated flows Reynolds stress, main ion rotation C—coil
Pressure gradients Edge temperature and density profiles Pellets, ECH
lon diamagnetism Edge ion temperature and density Pellets
Flows driven by ion orbit loss Main ion rotation, orbit calculations RDP, counter beam

The program outlined above must be augmented by additional studiesin order to more clearly differ-
entiate between the different possible physics mechanisms for the transition. In DII1-D, this will be done
by developing perturbative techniques, as suggested in Table 2.3-2, which can perform the required dis-
crimination. These techniques, which can be attempted with existing DIl11-D hardware capability (includ-
ing some anticipated modifications to the pellet injection system), include modulating plasma flows with
the C—coil, modulating the edge pressure and density profiles with shallow pellet injection, modulating
the edge electron temperature with edge ECH heating, and altering the neutral distributions around the

2.3-14 General Atomics Report GA-A22950



Project Saff THE DIH-D FIvE-YEAR PROGRAM PLAN 19992003

plasma using the baffled RDP system. These techniques and this work will also be directly relevant to
active control of the H-mode transition — another long-term goal of L—H studies.

2.3.1.8. THE H-MODE SHEAR LAYER AND PEDESTAL. Stiff turbulent transport models [Kotschenreuter
(1996), Waltz (1996)] predict an improvement of the global energy confinement with increasing H-mode
pedestal temperature. This is consistent with the DII1-D data in that the energy confinement enhancement
factor, H, is positively correlated with the pedestal electron pressure (Fig. 2.3-4). The factors which may
play arolein setting the pedestal parameters are: (1) the parameters that set the width of the H-mode trans-
port barrier, which could relate to such things asion poloidal gyroradius, [Kikuchi (1993)] or the edge parti-
cle source; (2) the critical parameters for the ELM instability which may be related to ballooning modes
although ballooning modes may set the edge pressure gradient but not be the ELM trigger; and (3) the
divertor conditions which may set a boundary condition on the open field lines.

In the DIII-D ITER shape database, the width of the ELMing H—-mode transport barrier, 4, isfit equal-
ly well by ( BEED )1/2 or ( pESD )2/3. These two scalings, along with ballooning mode scaling of the edge
pressure gradient, give an edge temperature of 6 and 1 keV respectively for ITER, which would signifi-
cantly affect the fusion power output according to the Institute for Fusion Studies — Princeton Plasma
Physics Laboratory (IFS-PPPL) model. [Kotschenreuter (1997)]. The uncertainty in choosing between
these scalings is due largely to the correlation between density and current in H-mode. More work is need-
ed on DIII-D and in intermachine comparison
(perhaps through the ITER database) to distin-
guish these scalings and to understand if other

variables such as divertor effects are important.

ITER SHAPE, Ugs = 3.2, Ip =15MA

1.6
Many of the H-mode pedestal parameters
cycle between ELMs. Although it is not completely
clear that the ballooning mode is the trigger of the < L2
Type | ELM, several experiments indicate that the 2
edge pressure gradient before the ELM scales con- E 0sl
I

sistently with what would be expected for ideal bal-

looning. Comparison with ballooning mode stabili- + TYPE | ELMs

ty calculations did not give quantitative agreement. 04 ° IY;;'E' ELMs
. X —
It is difficult to predict, at present, what edge pres-
sure gradient would be obtained in ITER.
Further work needs to be done relating the 0.00 é !1 é
divertor conditions to the H-mode pedestal para- o P AVERAGE OVER ELMs
e

meters. In some theories [Hinton (1992)], the
edge turbulence suppression zone can be set by
the edge particle source. There is also evidence

Fig. 2.3-4. Energy confinement enhancement factor increas-
es with pedestal pressure in ITER shape discharges consis-
tent with stiff turbulent transport models.
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that resistivity may play a role in the ELM stability, in particular, for Type |1l ELMs. One might also
expect that the separatrix values of temperature and density would be strongly affected by the neutral fuel-
ing that escapes the divertor and that these values would be combined with the H-mode transport barrier to
set the pedestal values.

2.3.1.9. CORE RADIATIVE MANTLE AND LIMITER PLASMA REGIMES. Discharges with a highly radiating
mantle and ELM free H-mode energy confinement have many advantages for future fusion devices such
as ITER. The radiating mantle keeps edge temperatures and physical sputtering to acceptable values and
limits long-term wall erosion. Under some conditions, radiative mantle discharges have no ELMs, elimi-
nating potential problems associated with transient heat pulses. H-mode confinement scaling provides the
confinement enhancement for a radiating mantle fusion device to ignite if core impurities can be mini-
mized. Recent work on the TEXTOR tokamak has demonstrated that such discharges [named radiating
improved confinement mode (RI-mode)] can be maintained for up to 100 energy confinement times
using neon or silicon to produce a radiating mantle with little increase in central impurity accumulation
[Messiaen (1996)]. These discharges were obtained using a pumped limiter geometry.

We propose to extend the work done on TEXTOR by performing radiating mantle experiments on
DIlI-D. The DIII-D shaping and diagnostics capabilities will complement the TEXTOR work and
explore several key physics issues such as the role of rotation in radiating mantle discharges, the possible
existence of transport barriers, the effect of shape (elongation and divertors), size scaling, power thresh-
olds, core impurity influx, and potential reductions in density fluctuations (both edge and core). In addi-
tion, we will explore “parameter space” in these discharges, particularly, the issue of extending radiating
mantle quasi-steady-state discharges to higher values of 3\H. The recent addition of the high triangularity
upper DIIT-D cryopump will alow pumping of marginally limited discharges, alowing more effective
control of the edge neon radiation, found to be important for TEXTOR in operating at P,,4/P;,,. This work
on radiating mantle discharges lies in the general line of using core plasma radiation to produce an
L—mode edge or at least an edge with a lower pressure gradient, one of the approaches to promoting
longer pulse operation of advanced core modes as discussed in Section 2.3.2.

A primary goal of this DIII-D work will be to develop a physics understanding of the underlying
mechanisms |leading to high confinement discharges with low temperature radiating mantles. For example,
Becker (1996) has examined radiating mantle CDH-mode discharges and found that the density profile
peaking is a function of Zg and that the inward pinch term, v, is proportional to Z;. We propose to
extend this work to radiating mantle discharges in DIlI-D. If this model is valid for DIII-D discharges, it
will be useful in predicting impurity profiles which can minimize central impurity accumulation while
maintaining H—-mode with low edge temperatures.
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2.3.2. STABILITY SCIENCE

The goals of the DII1-D stability program are to advance the under stand-
ing of MHD stability in high performance tokamak plasmas, and to develop
active and passive means of improving tokamak stability up to the theoretically
predicted limits, ultimately leading to the DI11-D long-term goal of an inte-
grated demonstration of optimized performance through active control. This
programwill help provide the scientific foundation for improvement of the
tokamak concept toward a more compact, economical, and reliable device.

Sable operation at high beta is essential for ITER or other next-generation
tokamaks as well as for “ advanced” tokamaks. The past decade of tokamak
research has seen much theoretical and experimental progress in under stand-
ing the dependence of ideal and resistive MHD stability limits on the pressure,
current density and rotation profiles and the presence of a conducting wall.
New operating regimes have been explored which have both good stability
properties and enhanced energy confinement, in particular the VH—mode, high
¢, and NCSregimes. The desire to develop plasmas capable of steady-state
operation now adds another constraint, that the pressure and current density
profiles be consistent with a large fraction of bootstrap current. The DIII-D
stability program, while continuing to advance the understanding in these
areas, will also develop the scientific basis for active control of plasma stabili-
ty, in order to extend the stability limits and provide more reliable operation
near those limits. The goal is reliable operation without disruptions near sta-
bility limits and a disruption mitigation strategy for the remaining class of dis-
ruptions that occur from random events like material ingress or system faults.

2.3.2.1. INTRODUCTION. Stability at high betais needed in order to take advantage of regimes of improved

energy confinement in creating a compact fusion plasma with high power density. In a steady-state fusion

-1/2
loss '’

we find that the loss power scales approximately as Pjoge= W/TE O (BNB/H)Z, while the ratio of fusion

plasma, assuming a fixed plasma size and a simplified form for the energy confinement tg O HIP,
power to loss power scales approximately Py,q/Pjoss U (HB/)2. The fusion gain Q increases with

Pus/Ploss S0 the fusion gain can be improved by increasing the confinement factor H, at a fixed toroidal
field B and safety factor g. However, if the larger Q is to trandate into greater fusion power rather than
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reduced loss power, By must increase in proportion to H. For reasonable neutron wall loading, H ~ 4 and
BN ~ 6 are projected by some system studies as optimal for an attractive power plant.

Steady-state operation with low recirculating power for current drive also implies operation at high nor-
malized beta. Maximizing the fusion power Py s [ p2Vv O Btz B4V at fixed toroidal field and plasma vol-
ume V calls for maximizing the toroidal beta 3;. On the other hand, steady-state operation requires a large
bootstrap current fraction fe = I, 0 €2 Bp which calls for maximizing the poloidal beta B,. For afixed
plasma shape, the normalized beta can be written as [32N B th, S0 increasing the bootstrap fraction without
reducing the fusion power requires increasing the normalized beta.

Reliable operation at high beta without potentially damaging disruptions requires control of the plas-
ma’s stability. Operation near stability limitsimplies that small changes in the plasma profiles can lead to
an instability which may damage the vacuum vessel or itsinternal components. This danger can be avoid-
ed by extending the stability limits so that the operating point no longer lies near a limit, by closely con-
trolling the plasma parameters to prevent excursions across a stability boundary, or by mitigating the
effects of a disruption when it does occur. All of these avenues will be pursued by the DIII-D stability
program.

Approach. Tokamak stability research is guided by advances in both physics understanding and
research tools. Early work in testing the “Troyon scaling,” [Troyon (1984)] focused largely on limits on
global parameters of the plasma with some optimization of profiles, and demonstrated that ideal MHD
theory could predict these stability limits with some accuracy. Strong shaping was shown to be important
inraising the beta limit. As the subject matured, advances in theory and diagnostic measurements { most
notably measurements of the g—profile [Levinton (1992), Wroblewski (1992)]} led to a more detailed
understanding of the role played by the pressure, current density, and rotation profilesin ideal MHD stabili-
ty. Initial experiments in profile modification have opened several regimes of enhanced confinement and
stability, but so far these are achieved only transiently. In many cases the limitations result from nonideal
instabilities such as neoclassically destabilized tearing modes and fast particle-driven modes, and the
emphasis on understanding these nonideal instabilities will continue to grow. In the future, new tools will
allow active control of plasma stability through profile modification, active enhancement of wall stabiliza-
tion, and direct MHD mode control, leading to improved physics understanding, extension of stability lim-
its, and sustainment of high performance plasmeas.

Research Program. The DIII-D Stability Science Research Program for the next five years can be
separated into five phases. shape and profile optimization, wall stabilization, nonideal instabilities, dis-
ruption avoidance and mitigation, and steady-state issues. Although there is some overlap between these
topics, the emphasis of the program will shift from one to the next during the five-year period as we work
toward the goals of advancing the scientific understanding of tokamak plasma stability and improving the
tokamak concept.
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In the first phase, we will continue the ongoing work on optimizing the discharge shape and profiles for
stability and confinement. As tools for profile control become available, including rf current drive, they will
be used to create and modify these optimized profiles. The second phase, emphasizing wall stabilization,
grows naturally from the first, since one aspect of profile optimization will be development of profiles which
benefit from stabilization by the resistive vacuum vessel wall. Later in the five-year period, external and
internal active coils will be installed to enhance and sustain the effects of wall stabilization. The third phase
focuses on severa types of nonideal MHD instabilities. Both profile control and local current drive at the
rational surface will be developed as methods to stabilize resistive modes, in particular neoclassical tearing
modes. Internal coils will also be utilized for stabilization of tearing modes through rotation control or direct
coupling to the modes. Alfvén eigenmodes, normally driven by fast particles, will be studied by exciting
them with the internal coil set. The nonideal physics of disruptions will be studied, and active means of miti-
gating the effects of disruptions will be explored. Disruption avoidance through profile control and real-time
prediction of instability thresholds will be developed in order to enable operation close to stability limits.
Techniques to mitigate the consequences of disruption will be developed. In the last phase, all of these tech-
niques will be brought together to maintain the stability of near steady-state discharges at high beta. Such dis-
charges have the additional requirement that the bootstrap current be well aligned with the total current den-
sity profile in order to minimize the requirements for noninductive current drive.

2.3.2.2. SHAPE AND PROFILE OPTIMIZATION. The distinguishing feature of the AT concept relative to the
conventional inductive tokamak scenario embodied in the ITER design, is the focus on enhancing the
tokamak performance by taking advantage of the details of the 1-D and 2-D profiles and plasma shape, in
contrast to the essentially zero D scalings, such as the Troyon scaling, used to predict or design the conven-
tional scenario. A combination of experiments and theoretical and numerical calculations for AT operating
regimes has identified several characteristics of the profiles and cross section shape which are critical in
determining the stability limit.

The current density profile (or q profile) is clearly acrucia determinant of the betalimit since it essen-
tially distinguishes the different AT regimes: low central shear with gy ~ 1 and high edge shear for the
high ¢; regime [Ferron (1990), Navratil (1991), Lao (1993)], nonmonotonic g with g, > 1 for the NCS
regime [Kessdl (1994), Levinton (1995), Strait (1995), Turnbull (1995)], high q for the high Bp regime
[Politzer (1994)], and conventional monotonic g with g = 1 for the VH-mode [Jackson (1992)]. In the
high ¢; regime, the optimum beta limit is predicted to increase with increasing /;. Conversely, in the wall-
stabilized NCS scenario, the coupling to the wall, and thereby the beta limit is a strong function of lower
¢;. This dependence on /; has been shown by current and elongation ramp experiments; the only clear
exceptionsto the resulting By, ~ 4 ¢; scaling are discharges which appear to be wall stabilized at low ;. The
importance of keeping gy > 1 in obtaining high performance has been demonstrated in both VVH-mode and
NCS discharges in DI1I-D. In both these regimes, the edge current density is also a crucia determinant of
the beta limit; positive edge current density or an edge current density gradient can seriously degrade the
beta limit by destabilizing low to intermediate n edge peeling modes, which often degrade or destroy edge
confinement.
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The pressure profile peakedness has been found from systematic stability calculations to be a critical
parameter in optimizing both the high ¢; [Turnbull (1986), Howl (1992)] and NCS scenario [Turnbull
(1997a)] beta limits; the ideal n = 1 kink limit increases with broader pressure in both cases. This improve-
ment in the beta limit has been clearly confirmed in both high ¢; and NCS configurations — the latter by
transitions from L—-mode to H—-mode which doubled the observed beta limit [Lao (1996)]. The physical rea-
sons for this dependence should apply to the high [3p and VH-mode scenarios as well. In addition, the pres-
sure gradient profile essentially determines the steady-state bootstrap current and therefore affects stability
limits through their dependence on the current density profile. This is important when large pressure gradi-
ents associated with transport barriers are present since large pressure and current density gradients are gen-
erally destabilizing. Thisis an especialy serious concern for the VH-mode and the NCS H-mode scenarios
which are presently limited by unstable low n peeling-like modes; the build up of positive edge current den-
sity from finite edge pressure gradients associated with edge transport barriers has been identified as the dri-
ving mechanism for the observed modes, and this is presently the major limitation to higher beta in both
scenarios.

It has been well-known for some time that the plasma elongation and triangularity are important
shape parameters, largely through the increased current carrying capacity of highly elongated Dee-shaped
cross sections at fixed g, but also partly from increases in the normalized beta limit, By = B/(I/aB) from
higher triangularity [Strait (1994)]. The importance of cross section shaping on the operationally achiev-
able beta limit has been clearly demonstrated in both conventional and AT discharges by controlled sys-
tematic DIII-D experiments. More recently, other shaping parameters, such as indentation, squareness, up-
down asymmetry, and the presence of an external separatrix have been found to aso affect the stability.
These effects are now being investigated in on-going experiments. Moreover, recent calculations for the
NCS configuration have shown that coupled with wall stabilization, the dependence of the beta limit on
Ccross section shape is even stronger than for conventional profiles [Turnbull (1997a)]. The cross section
shape and profile dependence are synergistic in the sense that the degree of this enhancement is also strong-
ly dependent on the profiles, especially the pressure profile. Conversely, the sensitivity of the NCS beta limit
to the pressure profile peakedness is also strongly dependent on the cross section shaping, ranging from a
weak dependence in circular cross section to roughly a factor 2 to 3 increase in beta between L—mode
peaked pressure and broad pressure H—mode-like profiles in a strongly Dee shaped cross section
(Fig. 2.3-5). This predicted synergistic relationship between shape and pressure optimization for NCS sce-
narios has not yet been fully demonstrated due to the limited control over the edge pressure and current den-
sity profiles achievable up till now. With improved control, the anticipated synergism can be more fully
explored and exploited.

Over the past few years, there has been an increased awareness of the importance of the rotation pro-
file in obtaining high performance AT operation. This new awareness was pioneered at DIII-D and is
continuing to be pursued. The role of the rotation profile in stabilization of the ideal kink by a resistive
wall has been positively identified in controlled experiments. Rotation relative to the
resistive wall is now understood to be both necessary and effective for maintaining wall stabilization for
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Fig. 2.3-5. Stability limits for the n=1 ideal kink mode in (a) normalized beta, By = B (/aB)~1 and (b) fusion-weighted
beta, B* = mZEQuOIBZ, both increase as the pressure profile peaking factor pg/[p[decreases. The effect is much greater
for a strongly shaped discharge than for a circular discharge.

more than an L/R time. Agreements with theories remain qualitative. Competing theories predict widely
varying critical rotation speeds and the experimental evidence to date suggests a lower critical rotation
can provide stabilization than any of the predictions.

The near-term DIII-D Program will continue to investigate the roles of shape and profiles, including
confirmation of the predicted “synergy” between discharge shaping and profilesin raising low-n ided stabil-
ity limits. Mild to strong current profile peaking (raised /;) will be used to improve the stability limits of
high-performance discharges with internal transport barriers (NCS) or edge transport barriers (H—mode).
Preliminary experiments will investigate the use of noninductive current drive to create and sustain the cur-
rent density profiles needed for high-performance regimes with high stability limits, including central FWCD
for high ¢; and off-axis ECCD for NCS.

As more profile control tools become available in the first years of the five-year plan, the emphasis will
move toward active control of the pressure and current density profiles. Improved diagnostics and real-time
profile analysis will provide input for feedback control of the current density profile with rf current drive. In
particular, the counter neutral beamline will significantly improve the real time motional Stark effect (MSE)
current profile measurement resolution. Steerable ECH antennas will provide more precise control.
Controlled pellet injection will allow modification of the central pressure, while edge ergodization will be
applied to control the edge pressure.
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2.3.2.3. WALL STABILIZATION. Inorder to make a significant improvement in tokamak performance while
also sustaining the plasma current primarily by well-aligned bootstrap current, the level of By for toka-
maks in the usual aspect ratio range (R/a~ 2 to 5) must be increased to about 6, and for lower aspect ratio
tokamaks like the spherical torus (ST) (R/a < 2) B\ must be increased to levels above 8 [Turnbuill
(1997b)]. The most promising approach which has been found from MHD equilibrium studies with good
bootstrap alignment and high bootstrap current fraction, rely on equilibria with elevated central gy and
negative magnetic shear in the central region of the plasma [Kessel (1994), Turnbull (1995)]. However,
this necessarily leads to equilibriawith relatively broad current profiles (low ¢;) and in all of these cases a
conducting boundary placed relatively close to the plasma edge (<30% minor radius) is hecessary to pro-
vide stability against the n = 1 ideal kink mode. The effect of plasma edge/conducting wall separation cal-
culated for n = 1 stability in second stable core VH-mode plasmas is shown in Fig. 2.3-6. Theratio of the
wall stabilized By limit to the no-wall By limit is typically 2 to 3 for both ST and conventional aspect
ratio tokamaks; hence, the achievement of plasma operation near the predicted wall stabilized beta limit
well above the no-wall limit is essential for the development of improved tokamak reactor designs. Since
the best documented performance in any experiment has been only 30% above the no-wall beta limit in
DIII-D [Taylor (1995)], the demonstration of stable, long pulse operation of a tokamak plasma well
above the no-wall ideal beta limit remains
an outstanding research goal.

Recent progress in both theory and g Ideal Stability, n =1, GATO
experiment has brought into clearer focus
potential limitations on the effectiveness of I
conducting wall stabilization of low—n 6l
ideal modes. It was first shown by Pfirsch
and Tasso (1971) that a plasma unstable to Si
an ideal MHD mode which is stabilized by By 2L
a perfectly conducting wall near the plas-
ma boundary cannot be stabilized by a 3
resistive wall at any distance. Freidberg oL
(1987) showed that as a close fitting wall :
with finite conductivity is moved near to 1
the plasma, the low— mode which grows 0 S~
on the ideal MHD time scale is stabilized, 05 10 15 20 25
but a slower growing mode which grows Falt el

up on the time scale for flux penetration
into the resistive wall is now destabilized. Fig. 2.3-6. Wall stabilization is predicted to allow ideal n=1 kink stabili-

This “resistive wall” mode (RWM) is now ty with By > 6 in a NCS equilibrium. An equilibrium with monotonic
. . g-profile is only stable up to By = 4 (dotted line in the inset g—profile,
bel |.ev¢.ad to. present a serious ob.st[acle 00 shaded region in the main plot). The abscissa is the minor radius of
achieving high levels of wall-stabilized By the conducting wall divided by the minor radius of the DIII-D vacuum

predicted by ideal MHD modeling. vessel; a value Ryq/Rpyi-p = 1 corresponds to a conducting wall at
the actual position of the vacuum vessel wall.
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A promising approach to stabilizing the RWM was identified by Bondeson (1994) and Ward (1995)
who used the MARS code to show that if the plasma is rotating sufficiently fast (usually a few percent of
the Alfvén frequency) with respect to the resistive wall, that the wall begins to appear like a perfect con-
ductor and the RWM can be stabilized. The onset of the RWM and the stabilizing effect of rotation has
been observed in experiments on DI1I-D where a critical rotation speed of about 2 kHz was observed for a
plasma above the no-wall beta limit. Several schemes have been proposed to exploit this rotation stabiliza-
tion effect and these can be divided into two classes. passive stabilization and active stabilization.

In the case of passive stabilization of the RWM, a source of angular momentum input is used to drive
toroidal plasma rotation relative to the fixed resistive wall which is typically assumed to be the vacuum
vessel in present experiments. The two approaches which are easiest to implement and have been demon-
strated in present experiments are to use the momentum input from NBs or to apply an electromagnetic
torque to the plasma with a rotating nonaxisymmetric magnetic field generated by a set of external coils.
In recent DIII-D experiments controlled “braking” of the NBI rotation profile at the plasma edge by
application of a static n=1 perturbation field has been used to study the onset of the RWM [Mauel
(1995)]. However, there is a complex interaction between the onset of resistive modes and their island
structure on low order rational surfaces in the outer region of the plasma and rotation of the plasma.
Typically, as By is increased above the no-wall ideal beta limit, 2/1 and 3/1 rotating islands can develop
which cause arotational “drag” against eddy currents induced in the resistive wall. Since the rotation pro-
file is maintained by cross-field momentum transport from the centrally deposited NBI momentum, the
eddy current induced drag on rotating magnetic islands can exceed the local NBI rotationa drive as the
resistive modes grow in amplitude leading to slowing rotation, mode “locking” and finally disruption.
One approach to this problem is to apply a rotating resonant magnetic perturbation field with a set of
external saddle coils to apply torque to the rotation islands directly and maintain their rotation. Despite
the rotating perturbation field, the rotation of the islands relative to the wall provides stabilization. Driven
mode rotation has been demonstrated on 2/1 islands in DITE [Morris (1990)] and in HBT—EP [lvers
(1996)] and it is proposed that a saddle coil set be installed inside the DIl1-D vacuum vessel to maintain
toroidal rotation of 2/1, 3/1, and 4/1 resonant surfaces up to 10 kHz for study of RWM onset and control.

In the case of active stabilization of the RWM, it has been proposed that an active feedback
network could be used which would simulate a perfectly conducting wall, thus stabilizing the RWM.
Suggested approaches to implementing this form of active mode control are the “smart shell” [Bishop
(1989)] and the “fake rotating shell” [Fitzpatrick (1996), Jensen (1996)]. In both cases, the resistive wall
is covered by a network of sensor loops mounted on the surface of the wall, with an array of
current-carrying coils nearby. In the “smart shell” approach, flux loops sense the radial magnetic field, By,
soaking through the resistive wall and feedback control is used to apply a correction field which main-
tains very closely a net zero B, through the resistive wall, eliminating the RWM. In the “fake rotating
shell” approach, a phase shift is applied to the response coils to reproduce the leading phase shift
response that the plasma would experience if the resistive wall were in fact rotating toroidally which
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leads directly to stabilization of the RWM. Both of these approaches will first be tested on DIII-D
through an extension of the existing C—coil structure combined with an array of radial flux sensors.

Near-term experiments will be aimed at further experimental testing of “passive” wall stabilization and
comparison to theories. We will extend the database of wall-stabilized discharges and attempt to verify the
wall-stabilized ideal limit at high beta. The rotation required for wall stabilization will be compared with
theory.

Under the DII-D Five-Year Plan, we will investigate active means of enhancing and sustaining wall sta-
bilization using external and interna coils. This will be done in severa stages. Two approaches have been
suggested to use external coils to stabilize the RWM: the so-called “fake rotating wall” and “smart shell”
methods. A power supply upgrade will allow a preliminary test of both schemes with the existing C—coil.
Additional external coils to be added later will allow selection of the poloidal mode number for better cou-
pling to specific instabilities. Finaly, internal coils will provide angular momentum input to sustain plasma
rotation. Building on the results of the previous research phase, we will determine the optimum pressure and
current density profiles for maximizing the benefits of wall stabilization.

2.3.2.4. NONIDEAL INSTABILITIES. As theoretica and experimental understanding moves beyond ideal
MHD to amore realistic description of the plasma, awide range of nonideal instabilities will be investigat-
ed under the DIII-D Five-Year Plan, including resistive instabilities with and without a significant contri-
bution from neoclassical effects, sawteeth, Alfvén eigenmodes driven by fast particles, and disruptions.

Resistive “Locked Modes.” Resistive “locked modes’ induced by helical field errors have become
well understood but are still of concern for ITER. Locked modes arise either from naturally unstable tear-
ing modes which induce eddy currents in the resistive vessel wall that exert drag on the mode singular
surface or in naturally stable plasmas without rotating tearing modes in which helically resonant static
error fields induce eddy currents at the rotating singular surface with concomitant drag. The first kind of
locked mode which arises from rotating tearing modes can be avoided by j(r) control to reduce the local
current gradient, seed island control by avoiding sawteeth or ELMs, or by injecting additional momentum
into the plasma from the co-beams and/or rotating fields from internal saddle coils so as to keep the ves-
sel eddy current drag from stopping the rotation. (Locked modes are particularly bad as H-mode is usual-
ly lost, impurities can come in from local wall interaction, etc.) The second kind of locked mode due to
static error fields is predicted to be very problematic for ITER because of its large size and thus low rota-
tion frequency [La Haye (1997a)] and could induce disruption in the early ohmic target phase. It is avoid-
ed by (1) careful multimode correction of low m, n = 1 static error fields by a multielement correction
cail; (2) applying radially localized ECCD at g = 2, particularly in the island O—point, which would
oppose the 2/1 helical current which supports the island and by island reduction reduce the drag allowing
the momentum input to unlock it [Hegna (1996)]; or (3) by applying momentum input to keep the island
from developing with low voltage, high momentum input co-beams or rotating helical fields from internal
saddle cails.
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Neoclassical Effects. Recent theoretical developments [Carrera (1986), Hegna (1992)] have led to an
understanding of the importance of neoclassical effects (i.e., the bootstrap current) for resistive instabili-
ties in collisionless plasmas. Preliminary experiments in DIII-D and other devices are consistent with
these predictions. In ITER-like ELMing H-mode, single-null divertor (SND) discharges with sawteeth,
Ogs = 3 and low collisionality as in ITER [(vi/e)/wy; = 0.05], the practical long pulse beta is limited by
neoclassically destabilized tearing modes. This occurs in DIII-D [La Haye (1997b)] as well as COM-
PASS-D and ASDEX-U. The m/n = 3/2 islands reduce confinement by up to 30% at By = B (%0)/I/aB = 2
and the m/n = 2/1 idlands typically lead to beta collapse, locking, and disruption. As the destabilization is
driven by low callisionality, high beta perturbed bootstrap currents due to sawteeth and/or ELM *“ seeds,”
these resistive modes are projected to be the beta limitation for ITER.

The modes are driven by a helically perturbed bootstrap current in response to a “seed” island. In
practice, the flattening of the pressure gradient in the seed O—point (but not in the X—point) reduces the
bootstrap current there. Thisis confirmed by comparing DI1I-D ONETWO transport code bootstrap cur-
rent profiles before and after a 2/1 rotating mode, which shows the time averaged bootstrap current
decreases locally at g = 2 over the island width. It has been suggested [Hegna (1996), Zohm (1997)] that
replacing the “missing” bootstrap current with radially localized co-current drive such as by ECCD can
suppress the mode island width (open loop) and/or stabilize the mode (closed loop). The necessary current
to stabilize is about 6 kA. One gyrotron can conservatively drive 34 kA at 500 kW so that only 0.5 MW is
needed.

Central g Control. A key feature of the VH—mode is that g(0) rises above unity when the beams are
injected into a (sawtoothing) discharge [Lazarus (1995)]; sawtoothing ceases, and both central temperatures
and g(0) rise. The resulting g profile provides second-stable access. The time evolution of Shot 78136, an
excellent VH-mode, has been modeled using the WHIST transport code [Houlberg (1982)], with the ther-
mal and particle diffusivities adjusted to match the measured temperature and density profiles. These simu-
lations show that for the case where the perturbing current source is introduced on atime-scale that is short
compared to the resistive time-scale, the radial profile of the noninductive current source (bootstrap current
plus co-injected NB current) has a positive gradient near the axis. It is a consequence of Faraday’s law that
this initially drives j(0) down, raising central g. Additionally, the equilibrium condition with lower j(0)
requires increased k(0), which contributes equally to the rise in g(0). The simulation shows g(0) > 1 lasting
about 0.6 s, in good agreement with the experimental measurement of about 400 ms, as seen in Fig. 2.3-7.
[The simulation has only resistive diffusion, whereas an infernal n=1 mode is observed in the experiment
when q(0) drops below 1.2.]

Particle control should alow this favorable q profile to be sustained. The simulation shows that the
broadening beam deposition profile is responsible for the return of g(0) to unity as both the NBCD and
bootstrap contributions fade away. This is aso consistent with the experiment, which shows longer g(0) >
1 intervals and lower q(0) maxima with slower increases in the density which occur when the beam
power is reduced. If we were to pump the same discharge well enough to maintain f, = 7 x 1019 m=3,
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but other than that make no change in the
18 modeling of 78136, WHIST predict the
discharge would be maintained near peak
conditions with T;(0) = 25 keV, T(0) =
9 keV, and ng(0) = 9 x 1019 m=3. With the
density peaking eventually brought about
Simulation by the beam fueling of the core, such adis-
with charge might exhibit a more substantial
occupation of the second-regime of bal-
looning stability. Under this scenario, 88%
of the current is noninductive, asymptoti-
caly, 0.9 MA from bootstrap and 0.5 MA
from NBCD. The evolution shows that,
» Simulation after thermal and particle equilibrium have
Experiment been reached, q(0) slowly decreases but
2 4 6 remains above unity for several seconds
TIME(s) (Fig. 2.3-6).

"pumping”

SAFETY FACTOR ON AXIS

Fig. 2.3-7. Simulations with good experimental foundation indicate ~ Avoidance of sawteeth is desirable for sev-
additional particle pumping will maintain higher g(0). eral reasons. Sawteeth create a large-scale

redistribution of pressure, flattening the
pressure profile and reducing the energy confinement. In addition, coupling of the internal kink to other
rational surfaces can create seed islands which destabilize neoclassical tearing modes. The sawtooth can be
avoided by maintaining q(0) greater than unity, which also tends to open access to the second stable regime
in the core of the discharge. Central rf counter-current drive is one means to maintain g(0) > 1 in a long-
pulse discharge. Another promising approach is to use off-axis beam-driven current and bootstrap current,
taking advantage of the density control capabilities of DII1-D’s pumped divertors.

Alfvén eigenmodes driven by alpha particles also remain a concern for ITER and any future burning-
plasma devices. Alfvén eigenmodes can be destabilized by beam ions, by ion cyclotron heating (ICH) tail
ions, and by alpha particles. Modes with frequencies both below and above the TAE were identified,
including the BAE/KBM, the KTAE, the EAE, and the NAE. Modes with frequencies that vary rapidly in
time, or “chirp”, were also observed. Recently, stable eigenmodes were studied with external antennas.
Despite this substantial progress, many important issues remain poorly understood. To date there has been
only preliminary investigation of the dependence of Alfvén eigenmode stability on current density profiles
and discharge shape.

Our principal new tool will be an antenna to measure the frequency and damping of stable Alfvén
eigenmodes. This technique was successfully demonstrated at JET [Fasoli (1995)]. Application of this
technique at DI11-D will allow improved comparison of the damping rates and eigenfunctions with theory;
study of the shape dependence of the damping rates; measurement of the fast-ion drive; and obtaining
nondimensional scaling to a reactor. A crucial parameter in the theory of the TAE mode is the ratio of the
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thermal ion gyroradius to mode scale length, kgp;, which determines the relative importance of nonideal
effects such as “radiative damping.” Experimentally, we can vary this quantity by scanning the toroidal
field at constant values of g and vi/v (the ratio of fast-ion speed to Alfvén speed). Another focus of study
will be “BAE” modes. Although modes in the 50-150 kHz frequency band have been observed in most
large tokamaks, the correct theoretical identification of these dangerousinstabilitiesis still uncertain.

In nonideal instability research, the near-term DIII-D Program will continue to investigate the
requirements for plasma rotation and minimization of error fields to avoid locked modes. More detailed
verification of neoclassical tearing mode theories will be made, including measurement of the mode
structure with improved profile diagnostics, and means of avoiding neoclassical tearing modes by current
density and pressure profile modification to reduce the sources of seed islands will be investigated.
Disruption processes will be studied with new diagnostics including imaging of runaway electron pro-
files, and means of mitigating the effects of disruptions with injection of pellets or gas jet will be
explored.

As the five-year plan progresses, active profile control tools will be used to avoid resistive instahilities,
including stabilization by ECCD at rational surfaces. Later, real-time profile analysis with precise current
density profile control through plasma positioning or steerable ECH antennas will alow feedback control for
avoidance of resistive instabilities. Internal coils will be used for momentum input to maintain plasma rota-
tion, as well asfor direct mode control. The internal coils will also be used as antennas to study the damping
rates of stable Alfvén eigenmodes. Disruption effects will be mitigated using real-time detection of their
onset, or avoided by real-time prediction of instability thresholds.

2.3.2.5. DISRUPTION AVOIDANCE AND MITIGATION. We propose to extend the present work of the DIII-D
disruption program with the goal of demonstrating operation of an AT in which the frequency and severi-
ty of disruptions are reduced to alevel at which they are no longer a major design consideration for future
machines. We propose to build and routinely operate a system on DIII-D that accomplishes this goal.

To achieve this, experiments and modeling on DIII-D will focus on three main areas of study:
(1) develop a better understanding of critical physics that determines the evolution of the thermal and cur-
rent quench and the resulting hesat loss, forces, and runaway electron generation; (2) develop and imple-
ment disruption detection and avoidance systems, and (3) develop and implement a disruption mitigation
system to reduce the effect of those disruptions that do occur.

In the area of disruption characterization and maodeling, the physics of the thermal quench will be
examined in order to understand the mechanism of the energy loss and the resulting time scales and spa-
tia distribution of the loss. A new fast infrared (IR) radiometer diagnostic provided by University of
Cdlifornia, San Diego (UCSD) will augment our present disruption diagnostic set and permit investiga-
tion of the energy loss. Current quench processes that will be addressed include the structure and magni-
tude of the halo currents, understanding the role of impurities and turbulence in determining the plasma
resistivity, and the generation and confinement of runaway electrons. Existing analysis has clearly shown
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that there are large toroidal asymmetries in the heat flux, halo currents, and the plasma flux surfaces dur-
ing disruptions. It is also predicted that structure of the flux surfaces will affect the generation and con-
finement of runaway electrons. Identification of the three dimensional structure of the plasma and its
effect on these disruption phenomena will be investigated using three new arrays of magnetic probes and
the existing toroidal halo current array.

Disruption detection and avoidance will be achieved by extending the existing successful work on the
use of real-time neural networks developed by ORINCON Corporation [Wroblewski (1997)] to identify
the disruption boundaries. By incorporating the set of advanced profile diagnostics now available on
DI1I-D, more advanced numerical techniques including wavelet analysis, and training on a more com-
plete ensemble of DIII-D disruptions including AT operating modes, an early warning system will be
developed to avoid disruptions and maintain stable operation or alow implementation of a soft shutdown
system.

The final leg of the disruption program will be the development and implementation of a disruption
mitigation system. The primary candidate for this system is a combination of supersonic liquid helium jet
injection followed by injection of a high—Z impurity pellet. Based on existing data and modeling, the com-
bined effect should significantly reduce halo currents, radiate most of the plasma thermal and magnetic
energy, and avoid the production of runaway electrons. In addition to an extensive hardware development
program [involving GA, Idaho Nuclear Engineering Laboratory (INEL), and ORNL], issues of jet deforma-
tion and ablation, jet propagation and disruptive boiling in a vacuum, and high—Z pellet ablation and radia-
tion will be studied.

2.3.2.6. STEADY-STATE ISSUES. One important constraint in achieving high (B steady-state discharges is
that the bootstrap current must be properly aligned. The flux surface averaged parallel current profile is
given by [J« BO= [J* BOjg + [J* BLdyrrent drive Where L3 » Bldrrent drive iNcludes any ohmic current. At
times long compared to the resistive
timescale, the ohmic current will become

the monotonic profile LJ « Blypmic —

EgBg/n, where ) is the plasma resistivity. 2.5 ' ' H-mode NCS
Thus, in the absence of NB or rf current 2.0F Ibs“tot =339 -
drive, arough guide to bootstrap alignment & r ]
is that peaks in the current profile must E15F Measured .
occur at the same radial locations as peaks <§E 10 : L H f
in the gradient of the pressure profile. 8t -, Calc. E
Figure 2.3-8 shows the pressure profile 05L—~ “\DbsD ]
and the parallel current profile for the NCS /' -\
discharge 87072 at 1.7 s [Rice (1996)]. It 0.0 b : i

is evident that the bootstrap current is 0.0 0.2 0.4 P 0.6 0.8 1.0
well-aligned at the edge of the plasma but

not so well aigned in the center. The peak

in the bootstrap occurs at p = 0.3 while the Fig. 2.3-8. Better bootstrap alignment could increase ¢; while

preserving NCS.
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peak in the current occurs at p = 0.5. This lack of bootstrap alignment means that the current profile will
continue to evolve in time. The two profile modifications which can improve alignment in the NCS dis-
charges are to move the current peak to a smaller radius or to move the pressure peak to alarger radius.

High ¢; discharges tend to have better bootstrap alignment than NCS discharges at small p because the
current is typically peaked on axis. Also, confinement and 3\ are observed to increase with increasing /;.
However, the bootstrap current near the edge of the plasma limits the peakedness of the current profile and
limits the value of /;, and these discharges lack the internal transport barrier of NCS. One way to improve
bootstrap alignment and preserve the advantages of NCS (internal transport barrier, second stable balloon-
ing, etc.) may be acombination of high ¢; with NCS. For discharge 87072 this means the peak in the current
profile in Fig. 2.3-8 should be moved to a smaller radius, towards the peak in the bootstrap current. This
could increase /; while improving the bootstrap alignment and preserving NCS.

The techniques that can be used to move the peak in the current density, p(qyyip), include varying the
amount of early beam power during IIO ramp and varying the speed of the IIO ramp. Beam current and ECH
or FWCD can also be used in combination with the ramp techniques to influence the current profile.
Alternatively, the peak of the pressure gradient can be atered. The peak arises from a combination of the
local heating and fueling sources, which can be varied, and the location of the transport barrier in NCS,
which is related to the low or negative shear but not fully understood at the present time. We anticipate
that the combination of the application of these techniques and the continuing increased understanding of
the transport barrier will lead to self-consistent *“ steady-state”” high 3 dischargesin DIII-D.

Later in the five-year period, the development of self-consistent solutions with a large fraction of
well-aligned bootstrap current will be combined with the other active stabilization techniques described
above to achieve the goal of along pulse discharge with modest rf current drive and no inductive current
drive. The next step will then be to explore stable, self-consistent approaches to noninductive startup and
current ramp-up, as needed for a high beta, low aspect ratio torus with transformerless operation.
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2.3.3.

BOUNDARY SCIENCE

2.3.3.1. DIVERTOR PHYSICS. Just as L-mode confinement establishes a baseline of confinement behavior

Boundary science covers three main areas: divertor physics, boundary
conditions for the core plasma, and plasma material interactions. The pri-
mary purpose of these studies is to lay the scientific groundwork for the
divertorsin future machines. We seek to devel op the physics basis for power
and particle exhaust. Future machines require a divertor that can provide
copious radiation in the divertor for power exhaust while simultaneously
providing core plasma boundary conditions that meximize core confine-
ment, control core plasma impurity levels, and exhaust fuel and impurities,
especially helium, at the required rates. The goal of thisresearch isto
incorpor ate the physics elements that are established in the experimentsin
codes that can be used productively for future machines. In the near term,
the divertor in DI1I-D must also supply the functions of impurity control,
density control, confinement optimization, and power exhaust for the
DI1I-D AT Program. Much of the physicsin this area, the physics of open
field lines, atomic physics, and plasma material interaction physics, is
generic to any magnetic confinement concept that bounds closed flux sur-
faces with open field lines or which uses open field lines.

in the tokamak that enables definition of what we mean by enhanced or advanced confinement modes, there
is a “standard model” of divertor physics that enables definition of what we mean by advanced divertor
physics. The elements of the standard model are listed in the top of Table 2.3-3. The goal of the divertor
component of the DII1-D AT Program isto develop the advanced divertor physics elements.

The standard model can be worked out almost analytically and implies some well known in-
principle limitations to divertor performance that are exhibited in Figs. 2.3-9 and 2.3-10. The two gov-
erning equations are for impurity radiation extracting heat from the parallel heat conduction, which has a
very strong temperature dependence.

aq
wllll = n2fL(Te) = (n2T3)fL(Te)/T2 3)
_ 5/2 07T,
q" = KO Te az: . (4)
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TaABLE 2.3-3
ELEMENTS OF DIVERTOR PHYSICS

o Elements of Standard Divertor Physics
—  Classical conduction limited heat flow along the field lines
—  Constant pressure along the field lines (attached plasmas)
—  Coronal equilibrium radiation rates
—  Constant impurity concentration everywhere in the system
—  Sheath limited heat flow at the divertor plate.

o Elements of Advanced Divertor Physics
—  Impurity concentration enrichment in the divertor
—  Noncoronal equilibrium radiation rates
—  2-D flow patterns of heat and fuel
—  Non-Maxwellian enhancements of radiation
— - Plasma volume recombination
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Here f| is the impurity concentration and L(Ty) is the emissivity given in Fig. 2.3-9. The coronal radia-
tion rates are shown in Fig. 2.3-9 for the impurities of most interest to DIII-D and ITER. Clearly, one
wishes to make use of the very strong emissivity peaks at low temperatures to make a radiative divertor.
Thiswould seem consistent with the desire to produce low temperatures in the divertor by the same radia-
tion. However, the strong temperature dependence of the parallel heat conduction means that as the plas-
ma temperature drops, the plasma becomes increasingly unable to conduct the heat to the cold zone where
it might be radiated. This conflict results in an in-principle limitation to the amount of radiation that can
be achieved in the SOL/divertor. By making use of the constant pressure assumption, Egs. (3) and (4) can
be combined into a single integral for the square of the total parallel heat flux that can be radiated along
the field linesfromTo=0upto T,

qﬁ(T) = 2K P21, IOTL(T)Tllsz : (5)

These in-principle maximum va ues of q that can be radiated are shown in Fig. 2.3-10. Carbon accumu-
lates all the radiation it can make below 10 eV and is a good choice for making a radiating divertor, but
the total radiation that can be made is limited. Neon and Argon can produce more total radiation, but most
of that radiation will be accumulated at temperatures above 20 eV. These standard model limits for the
total radiation give about 100 MW maximum SOL /divertor radiation for ITER. Although that suffices for
the nominal power balance case in ITER, advanced divertor physicsis required to open up the operational
flexibility to shift more radiation from the core plasma into the divertor (to a maximum of 300 MW in
ITER). Thus ITER defines the need from advanced divertor physics as afactor of 3 increase in achievable
SOL/divertor radiation. A higher power density future system like ARIES-RS needs up to a factor of 8
enhancement.

The radiation limit in the standard model also produces conflicts with core plasma physics. As can be
seen from Eq. (5) if the integral over temperature is constrained, the only way to increase the total
SOL/divertor radiation is to increase the core plasma separatrix density or the core plasma impurity con-
centration. Increasing the core density can run into density limit problems or just increase core collision-
ality into regimes that are not of interest from a dimensionless parameter point of view (Section 2.2).
Increasing the impurity concentration can be detrimental to core confinement and causes unacceptable
fuel dilution. Hence, advanced divertor physicsis needed to enable increased divertor radiation at restrict-
ed core plasma densities and impurity concentrations.

The standard model has other undesirable features. The characteristic solution for the standard model
has all the temperature gradient near the divertor plate, all the carbon radiation in a spatialy very narrow
region right against the divertor plate, and essentially no reduction of parallel heat flow until just at the
divertor plate. Advanced divertor physics is required to stretch the divertor radiation more uniformly up
the leg of the divertor in order to radiate the power to the large area of sidewall in the ITER divertor.
Another constraint of the standard model that was realized early in the ITER considerations is that with
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the anticipated particle fluxes to the divertor plate, just the recombination energy would exceed the desired
5 MW/m? heat |oad. Hence, detached plasma operation must be sought in which the plasma pressure along
the field lines is lowered by charge exchange dissipation of momentum or plasma recombination.

The elements of advanced divertor physics attack limitations of the standard model. Increasing the
concentration of impurities in the divertor with respect to the core plasma (divertor enrichment) can
increase divertor radiation over the standard model. Short residence times of the impurities in the plasma
and/or substantial neutral densities in the plasma can enhance radiation rates over the coronal equilibrium
values. The DIlI-D Program in these areas of impurity transport and radiation physics is described below.
DIlI-D data disagree greatly with the standard model picture of paralel heat flow — the program of
research in this area is also discussed below. Experimental evidence for plasma recombination has only
now emerged from many tokamaks in the last year — this exciting area is in its infancy; this section
reviews DHI-D work on plasma recombination. The actual divertor problem is 2-D and cross field heat
flow may ameliorate the constraint of parallel heat conduction in a way that allows more radiation. The
program to manage fuel and heat flow patterns in the divertor is described below. Possible longer range
divertor optimizations are discussed here as well.

Heat and Fuel Particle Transport in
the SOL and Divertor. On DIII-D, we D I I I _ D
have produced radiating divertor plas-
mas that are in stark contrast to the
implications of conduction dominated
transport of the standard divertor
modedl. In Fig. 2.3-11, the radiation
produced by deuterium puffing is
shown to be distributed evenly from
the X—point region to the divertor tar-
get. The uniformity in radiation is
approximately 2:1 and exceeds the
requirements of ITER divertor design.
Spectroscopy indicates that carbon
radiation dominates in the X—point
region with deuterium radiation peak-
ing near the target.

To understand how so much MW/m3
power could flow to the lower por-

tion of our divertor channel, we have  Fig. 2.3-11. Radiation evenly distributed from the X—point region is in stark
compared the electron temperature contrast to standard divertor model predictions.

profile measured in our radiative
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divertor plasmas with that predicted by electron conduction from the standard model. If conduction is
dominating the heat transport, then the required electron temperature profile (shown in Fig. 2.3-12) must
rise above 20 eV a short distance from the divertor target. In contrast to the predicted T, profile, we also
plot in Fig. 2.3-13 T, measurements from the Divertor Thomson System which show T, ~ 1 to 2 eV
throughout the divertor. Because of the strong temperature dependence, conduction can support essential-
ly no heat flux at this temperature
range.

00— ——
Plasma convection can explain F— 9 -

our dissipation of heat flux by radia- 20 i'; : ¥e:_fph°0dn‘i' ST P
tion throughout the divertor. If the e .- b
plasmais flowing as a fluid, then the !
thermal energy of the plasma and its
ionization potential can be carried

down the divertor without the temper- :
ature gradient required for conduction.
By measuring the divertor density and
temperature, we find that our mea-

sured heat flux profile can be support-

ed by plasma flowing near the ion Fig. 2.3-12. T, measurements do not support model predictions of
significant electron conduction.

sound speed throughout the divertor.
Plasma flowing at the ion sound speed
is also seen in UEDGE simulations of DIII-D radiative divertor plasmas and will be discussed below.
When the divertor temperature drops significantly below 10 eV, ionization of neutral deuterium moves
further upstream away from the divertor plate. The upstream ionization then becomes the source of plas-
ma flow through the divertor. Plasma flow then brings heat flux into a low temperature region where ulti-
mately recombination can dissipate the plasma ionization potential.

Our future work will investigate the transition region where conduction dominated transport gives
way to convection. Our studies will seek to determine the 2-D relationship between power flux, intrinsic
impurity radiation, ionization, and plasma flow. Understanding the interaction of these processes is
important for designing a high power divertor, such as ITER, that dissipates the heat flux yet meets the
regquirements of a high confinement core plasma. Our plans for optimization of convection in the divertor
for dissipation of heat flux will be presented in the section on the Convective/Radiative Divertor.

Recombination. The divertor plate heating can be minimized by obtaining the plasma conditions
which permit volume recombination of the ion current above the plate, thus eliminating the heating which
accompanies recombination within the plate.

The electron temperature must be reduced below 2 €V to permit volume recombination to compete
with ionization. We have been able to produce such conditionsin DIlI-D. The divertor Thomson scattering
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system in DIII-D is able to make 2-D images of the
temperature in the divertor. Figure 2.3—13 shows a
wide region of 1 to 2 eV plasma measured by the
Thomson system. UEDGE is able to simulate these
recombining plasmas and that simulation is aso shown
in Fig. 2.3-13. The recombination process is rather
dow. The plasma momentum must also be reduced to
permit the recombination process to compete with parti-
cle losses via flow to the plate. Figure 2.3-14 shows
that volume recombination on the inner leg. As expect-
ed, volume recombination becomes significant only in
the region with To < 2 eV, but it remains relatively small
until the momentum is reduced via ion-neutral interac-
tions (as indicated by the reduction in the parallel Mach
number). Volume recombination is maximized when the
recombination time is comparable to the flow time to
the plate. Poloidal profiles of the parallel Mach number
similar to that shown in the bottom of Fig. 2.3-14 have
been inferred from the bolometer data on Dill-D.
Evidence of recombination has also been seen spectro-
scopically on both C-Mod and, more recently, on
DHI-D [Ider (1997)]. Thus, both modeling and experi-
ment indicate that volume recombination is playing a
significant role in reducing the ion currents to the diver-
tor plates and thus in reducing the plate heating.

Our future research in this area will continue to
exploit the unique 2-D Thomson scattering measure-
ments. We are adding spectroscopic and probe diagnos-
tics to measure plasma flows. We will improve our direct
spectroscopic evidence for recombination. The spatial
resolution of the bolometer system will be improved.
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Fig. 2.3-13. Divertor measurements and modeling
show <2 eV Ty, permitting volume recombination to
compete with ionization.

Impurity Transport and Radiation in the SOL and Divertor. The impurity transport studies on DIlI-D
will continue to emphasize the detailed 2-D structure of impurity transport and radiation. The transport of
impurities in the divertor results predominantly from forces from the primary plasma (including the ITG
force) and the frictional force from the ion flow patterns induced by recycling and puffing with pumping.
Anomalous radial transport and wall sources and sinks are also important.

2.3-40 General Atomics Report GA-A22950



Project Saff THE DIH-D FIvE-YEAR PROGRAM PLAN 19992003

The open lower divertor readily yields two-
_____ lonization |_—T9| dimensional divertor plasma data. Recent
510" A R T 100 results have clearly shown that during partially
\ detached divertor operation induced by deuteri-
- um puffing, (Fig. 2.3-15) [Wood (1996)] when
" A P é the EUV spectrometer line of sight passes
. . - through the X—point region, carbon radiation is
1 x10* . 2 heavily dominant. When, the sight line passes
o el LN through the strike point, deuterium radiation is
0 0.1 0.2 03 important. These quantitative measurements
rrrg10° are confirmed qualitatively by tomographic
; inversions of tangential visible TV images
[Fenstermacher (1996)]. Recently, the EUV
survey instrument, poor resolution, extended
domain (SPRED) spectrometer, which views
the lower divertor region of DIII-D, has been
1 upgraded to allow measurement of the emis-
Y I — sion intensity from Lyman alpha and from the
Distance from inner plate (m) strongest lines of CIll (1175 A) and CIV
(1550 A). The direct measurement of these
Fig. 2.3-14. Volume recombination remains small until the lines will improve dramatically our confidence
momentum is reduced via ion-neutral interactions. in the collisional radiative modeling of total
radiation from both carbon and deuterium.
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The addition of new viewing channels to an existing high resolution visible spectrometer [multichord
divertor spectrometer (MDS)], through Doppler shift measurements, will allow determination of toroidal
flow velocities. Doppler shiftsof CllI, CIV, and H, will be measured in the divertor from the X—point to the
floor. Using the divertor sweeping capability in the open configuration, a 2-D picture of divertor impurity
flow will emerge.

Other recent studies on DIII-D [Schaffer (1996)] were designed to investigate the possibility of using
induced plasma flow to enhance the divertor impurity enrichment (in these studies, enrichment is defined
as the ratio of the divertor pumping plenum concentration to the core plasma concentration). The results
are summarized in Table 2.3-4, where it is shown clearly that puffing D, gas at the top of a single-null
plasma, combined with strong pumping in the divertor, can provide a mild increase in the enrichment of
neon and afairly sizable increase in argon enrichment. The results for argon are fairly promising.

The well baffled RDP structure will provide tight baffling of recycling deuterium and impurity neu-
trals. Such baffling should strongly reduce the source of neutrals to the X—point and midplane regions. In
addition, the divertor recycling patterns should change dramatically. Thus, we expect significant changes
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Fig. 2.3-15. Carbon radiation dominates partially detached divertor operation induced by deuterium puffing.
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to the impurity transport. To provide the same level of diagnostic capability for impurity flow, line emis-
sion, and radiation that we now have in the open divertor, will require significant modifications and
upgrades to our diagnostic set. These changes are proposed for this plan period and are discussed in some
detail in Section 2.5.5.

TABLE 2.3-4
ENRICHMENT OF NEON AND ARGON IS PRESENTED
FOR FOUR CASES OF INDUCED DEUTERIUM FLOW

D, Flow Location Top Divertor Top Divertor
Flow (Torr-I/s) 150 150 80 80
Line-averaged density 6.2x1019  6.1x1019  6.0x1019  6.1x1019
Baffle pressure (mTorr) 4.0 35 1.6 15
ELM frequency (Hz) 60 55 60 55
Neon enrichment 14 1.0 1.2 1.0
Argon enrichment (relative)@ 6.9 2.2 1.7 1.0

(@)Normalized to enrichment in 80 Torr-Ifs, divertor fueling case.

Detached Divertor Scenarios, AT Compatibility. DHI-D faces a significant challenge in integrating
detached divertor operation with AT core plasma modes. As is discussed in Sections 2.2 and 2.4, the main
AT scenarios devised for DIII-D involve operation with densities less than 40% of the Greenwald limit. In
fact, in DI1I-D the detached divertor operating space and the confinement data operating space are digoint.
Virtually, the entire confinement database used to support ITER is taken at densities less than 50% of the
Greenwald limit; whereas virtually the entire detached plasma database has densities over 50% of the
Greenwald limit. While pursuit of AT and detached divertor physics in digoint regimes suffices to provide
the science basis for ITER, the use of advanced divertor physics to join these two regimes at low density is
necessary for higher power density machines like ARIES-RS. Here we present the status of our investiga-
tions of the operating regimes for detached plasmas. We believe it will be necessary to install the full RDPto
gain access to detached plasmas at the low densities desired by the AT Program.

Deuterium Only Operation. In pure deuterium, UEDGE was used to determine the range of detach-
ment in terms of the heating power which flows into the SOL together with the density just inside the sep-
aratrix. The results are summarized in Fig. 2.3-16. Unfortunately, the AT scenario described in
Section 2.2 lies at about 10 MW and 0.5 x 1020 m—3 where both the inner and outer legs of the divertor
should be attached. We either need impurities or better neutral baffling to lower the detachment threshold
in density or raise it in power. The effect of well baffling the divertor in JET has largely been a reduction
in the density needed for detachment.
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Multispecies Impurity Model.
1|‘~[ VDHI'DH We have recently been able to
Detached ] use the multispecies ion model
Both ] in UEDGE to analyze some of
] the phenomena we are seeing
{ in DI1-D and to assess effects
Saeye ¢ & ® we may see with the RDP
installation. We assume the
QOO O 0 ] only impurity is the intrinsic
Attached -’ . .
inside and outside carbon which comprises the
TR PP PP entire plasmafacing wall in the
0 5 10° 110"  1.510" || device. After an initial study
=) (W) found that physical sputtering
Sep off the divertor plates could
not produce detached plasmas,
we have moved to an examina-
tion of the effect of chemical
sputtering from all the walls of
the device. This process is modeled in UEDGE by assuming the existence of a flux of neutral carbon
which is proportional to the incident flux of deuterium at the plates and the wall. The constant of propor-
tionality is referred to as the sputtering coefficient. We started with a “best fit” to a particular discharge
(Shot 87506) and varied this sputtering coefficient until we achieved detachment at both the inner and
outer divertor plates. The plasma modeled has a density of 6.5 x 1019 m=3 on the 96% poloidal flux sur-
face and 3.4 MW of heating power into the SOL. We find the inner plasma detaches easily, with a sputter-
ing coefficient of only 2 x 10-5. When the sputtering coefficient exceeds 104, the impurity source has
become strong enough (due to the rise in private flux pressure) to alter the impurity flows, and we see
impurity radiation cool the outer leg. When the sputtering coefficient is increased 25% from 4 x 104 to
5 x 104, the plasma detaches from the outer leg. The plasma behavior at this point is very different from
that seen in simulation of pure deuterium plasmas. Rather than being able to easily control the position of
the ionization front on the outer leg, we find the ionization front moves rapidly up to the X—point. The
neutral pressure in the divertor region increases as the plasma pumping is decreased due to the low temper-
atures. Thisincreased pressure leads to enhanced carbon production, and we find a runaway process with a
few millisecond time scale.

betached
Inside

(10%° m?3)

core

Fig. 2.3-16. Either impurities or better neutral baffling are needed to achieve the AT
scenario.

We find the window between detachment of the outer leg and the development of a core MARFE is
very small when we include the effect of impurity production and transport. The low power level for
detachment is favorable for integrated AT operation, but the density we have considered is twice what
should be looked at in the AT cases. The planned RDP installation addresses some of the limitations we
have seen'in our study. The divertor dome (based originally on JAERI work) is expected to reduce the
chemical sputtering carbon source to provide more control against runaway thermal collapse. The dome in

2.3-44 General Atomics Report GA-A22950



Project Saff THE DIH-D FIvE-YEAR PROGRAM PLAN 19992003

the RDP a so decouples the inner and outer divertor channels and both can be pumped which should make it
easier to balance the detachment process more equally between the inner and outer legs.

We aso expect the slanted RDP structures to exert a major influence over the fuel flow patternsin the
divertor which should aid in obtaining impurity enrichment in the divertor. The effect of the impurity source
on the plasma flow in the present divertor geometry is shown in Fig. 2.3-17. Negative paralel velocities
represent flow toward the inner plate and positive represent flow toward the outer plate. We see flow rever-
sal near the separatrix on both the inner and outer plates at low sputtering coefficients (or in pure deuterium
plasmas). This arises because there is efficient ionization of the recycling neutrals, leading to a high density
very near the plates. The plasma tends to flow away from this source region. Both the thermal gradients and
the flow terms tend to force the impurity ions into regions of high temperature at low sputtering coeffi-
cients. The carbon is then removed by flowing radially via anomalous transport, then flowing to the plates
where the parallel plasma velocity is not reversed.

Y=1.0E-5 Y=3.5E-4
-0.6 -0.6
E Lo E .o
~ 1.0+ . 1.0+
| Q y
- -~
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Fig. 2.3-17. Slanted RDP structures should aid in obtaining impurity enrichment in the divertor.

The picture is very different under detached conditions as seen on the right of Fig. 2.3-17. In this
case, the ionization front has moved off the plate on the inside, and plasma flowing away from the source
moves toward the inner plate. Both the thermal gradient and the flow moves the impurity which is intro-
duced on the outside to the inner plate. Overall, the upstream carbon concentration is reduced a factor of
2-3. We will extend these studies soon to the actual RDP structures.

Double-Null Divertor Issues. The present DIII-D device is uniquely qualified to study double-null
divertors, and this capability will be maintained in future upgrades and modifications of the device. A
double-null divertor is desirable from the standpoint of reducing the peak heat flux on the divertor plate
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as there are four strike points rather than two compared with a single-null configuration. However,
DIl-D experiments have shown that there is a definite in-out asymmetry of the heat flux. The profiles
are more symmetric at lower densities (=5 x 1013 cm=3) where AT operation with current drive will be
carried out. We need to understand the physical processes connected with this asymmetry and thereby
control it. In addition, we observe an in-out asymmetry in the particle flux so that plasma pumping
(exhaust) will be asymmetric. Experimental results suggest that it may be possible to symmetrize both the
particle and heat flux by pumping at the inner strike point. Experiments on TdeV and preliminary experi-
ments on DIII-D indicate that the power and particle up-down symmetry can be controlled in double-null
plasmas by carefully controlling the distance between the two separatrices. In fact, a balanced heat flux
reguires an unbalanced magnetic configuration.

Double-null operation has several advantages from the AT standpoint. Theoretically, the stability limit
for edge ballooning modes is predicted to be higher in high triangularity plasmas. The influence on the
edge ballooning modes can, in turn, increase the edge density pedestal which has been correlated with
increased energy confinement. Edge density control with both inside and outside cryopumping can also
be important for determining the bootstrap current fraction, which depends more strongly on the density
gradient than the temperature gradient. Careful particle control at both the inner and outer strike points
will be important.

Another advantage of double-null plasmas is their inherent up—down symmetry which results in a
more robust plasma configuration in the case of disruptions. During the thermal quench, the plasma usu-
ally exhibits rapid motion either up or down. The divertor plate ultimately becomes the connection path
for the poloidal current with a resulting “halo current” through the structure. In the case of double null,
the plasma, vessel, and coils are much more symmetric so this motion and thereby forces are expected to
be reduced.

The DIII-D RDP will provide a unique opportunity in the world to study double-null plasmas at high
power and triangularity.

The Convective/Radiative Divertor. In the conduction limited heat flow regime, the impurity radiation
zone in the divertor is expected to be a narrow slab near the target plate. However, we have been able to
produce nearly uniform radiation along the entire divertor leg. This was not done so much by circumvent-
ing the parallel heat conduction constraint but by introducing volume recombination in the lower portion
of the divertor channel. Then, even though the plasma temperature was 1-2 eV, enough energy could be
““convected”’ along the field lines to produce the radiation seen from the recombining region. This ‘“ con-
vection” requires some explanation. There is not enough kinetic energy in the flowing particles to pro-
duce impurity radiation; the only way radiation gets produced isfrom release of the potentia energy that
can be considered to be flowing down the divertor channel. This potential energy is turned into photons
during recombination.
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The idea that this physics has stimulated is to try to force Mach 1 flows down the field lines in
regions where the plasma is hot, 20-60 eV. In that case, the convection of kinetic energy can be competi-
tive with conduction and the convection can serve to carry the energy of excitation downstream to impu-
rities where they can be made to radiate. The result should be a much longer (in the parallel direction)
region of impurity radiation than can be produced only by heat conduction. The goal would remain suffi-
cient cooling of the plasma so that recombination ultimately occurs in the lower portion of the divertor
channel. Our preliminary analytic calculations and UEDGE simulations indicate that such a regime may
be feasible. The hardware embodiment of such an approach would be a divertor structure that collects gas
created from recombination at the bottom of the divertor channel and ducts a portion of that gas back
upstream and admits it to the divertor plasma stream where that plasma stream is hot. The key problem is
getting the gas to penetrate that plasma stream; creation of local turbulence may be necessary. We intend
to develop this idea toward a possible divertor optimization in DIII-D that would compete in the 2002
time frame with other major divertor modifications like the 43 cm slot modification.

Use of Nonaxisymmetric Coils. A substantial body of research shows that the width of the SOL can be
increased by producing a stochastic magnetic layer at the edge of the plasma. This stochastic layer shields
impurities from the core plasma and reduces the divertor heat load. The heat load reduction is further
amplified by quadratic increase of the radiated power with the SOL width. Such coils may afford a con-
trolled way to reduce the edge pressure gradient and bootstrap current, the driver of edge instabilities that
are terminating AT phases. A new set of nonaxisymmetric 3, perturbation coils, designed in such a way
that they do not perturb the core plasma but provide a relatively uniform homogeneous stochastic bound-
ary layer, will be considered for DII1-D in the CY 02 time frame.

Based on extensive numerical modeling results and a wide range of experimental measurements
using both external and internal resonant 3, coils on TEXT, JIPP-T-{1U, and Tore Supra, we have found
that the best design for such coils is one which employs moderately high n,m mode numbers with multi-
ple sets of rationally identical or near neighbor modes (i.e., n=3,m=9 and n=5,m=15+1) in order to insure
good mode mixing on the resonant q surface of interest. Previous experiments were not equipped to pro-
duce the mode spectrum required for atruly effective stochastic boundary layer.

There is a delicate balance between minimizing the power in the low ¢, , rational perturbations and
driving the required mode spectrum for gy, ,, = 3 resonant perturbations. Since the amplitude of the 3, per-
turbations falls off roughly as em-1)(*=<) for r < r., large amplitude high m perturbations imply the need
for relatively large coil currents (~15 to 20 kA-turns) assuming the coils are located at a reasonable dis-
tance from the q = 3 resonant surface. These coail currents can create substantial near field (i.e., nonreso-
nant) effects on the local magnetic equilibrium which induce toroidal and poloidal asymmetries in the
edge plasma parameters. This should be avoided since they unnecessarily complicate our understanding
of the boundary layer physics and reduce our ability to control critical plasma surface interactions. These
considerations, plus an array of technical design issues, strongly favor placing the 3, coils outside the
vacuum vessel where they are both accessible and far enough away from the plasma edge that the near
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field effects do not play a significant role in the boundary layer physics. In DIII-D, externa 3, coils are
much easier and |ess expensive to secure against J, x Bo forces.

2.3.3.2. BOUNDARY CONDITIONS FOR THE CORE PLASMA. The divertor and core plasmas share boundary
conditions through the H-mode shear layer. The strong temperature dependence of the parallel heat con-
duction in the SOL essentially restricts the midplane separatrix temperature to less than about 200 eV. But
how the density at the midplane separatrix is determined is not precisely known. In steady state, the core
plasma density is set by a balance of charged particle outflow across the separatrix and a flux of neutralsin
across the separatrix whose magnitude makes the volume integral of their subsequent ionization equal to
the charged particle losses. The divertor pumpsin DIlI-D provide a means of regulating the neutral reflux
to the core plasma, providing the necessary means of density control for obtaining core plasmasin relevant
collisionality regimes. The program of density control for the core plasma is described in this section. As
discussed in the divertor section above, the desire for more divertor radiation generally puts upward pres-
sure on the core plasma density. The physics of limits to the core plasma density is discussed here as well.
The two most restrictive limits, complete thermal collapse of the divertor plasma and the origination of
thermal collapse just inside the separatrix, are phenomena that originate in divertor and/or radiation
physics. Many of the advances in confinement in DIII-D have been produced by wall conditioning efforts
whose main effects are to reduce sources of neutral reflux to the core plasma. The highly baffled divertors
planned for DIII-D are another step along this line to improve core plasma performance. This use of the
divertor is illustrated below. Finaly, there is the issue of the interaction of the divertor and the H—-mode
shear layer: that complicated region of the plasmathat sets the pedestal height for the core plasma and the
separatrix boundary conditions for the SOL/divertor plasma. Also shown are the various scientific issuesin
thisarea.

Density Control for the AT Core Plasma. Density control is required to extend the duration of the peak
performance phase of high performance plasmas, both VH—modes [Lazarus (1995)] and weak shear dis-
charges. The onset of n = 1 modes (sawteeth) after initiation of the high confinement phase degrades the
performance. Magnetic reconstruction shows that (0) drops below 1, prompting both sawteeth and inter-
nal kink modes. WHIST modeling of one VH—mode discharge shows [Lazarus (1995)] that the main
cause of g(0) reduction is the beam deposition profile becoming broader as the plasma density is rising.
Density control should prevent the broadening of the beam deposition profile and lengthen the duration of
the high performance phase.

Most of the operational scenarios proposed in Section 2.2 require operation at ~0.4 ngr (NgR =
Greenwald density limit). Density control, to this level, has been demonstrated in ELMy plasmas
[Mahdavi (1993)]. The “natural” H-mode density, i.e., the density toward which H-modes normally
evolve, was ~0.6 t0 0.7 ngR, prior to installation of the lower divertor cryopump in FY 93. After installa-
tion of that pump, we have achieved [Maingi (1996)] density as low as 0.2 ngr in ELMy plasmas. The
natural H-mode density after the pump is turned off isnow ~0.4 to 0.5 ngR.
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Density control in ELM-free plasmas has proven more challenging. Early studies [Rensink (1993)]
indicated that the density rise after the L—H transition in ELM-free plasmas was caused partly by the
decrease in the particle transport rate out of the core and partly by the decrease of the SOL opacity to neu-
trals which increased the core fueling rate. From a divertor science standpoint, determination of which
effect actually dominates under which conditions is important because the answer could affect the lowest
density which could be achieved in ELM-free plasmas. If the reduction in transport dominates, then effec-
tive density control would require as much of a reduction in core fueling sources as possible, including a
large amount of in-vessel pumping/baffling and the use of heating scenarios other than NBI. If the decrease
in SOL opacity dominates, then mechanisms to create a denser SOL need to be investigated.
Experimentally, we have shown that the use of lower divertor pumping during ELM-free operation does
reduce the peak rate of rise of electron density after the L—H transition from ~50-60 torr-l/s to ~20-30 torr-
I/s. However, the rate of density rise could not be brought down to zero until ELMing began. Part of the dif-
ficulty in demonstrating as good density control in ELM-free discharges is the fact [Hill (1992)] that ELMs
account for >50% of the total particle outflux in H-mode discharges. Moreover, recent studies [Wade
(1996)] of our high performance ELM-free discharges have shown that carbon is largely responsible for the
density rise during the high performance phase. Because the origin of the carbon has not been conclusively
determined (i.e., from the divertor strike points, private flux region, or outer wall), it may be more difficult
to control with divertor pumping than the fuel gas. Nonetheless, analysis [Lasnier (1996)] of our highest
performance weak shear discharges has shown that the peak rate of electron density rise was reduced down
to the NB fueling rate with aggressive wall conditioning and nonoptimized divertor pumping. To reduce the
rate of density rise below the beam fueling rate requires additional pumping/baffling and possibly the initia-
tion of ELMsin high performance discharges.

This additional pumping/baffling will be implemented as part of the radiative divertor program. The
estimated combined pumping speed of al four cryopumps is 160,000 /¢/s. Calculations [Fenstermacher
(1995)] with the UEDGE and DEGAS codes have predicted ~8x reduction in the core fueling rate with
the addition of the pumps and baffles, which should lead both to better energy confinement and enhanced
duration of the high performance phase.

Pellet Fueling Research Program. ‘The mission of the pellet fueling program on DIII-D is to investi-
gate the influence of pellet injection on plasma behavior, quantify the results and use that knowledge to
identify pellet injection scenarios that lead to improved plasma performance and control. There are three
main areas of emphasis of the pellet injection program on DI11-D to support this mission: plasma particle
control, plasma confinement properties, and system particle inventory. Experimental investigations are
planned that will help quantify the influence of pellet injection on plasma behavior in each of these areas.
The topics of these investigations have been identified as important issues by the ITER program, but they
are also very relevant to improved operation of DII-D and fusion reactor plasmasin general.

There are severa potential means of fueling large diverted plasmas and each is expected to have dif-
ferent effects on plasma operating behavior. These include gas injection, low field side (LFS) injection of
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conventional speed (v ~ 1 km/s) or high speed (v > 4km/s) pellets, high field side (HFS) injection of con-
ventional speed pellets and compact toroid injection. Among these, HFS injection experiments on
ASDEX-U [Lang (1996)] have shown great promise with improved penetration and fueling efficiency
and reduced edge perturbations. The DII1-D pellet fueling program will explore LFS and HFS injection
of conventional speed pellets and compare the results with gas injection under a variety of experimental
conditions. The experiments will use pellets to help separate the influences of core, edge and divertor
physics on plasma behavior, improve our understanding of the interrelationships between the physics
processes and thereby establish a more solid foundation for access to improved confinement regimes with
greater control over operating characteristics.

Pellet induced perturbations can be a useful means of probing plasma transport characteristics.
Particle transport studies are a hatural scenario for using pellet perturbations and have been used for such
studies in the past [Baylor (1995)]. But perturbations to the local density, temperature and plasma rotation
profiles may also induce fundamental changes in the transport characteristics, e.g., they may help trigger
the formation of internal transport barriers. The proposed HFS pellet injection is anticipated to produce
perturbations deeper in the plasma than LFS injection and also generate less ELM activity, which will
alow usto better separate internal and edge physics effects.

Fueling Efficiency. Projections of the penetration depth for pellets injected into ITER plasmas on the
LFS predict that the pellets will penetrate just inside the ELMing region. A quantitative study on DIII-D
that compares the fueling efficiency of shallow pellet injection in ELMing H—-mode plasmas from differ-
ent fueling locations is planned. Injection locations on the outside midplane, inside midplane, and top
launch are to be used. We plan the development of a self-consistent model of plasma shielding for pellets
injected on the HFS that includes the interaction with ELMs. There is speculation that the same mecha-
nism responsible for the HFS improvement in pellet fueling efficiency also applies to gas puff fueling. An
experiment to compare HFS side pellet and gas puff fueling with LFS fueling is planned using helium. It
is possible with helium to determine the inward flow rates using the CER diagnostic for helium density
measurement.

Density Profile. For DIII-D AT plasmas an investigation of controlling the density profile peaking
with pellet injection is proposed. The method used to provide the core fueling for density peaking may be
either HFS injected pellets (limited to 200 m/s), high speed pellets (>2 km/s), or CT injection. All three
methods require proposed hardware upgrades for DIl1-D.

ELM Behavior. Another aspect of impurity behavior related to pellet fueling is in using pellets to con-
trol ELM frequency in otherwise ELM free AT plasmas such as VH—mode. Impurity accumulation invari-
ably occurs in these discharges so the possibility of using pelletsto trigger benign ELMs that flush impu-
rities from the plasma core will be investigated. Another important aspect of this study is the interaction
of pellets with ELMs. Experiments to date in H-mode plasmas show that LFS pellets cause an ELM
under virtually all conditions. A study of the ELM instigation by both LFS and HFS injected pellets and
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an investigation of the asymmetry of the ballooning threshold as it applies to HFS pellet injection is part
of this scenario plan.

Internal Transport Barriers. Earlier pellet-enhanced performance (PEP) mode studies on JET and
TFTR have shown that the strong central density peaking from deep pellet fueling can lead to improved
core confinement in both the ion and electron channels. The PEP mode has yet to be explored on DIII-D
and is proposed for studies of core transport barrier formation. The program will utilize PEP-like condi-
tions to further understand the role of peaked density, low plasma rotation, and ExB shear effects on
transport barrier physics. It is also proposed to use pellet perturbations to probe existing internal transport
barriers (namely the NCS regime) to better understand the role of the density profile on barrier control.
Pellets will also be used to investigate whether perturbations in pressure profile can be used to trigger the
mechanism responsible for internal barrier formation.

Plasma Startup. It has been proposed in the past to use pellet fueling early in the DII-D discharge for-
mation to limit the amount of gas that gets loaded onto the first wall. Preliminary experiments have shown
that up to 40% of the gas used to build the initial discharge density can be eliminated by the use of early
pellet fueling. Experiments to utilize this fueling scheme will be executed to investigate the change in AT
discharge behavior with reduced wall loading.

Isotopic Fueling. The proposed scheme of isotopic tailoring for ITER fueling [Gouge (1995)] uses tri-
tium rich pellets and deuterium gas puffing to preferentialy fuel the core plasma with tritium and mini-
mize the tritium inventory in the first wall components. A study of this scheme in DIII-D is proposed by
using hydrogen rich pellets in deuterium plasmas to investigate the dynamics of the isotopic fraction in the
core plasma.

The Physics of Density Limits. An overwhelming body of tokamak data support the Greenwald
[Greenweld (1988)] density limit scaling law: ngy = 1/T@? (1014 m=3). Several machines — notably
TFTR, ASDEX —Upgrade, JET and DII1-D (under restrictive conditions) have operated at densities above
this scaling, abeit at varying degrees of confinement degradation relative to the H-mode. Although the
Greenwald limit is not fundamental, it is apparently very difficult to surpass. We have embarked upon a
series of experiments to understand the physics of the density limit in tokamak plasmas. The phenomena
studied include: divertor power balance limit, MARFE instability, ballooning mode, tearing mode, and
H-L transition. The essential tools to accomplish this effort are a pellet injector, the divertor cryopumps,
and arrays of high resolution diagnostics that measure profiles of electron density and temperature, ion
temperature, impurity concentration, and current profile.

Normally in DII-D, with either gas or pellet fueling (depending on divertor geometry and heating
power) adensity limit in the range 0.7 to 1.1 ngy, is observed. This limit is seen following divertor detach-
ment when the most prominent radiation zone reaches the X—point and is attributed to the divertor power
balance limit. We have bypassed this limit [Maingi (1996), Mahdavi (1996)] by lowering the divertor densi-
ty relative to the line average density by simultaneous divertor pumping and pellet injection. As aresult, we
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have succeeded in obtaining a line-average density of 50% above nGW with global energy confinement
times of 1.8, normalized to the ITER-89P scaling, within a very narrow range of plasma parameters
(Fig. 2.3-18). This result shows that there is no fundamental obstacle to achieving line average densities
above the Greenwald limit in high confinement plasmas. However, our experiments show that there are

numerous obstacles that make the path to high densities very difficult.

Radiation driven instabilities, such as the MARFE, within the core plasma can (in principle)
prevent access to the desired densities. Using the data from the high-resolution edge plasma diagnostics, we
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Fig. 2.3-18. Pellet fueling with divertor pumping shows the Greenwald limit is not an obstacle.
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have found that the onset of the MARFE is in good quantitative agreement with the theoretical marginal
stability condition [Drake (1987)] for thisinstahility.

Severa deleterious effects of fueling were observed (H-L transition, pellet-induced ELMs, and MHD
modes) and are subjects of our continuing experimental effort on the physics of the density limit. Near the
H-mode power threshold, pellets cause transient H—L transitions which result in an unacceptable particle
loss. Spontaneous or pellet triggered Type | ELMs, attributed to the ideal ballooning mode, expelled a
large fraction of the plasma density which frequently increased the fueling demand beyond the available
injection rate. Finaly, pellets invariably triggered low number MHD modes which at times continued to
grow and lock long after the pellet density perturbation had decayed away. Analysis shows these plasmas
to be stable to classical and neoclassical tearing modes. Therefore, additional physicsis needed to explain
these observations. A phenomena similar to “snakes,” observed on JET, is suspected and is the subject of
our current experimental investigations.

Control of Neutral Fueling for Improved Core Performance. Most of the major advances in plasma con-
finement quality in DIlI-D (and most other tokamaks) have been made through wall conditioning and man-
agement of neutral sources. This linkage in DIII-D is rather clearly shown in Fig. 2.3-19. The parameter
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Fig. 2.3-19. Scientific progress: DIII-D fusion performance has doubled every 2 years.
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ntT was advanced from 5 x 1018 to x 1020 m—3 s keV by the sequential implementation of divertor opera-
tion, baking, carbonization, helium glow wall conditioning, boronization, and the all-graphite wall. Today,
experimenters will not attempt high quality confinement mode experiments unless DI11-D has been recently
boronized and the helium glow between discharges is available. The quality of confinement in VH—mode
reference dischargesis used to monitor the condition of the wall.

Most of this effort on wall conditioning is aimed at reducing the immense source of deuterium neu-
trals that the graphite wall can store. The working hypothesis is that plasma confinement is improved by
reducing the available core fueling by gas. In Fig. 2.3-20, we document the increase of confinement qual-
ity in DII-D with decreasing neutral pressure. Clearly there is a reward in lowering neutral pressure
although the effort most be made over three decades in neutral pressure!

The highly baffled double-null divertor to be installed in DIII-D is aimed at further improving con-
finement by further lowering neutral sources available to the plasma. In Fig. 2.3-21, we show
calculations in the reduction factor of core fueling from the unbaffled case to cases with varying positions
of the outer baffle. These calculations were done by using UEDGE to calculate an attached plasma solu-
tion and then using DEGAS to calculate the resulting core fueling rate from the neutrals recycled off the
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Fig. 2.3-20. A large pressure decrease in ELMing H-mode discharges is rewarded with an increase in
confinement quality.
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Fig. 2.3-21. Models predict the RDP baffles will reduce core ionization by an order of magnitude.

divertor surfaces. At the optimal baffle position, a factor of ten reduction in core fueling, for the same neu-
tral reflux sourcesis expected. How the plasma will respond to this altered boundary condition is not clear.
On a continuum of possibilities, we can discuss the two endpoint possibilities for a new steady-state parti-
cle balance. First, the plasma particle confinement time could increase a factor of 10 along with afactor of
10 reduction in core fueling while the neutral reflux sources at the divertor surfaces remained the same.
Thiswould be the path of improved confinement. Second, the particle confinement time could be unaffect-
ed (dominated by interior plasma physics, not neutrals); the core fueling would then also have to be the
same as the unbaffled case; and the neutral pressures and neutral reflux at the divertor surfaces would rise
afactor of 10. Preliminary results from the closed divertor experiment in JET indicate that the JET plasma
has chosen the second solution. No change in core plasma confinement was seen. However, the increased
neutral pressures in the divertor enable divertor detachment at lower density, a direction that could help
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DI1I-D couple the detached/radiative divertor operation to the lower core density plasmas of interest to the
AT Program.

Interaction with the H-mode Shear Layer. A view of tokamak physics has emerged that divides the
plasmainto three radial regions. The first region, the core plasma, is from the top of the H-mode pedestal
inward. The second region is the H—-mode shear layer, which comprises only a few centimeters just inside
the separatrix in present machines. The third region is the SOL/divertor region from the separatrix to the
divertor plate. A subject of current debate is the extent to which a “stiff” transport model determines the
entire core performance given the height of the pedestal on the inner side of the H-mode shear layer. The
H-mode shear layer connects Regions 1 and 3 and provides boundary conditions for both. The physics of
the H—mode shear layer must consider neutrals and so is unlikely to be described solely by the dimen-
sionless parameters of plasma physics. Experimental and theoretical interest is currently focused on this
shear layer. On its outer side, it sets the boundary conditions of power flow, density, and temperature for
the SOL/divertor.

Various lines of physics investigation are being pursued in regard to the interaction of the SOL/
divertor and the H—mode shear layer, especialy in regard to neutrals. One theory of the L-H transition has
as its key driver the strongly spatially varying ionization source in the H-mode shear layer [Staebler
(1994)]. A possible clue to the connection of confinement quality and neutrals is given by the correlation of
the pedestal height clearly increasing with decreasing neutral pressure. The role of charge exchange damp-
ing of momentum at the edge in the L—H transition is being investigated. Charge exchange damping is dom-
inated by neutral fueling through the separatrix, which may be connected to the very slow L—H transitions
(Section 2.3.1.7) that are connected with MARFE formation and are being pursued for studies of H-mode
causality. Divertor pumping has been shown to affect the L—H transition threshold power. Another idea
being pursued is the suggestion of Miura that collisionless ion orbits will suffer charge exchange primarily
in the SOL where the neutral density is high or near the X—point where both the neutral density is high and
the orbits spend a lot of time near their banana tips. The charge-exchange of these ions would constitute a
radial current flow that would have to be replaced by a cold return current and thus exert the torque on the
plasmathat may cause the L—H transition. Thisideais related to the original suggestion of Shaing that edge
ion orbit loss could be the trigger mechanism for the L—H transition.

Edge Localized Modes (ELMs)

Type | ELM Divertor Effects. To determine the effects of Type | ELMsin the ITER divertor we need to
understand the scaling of four parameters to an ITER discharge (1) the ELM energy loss from the main
plasma, (2) the fraction of that energy deposited on the divertor target, (3) the profile or area of the ELM
heat flux, and (4) the At of the ELM heat flux.

We obtained a scaling for the Type | ELM energy loss (Fig. 2.3-22) where the absol ute energy oss per
ELM, AE, isindependent of input power and scales approximately linearly with plasma current. This scal-
ing predicts an energy loss of 26 MJ per Type | ELM in ITER. In ITER shaped discharges we found that
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operation. Fig. 2.3-22. A 26 MW energy loss per Type | ELM is predicted for ITER.

Two distinct classes of Type Il ELMs
have been identified on DIII-D. The low temperature class, which has been studied extensively on
ASDEX-U and DIII-D, occurs below a critical edge temperature. It appears to be possible to achieve
energy confinement comparable to the Type | ELM regime with low-temperature Type Il ELMs if the
density is sufficiently high. An improved understanding of the scaling of the critical temperature for this
ELM type will be necessary to determine if they will occur in ITER.

A second class of Type Il ELMs has been identified at low density on DIII-D. These ELMs do not
exist above a critical edge pressure gradient which is less than the critical pressure gradient for Type |
ELMs but which also scales as I%. This separation in pressure gradients results in reduced energy con-
finement in the low density Type |11 regime relative to the Type | regime. In terms of global parameters,
low-density Type |1l ELMs disappear above a critical input power which scales as I%A / ng . The density
dependence may be tied to the rate at which neutrals fuel the edge pressure gradient. The reduction in
energy confinement with low-density Type Il1 ELMs may represent a concern for ITER as they can occur
at powers well above the H—-mode threshold power if the density is low enough. More work needs to be
done on the scaling of the threshold conditions for low density Type |1l ELMs.

2.3.3.3. MATERIALS AND PLASMA WALL-INTERACTION SCIENCE. A wide variety of physical and chemi-
cal processes are taking place at the interface between the plasma and the wall in a magnetic confinement
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device. These processes result in the recycling of plasma particles, in impurity influx into the plasma, in
the erosion and redistribution of wall material, and in the uptake of plasma constituents by the wall. The
detailed understanding of the combined effect of the multiple plasma/wall interaction processes, the com-
plex magnetic geometry, and the varied conditions in the plasma periphery has not yet been achieved, but
progress in both the experimental documentation and detailed modeling has been significant. The demon-
stration of truly stationary current and pressure profiles for long-pulse AT operation requires that plasma-
wall interactions are fully equilibrated. This requires |ong-pul se operation.

Atomic Physics and Plasma-Wall Interactions. The edge plasmais dominated by atomic physics with a
strong effect on confinement and plasma performance. To make progress in defining the relation between
wall effects and confinement, a much better job of characterization must be done. An accurate description
will require advanced spectroscopic studies. This necessitates supporting studies and links to atomic
physics and surface science expertise. Given the presently great, and surely increasing, pressure on
DIl-D experimental access, the most effective strategy will involve prescreening and evaluation of diag-
nostic techniques using off-line resources.

Research Goals

Equilibration Time. Thefirst goa isto measure recycling equilibration times as a function of wall con-
ditions, plasma parameters, and external exhaust. This is to establish criteria for stationary conditions
with respect to wall conditioning, wall temperature, plasma density, heating power, and pulse duration.
Plasma-wall equilibration in discharges without external pumping is assumed to take several hundred sec-
onds; e.g., in Tore Supra the density was still evolving at the end of a 120-s discharge. However, in adis-
charge with external pumping, the resulting wall equilibration time depends on the effective global recy-
cling coefficient, which, after a few seconds, is determined by the applied external exhaust rate. With an
exhaust rate of 10% of the recycling flux, i.e., with a recycling coefficient R = 0.9, the density response
timeis = rp/(l—R) =10 x T, i.e., inthe order of 5to 10 s, assuming r’;, ~0.5t0 1 s Thus, from the fuel
recycling point of view, pulse durations of 10 to 50 s can provide a reasonable test of wall equilibration if
external pumping is applied.

The recycling species will be identified as a function of the wall conditions. Possible species and their
fractions to be identified experimentally are:  atomic and molecular hydrogen, hydrocarbons, and other
impurities. These species need to be identified as a function of the location inside the tokamak, i.e., the
divertor area or the inboard/outboard wall, etc. The properties of the wall-emerging species will be deter-
mined. This includes densities, temperatures, and drift velocities, as well as ionized fractions, excited
electronic states, vibrationa states, etc. The atomic processes in the SOL, divertor, and in the edge plasma
layer (EPL) inside the separatrix need to be characterized. They depend on the recycling species and their
states as well as on the plasma parameters. Some of the prominent processes are: ionization, excitation,
dissociation, recombination, elastic callisions, Franck-Condon processes, and charge-exchange reactions.
Models need to be developed that incorporate the effects of plasma-wall interactions and atomic physics
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in the divertor, SOL and EPL on the basic core transport processes. And finaly, the successful models
will serve to devise techniques which allow the control of transport mechanisms through atomic and wall
processes.

Supporting Studies and Links to Atomic Physics and Surface Science. The tokamak, and especially the
tokamak edge, presents spectroscopists with a complex and ill-defined plethora of inter-related processes.
Since some of the studies on wall interactions, as well as on atomic and molecular processes, will require
detailed identification of basic characteristic features, such as band structure, very detailed preliminary
experiments must be carried out in a well characterized environment in laboratory-scale facilities to con-
duct supporting experiments in order to better understand the atomic and molecular physics processes in
the plasma edge of tokamaks. Furthermore, for the understanding of specific processes involving the inter-
actions of plasma particles with solid surfaces and resulting in recycling species with particular properties,
the surface science expertise available in the laboratories of various collaborators will be important.

Erosion Studies. The Divertor Materials Erosion Studies (DiMES) program will continue to be the
basis for the erosion/redeposition studies on DII1-D. The DiMES program on DIII-D is an umbrella for
close collaboration between the DIII-D scientific staff, materials experts, and plasma/wall interaction
modeling experts alowing direct interaction between the multiple experimental efforts required to carry
out and analyze the materials exposure and the physical and numerical modeling efforts. The complexity
of the problem requires such close interaction if progressis to be timely. The DIMES program, combined
with the strong divertor plasma diagnostics effort, has allowed experimental measurement of net erosion
of candidate divertor materials under well-characterized attached divertor plasma conditions. However,
this effort has only begun to explore the widely varying plasma conditions possible on DIII-D.
Laboratory studies of particle/surface interactions indicate that physical and chemical sputtering rates will
depend strongly on the incident particles’ energy, mass, and flux, as well as the surface material and mor-
phology. The return of eroded particles back to the surface will depend strongly of the plasma density,
temperature, and flow as well as the mass, energy and ionization rates of the eroded atoms. DIII-D can
achieve a wide variety of divertor plasma conditions, from well attached sheath limited cases, to high
recycling, high density attached plasma cases, to fully detached, cold dense cases. Thus the DIMES pro-
gram on DIII-D provides a unique capability to provide the coupling between the basic particle wall
interaction physics, plasma transport physics, and first wall design issues.

Alternate Wall Materials. DIII-D is presently an “all graphite” machine, meaning that the first wall is
over 90% graphite. The plasma Zg and the radiated power are dominated by carbon. Our wall condition-
ing techniques are focused on the properties of graphite; and in many cases, our operational scenarios are
devised with the properties of the carbon wall in mind. However, the future of magnetic confinement
fusion will probably not include graphitic first wall materials. The dominant reasons that graphite is not a
suitable wall material are: (1) net divertor erosion rates that lead to an unsuitably short component life-
time, (2) tritium uptake rates that produce a large wall tritium inventory, and (3) neutron damage rates
that degrade material structural integrity and thermal conductivity.
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The wall physics studies will be used to choose divertor and main chamber first wall materials that
provide a suitable test of materials attractive to future devices. Operation of DIII-D with this new wall is
proposed for the last year of the plan period.

Tungsten seems to satisfy the divertor’s needs for low sputtering, high redeposition, and low
tritium uptake. However, because it has a high nuclear charge, the core plasma radiation can be excessive
with very low concentrations (10~%) of tungsten. Recent experiments on the ASDEX—Upgrade device have
indicated successful tokamak operation with a tungsten divertor. For high recycling and detached divertor
operation, core contamination was acceptable and, in some cases, too low to observe. Tungsten is likely to
remain the material of choice for the divertor first wall.

The main chamber wall materials' requirements are not as stringent (from an engineering point of view)
since the peak heat and particle flux will be small compared to the divertor. One primary concern isto pro-
vide alow—Z first wall to minimize the del eterious effects from core plasma contamination. Low—Z coatings
over graphitetileswill be investigated as a suitable aternative.
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2.3.4. PHYSICS OF CURRENT DRIVE AND HEATING

The science of generating and controlling the plasma current has broadened
considerably, both generally and in the DI11-D Program. With the advent of
diagnostics that can measure the interior current profile, the role of the cur-
rent profile in plasma confinement and stability has become prominent; vari-
ous internal transport barrier modes are identified with their characteristic
current profiles. With the ECCD and FWCD systems planned for DIII-D,
control of the current profile isa near term possibility. DII1-D will continue
to investigate the basic physics of noninductive current drive using electron
cyclotron and FWs and NBs. The heating from these systems, with the ampli-
fication of transport barrier formation, can control the amount and radial
location of the bootstrap current. With the enhanced stability expected with
optimized current profiles, achieving 100% bootstrap fractions appears real -
istic. Indeed, using bootstrap overdrive (f,s > 100%) and other plasma initia-
tion techniques, it appears possible to startup, rampup, sustain the plasma
current, and control its profile without use of the OH transformer, providing
future machines the basis for the simplification of transformerless design

2.3.4.1. INTRODUCTION. Waves and particles have been used for plasma heating and current drive for
many years. In the past, the concentration of research has been on bulk current drive; however, recent
research has shown the value of control of the current profile for improved performance. At the same time,
the current due to the neoclassical bootstrap effect has been shown to play a major role in AT discharges,
thereby reducing the requirements on the efficiency of noninductive current drive. The science issues
involving current drive therefore become strongly related to transport of particles and energy (which affect
the bootstrap current), transport of current, and generation of off-axis currents. These will be active topics
of research.

RF heating and current drive can be used in testing models of heat transport in plasmas. Models of
transport due to plasma microturbulence, for example, show strong sensitivity to parameters of the plas-
ma like the radial gradient in the plasma flows and the ratio of the electron temperature to the ion temper-
ature. By modifying these parameters using rf heating or current drive, we can help to determine the role
played by the subject instabilities in the transport processes. Raising the temperature ratio TJ/T; to near
unity through strong electron heating also moves the plasma into a regime more like that of reactor plas-
ma, thereby making studies of transport and stability limits more relevant.
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In addition to maintenance of the current profile, an active area of research will be ramping of the
plasma current from very low levels. This is motivated by the prospect of a move toward low aspect ratio
tokamaks, for which elimination of the OH transformer would be a mgjor benefit. A number of approach-
es appear feasible.

Current drive and heating can also be used to control or suppress plasma instabilities. Past research
has shown effects on sawteeth, ELMs, and other MHD activity. In this plan, the heating and current drive
systems are used to suppress sawteeth in order to allow high—/; discharges with central safety factor well
below unity. Higher order tearing modes, for example the neoclassical tearing mode with mode numbers
(2,1) and (3,2) which are known to limit beta in DIII-D and other tokamaks, will be suppressed using
localized current generation.

2.3.4.2. MAINTENANCE AND CONTROL OF THE CURRENT PROFILES. Recent experiments on a number of
tokamaks have demonstrated the value of optimization of the current profile. Low order core MHD
modes can be avoided by keeping the minimum of the safety factor, ¢, above the low order ratios (1,
3/2, 2), and the ballooning modes can be stabilized by weak or negative shear. With the MHD instabilities
suppressed, the plasma pressure can be raised without core MHD instability to alevel where the pressure
gradient generates sufficient rotational shear to stabilize kinetic instabilities, thereby reducing transport to
neoclassical levels. At the same time, the large pressure gradient introduces a large bootstrap current
which greatly reduces the need for externally driven currents. Thus, the role of current drive systemsisto
support the detailed control of the current profile around the bootstrap current, which might supply 70%
of the total current [Turnbull (1995)]. The role of magnetic shear, whether weak or strongly negative, is
not fully understood at this time, but recent results from JT-60U suggest that a strong barrier in the elec-
tron channel, in addition to the more commonly observed barrier in the ion channel, can be obtained with
strong NCS [Itam (1997)]. This last reference is particularly notable in that it described improved core
confinement in a plasma with an L—mode edge and a radiative divertor in which 70% of the input power
was radiated.

The primary role of the current drive systems is therefore to help maintain the plasma current and
support the optimization of the magnetic shear. Experiments on DIII-D using FWs [Prater (1997)] and in
Tore Supra [Litaudon (1995)] using lower hybrid waves have shown that localized noninductive current
drive can affect the g—profile and that this control can yield improved confinement and stability. An
example of this behavior from DIII-D is shown in Fig. 2.3-23. Here, 2 MW of FWCD was applied in the
counter-current direction to drive a central current which opposed the inductive current. This dramatically
slowed the resistive decay of the central q(0) and the onset of sawteeth was deferred from 1.6 s with co-
FWCD to 2.15 s with counter-FWCD. As the current profile relaxed toward a weak shear condition, a
spontaneous transition to a condition of improved confinement occurred at 1.95 s, as highlighted by the
shaded area in the figure. Both the electron and ion temperatures increased. This phase ended when the
central safety factor decayed to 1 and sawteeth began. Modeling suggests that the weak magnetic shear
condition can be maintained more easily by suitable application of off-axis co-current drive than by on-
axis counter-current drive.
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Fig. 2.3-23. Localized noninductive current drive can yield improved confinement and stability.
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Stability of Current Profile.- A key physics issue is the stability of the current profile in a discharge
with very high bootstrap fraction. Most proposed steady-state ATs and low aspect ratio tokamaks obtain a
large fraction (>70%) of bootstrap current to maintain the plasma equilibrium. These high bootstrap frac-
tion plasmas are characterized by a current profile peaked off-axis with a NCS or WCS configuration.
The interplay between the transport barrier and the bootstrap current, which is peaked where the pressure
gradients are largest, can introduce a slow current diffusion instability which expands or shrinks the
region of improved core confinement. Moreover, the presence of ohmic current, which favors a centrally
peaked current profile, tends to destabilize the NCS/WCS configuration. The slow collapse on aresistive
time scale of the transport barrier observed in the NCS discharges in JT-60U [Itami (1997)] signifies this
type of instability. A localized heating or current drive source such as ECH or ECCD can be used to con-
trol the pressure and current profiles and eliminate the instability. More modeling is required to determine
the exact conditions and powers required to obtain stability.

Power Requirements and Limits. The allowable range of power which can be used in AT scenariosin
DIlI-D can be estimated from simple relationships between the beta limit and the energy confinement.
The beta limit may be expressed in normalized form as a limit on By = B/(Ip/aB), where Ip is the plasma
current in MA, aisthe plasma minor radiusin m, and B is the toroidal field, and the confinement may be
expressed as a factor H multiplied by the confinement time calculated from the ITER-89P scaling rela-
tion. Putting together the definition of beta, = thTEﬂBZIZuO), the energy confinement time, 1g =
3mkTLV/2P, where V is the plasma volume and P is the total power, and the ITER-89P scaling gives the

relation
Dl 0.3 16V2 [
MW - O 0089?@ MaAZ 6 R2 4K E (6)

so for fixed plasma parameters the required power is proportional to (BN/H)Z. This behavior is shown in
Fig. 2.3-24 for parameters typical of DII-D.

The power requirements and limits for AT operation in DIII-D can be estimated from Fig. 2.3-24. For
example, for the parameters of Fig. 2.3-24 and the target conditions of H = 3.5 a and By = 5.0, the
required power will lie between 15 and 20 MW. It is necessary that the power requirements for current
drive lie below the power which heats the plasma to the beta limit.

Time Constants and 10 s Operation. To estimate time constants, the plasma current profile (actualy the
poloidal flux profile) can be represented as the sum of “normal modes,” each with a shorter radial wave-
length [see Mikkelsen, Phys. Plasmas B 1, 333 (1989)]. The longest time constant (t) is for the decay of
thetotal current. This value isimportant for noninductive current ramp-up experiments. For current profile
control in high performance plasmas, the time constants for the next few higher order modes should be
used (T4, Tp). The table gives these times, roughly estimated for various values of T(0) in DIII-D. For
time constants appropriate to current profile control in thin regions, the local skin-depth formula is more
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Fig. 2.3-24. The allowable power range of DIII-D AT scenarios can be estimated from simple relationships.

appropriate. The last column gives the approximate time constant for a 10 cm thick layer, at r/a= 0.5, with
To=T(0)/2.

TO keV 15(9@ 14 (9@ T, (9@ Tekin (9

1 0.75 0.45 0.13 0.01

3 2.5 15 04 0.05

6 5.6 34 1.0 0.13
12 14 8 2.5 0.4

(a)TO at constant surface voltage; 14 and 1, at constant total current.

Current ramp-up experiments require high power input, making it difficult to hold T at very low lev-
els. With T(0) = 3 keV, we will have time for definitive studies of partial ramp-up. However, it will not
be possiblein a 10 s pulse to cover the full range from afew 10 s of kA to 1-2 MA.

For high performance operation, we will have to use transient techniques to prepare the plasma and to
come close to the “ steady-state” current profile. The time constants T4 and T, represent the time required
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for the loop voltage profile to relax in these cases. Clearly, even after 10 s, there will be residual transient
effects.

Another consideration to note is that at present, we have nominally 5 s pulse operation. Of this time,
1-2 sareused in theinitia transient to raise the current and to bring the profiles to the desired configura:
tion. Thus, at most 3—4 s are available for evolution toward a steady state and for noninductive current pro-
file control studies. Extending the pulse capability of the tokamak and the noninductive rf sources to 10 s
operation will extend the duration available for such experiments by significantly more than afactor of two.

Approaches to Current Drive. On DIII-D, there are severa approaches to current drive, all of which
require study. First, FWCD is effective at driving current and electron heating near the center of the plasma.
This is very useful for generation of discharges with high ¢;, which past research has shown to have the
potential for improved performance. Scientific questions regarding FWCD relate to the damping of the
wave by ions, particularly those from the NB fast ion population, and the effect of the waves on plasma
rotation. The FW system can also be used for minority ion heating, a hydrogen minority in deuterium, for
example, which also provides strong electron heating and a nonthermal ion distribution which can be useful
for suppression of sawteeth (see Section 2.3.4.5).

For off-axis current drive, ECCD is the best system from the point of view of control of the location
of the current drive. ECCD takes place near the cyclotron frequency or, asin the case of DIII-D with 110
GHz ECH power, near the second harmonic. Thus, through control of the magnetic field the absorption
location can be easily determined. Scientific issues for ECCD primarily concern the effect of trapping of
the electrons in the magnetic well and the diffusion in space of the current carrying electrons, which will
manifest itself as a broadening of the driven current profile. For stabilization of MHD tearing modes,
which requires large currents highly localized, this is a key issue, but it is unlikely to be very important
for obtaining reverse shear profiles, for which the gradients in current density are relatively small.

NBs also drive current, although the profile is highly dependent on the plasma density and not easily
controllable. Nevertheless, NBCD contributes to the overall current drive. A counter-current NB would
allow NBI heating with the NB currents largely canceling.

Another approach to generation of off-axis current is MCCD [Ram (1995)], in which FWs are launched
at around 30 MHz with atoroidally-phased antenna array. The FW's propagate up to the ion-ion hybrid layer
in atwo ion species plasma, in this case a hydrogen minority of 30% to 50% in a deuterium plasma, where
the power is converted to an IBW. The IBW is generally strongly damped on electrons very close to the
mode-conversion point, which is the property that allows strong, localized, controllable heating and current
drive. The location of the mode conversion surface is controlled either by changing the toroidal magnetic
field strength or by varying the minority concentration.

The mode-conversion heating scheme has been previously studied on several tokamaks (TFTR,
JPP-1U, JFT-2M, PLT) using inside launch antennas. More recently, it was realized that outside launch
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antennas could be used as well, if the launched spectrum was peaked at high enough toroidal wave num-
bers (requiring a phased antenna array) and if competing wave damping mechanisms could be minimized
[Majeski (1994)]. This led to successful applications of this heating scheme on TFTR, Tore Supra, JET,
Alcator C-Mod, and ASDEX-U. On TFTR, approximately 0.1 MA of current has been driven using
MCCD [Majeski (1996)].

In order to implement mode conversion heating and current drive on DIlI-D, either an inside or out-
side launch antenna can be used. The existing outside launch antennas, however, would require some
changes in the strap geometry in order to launch the low frequencies effectively. Inside or outside launch
has advantages and drawbacks for this application. Outside launch of FWs is technically easier than
inside launch but is more sensitive to the minority concentration and toroidal wavelength. The primary
advantage of inside launch is that the mode conversion is virtually 100% efficient in a single pass, which
should allow for better localization of the heating and current drive. For D(H), a hydrogen minority in
deuterium, the required frequency range for DIII-D is 25 to 32 MHz. Since the generators at DI1I-D can
operate only as low as 30 MHz, mode conversion studies would benefit from reduction of the minimum
frequency, but some physics tests can be done at 30 MHz without modification of the transmitters. Some
doubt about the quality of confinement in DIII-D with a large hydrogen fraction would lead us aso to
consider D(He3) as an aternative. Here, the frequency would need to be in the range 15 to 20 MHz. This
is technically feasible, but major changes in the launchers would be required for effective coupling. For
either case, mode conversion heating and current drive can be a valuable supplement to the ECH system
on DIII-D.

2.34.3. CURRENT INITIATION AND RAMP-UP

Physics Objectives. Inthe “classical” version of the tokamak concept, the toroidal plasma current is
produced and sustained by means of induction, using the plasma as the secondary of atransformer. Thisis
the arrangement used in every tokamak experiment built to date.

There are two important conseguences of relying on induction to produce and maintain the plasma
current. First, a primary transformer coil is required. In order to provide the flux change needed, the field
in the centerpost has to be high. This means that an air-core transformer is needed (iron or other ferromag-
netic materials would saturate) and that the primary coil must be inboard of the plasma. This requirement
uses very valuable real estate for a complex coil system. The other consequence is that the fully inductive
tokamak is inherently pulsed — the total change in flux linking the plasmais limited by maximum fields,
forces, and currents.

The steady-state requirement can be satisfied by using inductive ramp-up of the tokamak current to
its final value, followed by noninductive current drive to sustain the current indefinitely. However, amore
elegant solution is to use noninductive means, or at least methods that do not require a transformer sole-
noid in the tokamak bore. This approach frees up space in the centerpost, and simplifies the construction
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of the tokamak. For low aspect ratio tokamaks, including the ST configurations, transformerless startup is
anecessity.

Noninductive current maintenance and profile control are discussed in other portions of Section 2.3.4.
Here we look at the possible methods we plan to study for initiating the toroidal current in the DIII-D
tokamak and raising it to the final operating value without benefit of the transformer solenoid.

Ramp-Up Physics. The ramp-up of the plasma current is determined by the relationship.

d_ I+l -]

d - T, (7)

The total noninductive current is

lgs tlep = CBSEI/Zﬁpl + yCD% : (8)
where Ycp is primarily a function of temperature (approximately, Y O T). 1| g is determined mainly by
geometry and the temperature. In addition, when ramping the current from very low values, we have to
avoid both the equilibrium beta limit (expressed as a limit on sBp), and stability limits (expressed as a
maximum allowed (). Other considerations entering this problem are that the power available for heat-
ing and current drive is limited (also bear in mind that Pop < Ppeg), and that the density can be taken to
be a fixed fraction of the Greenwald limit. Using the definitions of Bp and By, the plasma current is (fac-
tors related to size and shape are suppressed):

_ ~ BB
| = G, 5 )

The noninductive current can also be expressed in terms of Bp and By

f
lgstlep = C BB+ Czﬁﬁpﬁﬁ B?
s

where fpcp is the fraction of the total power used to drive current, and the energy confinement time has
been assumed to be T [ HI/PY2, to relate the power and pressure. In Fig. 2.3-25, the relationship in Eq. (9)
isplotted as a set of curves, each for afixed . The steady-state condition, | = Igs+l o, isaso indicated:

: (10)

(n/ne)* H? OB, - B, C
g F (12)

P

s = G,

fP,CD

where BpO =1/(C8581/2) is the value at which all of the current is bootstrap. Points to the right of this
curve give positive dl/dt. Finally, the relaxation time varies roughly as
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Fig. 2.3-25. Optimum ramp-up begins at 8, close to the equilibrium limit.
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The optimum path for ramp-up appears to be to begin at high Bp, close to the equilibrium limit. Raise
| (and By) at constant Bp until the stability limit is approached. Then reduce [3p at constant B to increase
the current further. One difficulty is that the stability limit may be determined by neoclassical tearing
modes, which severely limit ) as well as the bootstrap fraction, particularly at high Bp. Another is that
the time scale for ramp-up increases with B\ as well as the bootstrap fraction. This motivates longer pulse
operation of DIII-D.

(BB (12)

e = G

We note that allowing the plasma size to increase during the current ramp-up extends the range over
which ramp-up is possible and reduces the power needed. Determination of the optimum trgjectory is a mat-
ter for further research.

Using the Outer PF Coils. A straightforward, reasonably well understood technique for initiating and
ramping up the plasma current to modest values is to use the induction available from the shaping and
equilibrium coils located near the centerpost above and below the vacuum vessel. Previous work on
DIlI-D using ECH pre-ionization and heating [Lloyd (1991)] has shown very reliable low voltage break-
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down and ramp-up. This indicates that the modest voltage possible with shaping coils aone should be
sufficient.

Experiments are being planned, in collaboration with the TRINITI laboratory, to demonstrate outer
PF coil startup on DII1-D using the number 4, 5, and 8 coils to provide volt-seconds and coils 6 and 7 for
position control. ECH will be used to initiate the plasma, and to heat it during the current ramp-up.
Modeling, using the time-dependent MHD code DINA with full DIII-D coil geometry and vacuum ves-
sel, indicates ramp-up from 20 kA to afinal current of 220 kA can be provided with these PF coils alone,
using the existing power supplies. Previous experiments on DII1-D have shown that an initial plasma cur-
rent of 20 kA can be provided by ECH alone. One complication is that at the end of this ramp-up, the PF
coils are not in the optimum state for shape and position control of the final, fully developed plasma.

To complete the current ramp-up scenario, the current must be further increased using noninductive
techniques. Simultaneously, the PF coil currents must be taken to the values required for the final shape
and position control. It appears likely that the PF coil current changes will require the noninductive drive
to overcome a back EMF during this phase of ramp-up. Continued modeling and further experimental tests
are planned for the five-year plan period.

Bootstrap Overdrive. Ramp-up by bootstrap current overdrive is of interest because it does not
reguire external noninductive current drive. Rather, it needs only plasma heating to produce the self-con-
sistent, neoclassical toroidal current associated with density and temperature gradients. Ramping the cur-
rent using bootstrap alone is accomplished by starting with and maintaining a high value of Bp throughout
the ramp-up phase. Initial 0-D studies of this concept were performed for spherical tokamak configura-
tions, and subsequently for DIII-D. These studies came to the conclusion that bootstrap overdrive could
generate | = 1 MA and dI/dt ~0.5-1.0 MA/s.

Here we show the first results from 1-D simulations using ONETWO. The simulation starts with a
full-size DI11-D plasma (with k = 1.8, 3= 0.5, | = 50 kA, Tg = T; = 200 €V, and -nO = 0.8 Ngreenwald)-
The thermal diffusivities are Xg = Xj = Xj neo Which are close to the best values observed in experiments
on DIlI-D. The results obtained seemed robust, and although other transport assumptions will change
details of these results we do not expect them to alter the feasibility assessment. There is no option in
ONETWO to set the electric field at the plasma boundary so the total current was prescribed as a linearly
increasing function of time. The density is proportional to the current [Fig. 2.3-26(a)].

An rf power source which heats electrons was also specified as a function of time, reaching a maxi-
mum of 5.7 MW [Fig. 2.3-26(b)]. The distribution of the power was spatially uniform except during the
first 0.25 ms when additional heating was supplied near the edge to support the edge temperature. The
residual ohmic current was minimized by adjusting the input power level step-wise in time, and by varying
the final current. Figure 2.3-26(a) shows bootstrap-driven ramp-up to 1 MA at ~0.5 MA/s.

Bp exceeds 1 throughout the discharge [Fig. 2.3-26(c)]. By is seento be <2.5 throughout the ramp-up
and therefore MHD instabilities should not be a problem for this ramp-up scenario. Further optimization
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of the first 250-500 ms should be possible
by putting in more power and driving Bp
higher. An important question to address is
the stability of the cold, very low current
DIIN-D plasma during the early part of this
ramp-up.

Initiation by HICD and ECH. Helicity injection
current drive (HICD) offers the appealing
possibility, at least in principle, to drive
toroidal current noninductively with a cur-
rent/power efficiency that scales like ohmic
power and is independent of plasma density.
HICD itself does not offer current profile con-
trol. However, since HICD will probably
prove to be most effective near the plasma
edge, it could be an efficient tool for edge cur-
rent control. HICD can also be used to create
atarget plasma of afew 100 kA, with subse-
guent ramp-up by more conventional nonin-
ductive processes. HICD has successfully
formed and sustained current in the CTX
[Jarboe (1983)] and SPHEX [Browning
(1992)] spheromaks and in the CDX [Ono
(1987)], CCT [Darrow (1990], and HIT
[Nelson (1994)] tokamaks.

The principal physics question associated
with HICD is the transport of current across
magnetic surfaces. In the absence of nonax-
isymmetric processes such as turbulence,
only slow classical diffusion is possible.
Boozer [1986] argued that current diffusion
by magnetic turbulence would be driven by
the gradient of the normalized paralel cur-

rent, i = J"/B. Turbulent current diffusion is clearly operative in experimental spheromaks and in RFPs
and is in qualitative agreement with Boozer theory. The HIT tokamak also seems to be more or less in
agreement with Boozer theory, but CDX obeyed neither Boozer nor classical behavior. Thus, if current
diffusion in atokamak is classical, then HICD will be limited to the edge and SOL plasma. If turbulent,
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then HICD will penetrate more deeply, but it might unacceptably degrade plasma confinement. Thisis a
question for future experiment.

A new DIII-D electrode is proposed that will increase the density near the cathode and consequently
increase the current that can be driven in the SOL. Together with good strike point position control and a
strong suite of edge and core diagnostics, it will be possible to study HICD under reactor-relevant condi-
tions. In these experiments, the distribution of helicity injection current can be extracted from MSE diag-
nostic data and classical flux diffusion calculations.

Helicity injection can provide an initial tokamak plasma noninductively. A weak vertical magnetic
field magnetized the ring electrode and connected it to the vessel ceiling. Electron cyclotron power was
absorbed on the same magnetic surfaces and generated a plasma annulus, through which the electrode
drove current. Because Bt » By, the current was mainly toroidal. It bulged the vertical field outward
(large-R side) and weakened it inward (small-R side) until the poloidal field collapsed and reconnected
around a new torus of plasma near the midplane. About 200 A of electrode current generated 1020 kA
tokamaks. The plasmas were subsequently sustained by ECCD.

The main issue with HICD noninductive startup is scalability to toroidal currents of a few hundred
kiloampere, where conventional noninductive current drive techniques can take over. Turbulence and poor
confinement are not major issues during startup. I the tokamak must be formed directly from the annulus,
the required electrode current scales as Ip. The new DIII-D 110 GHz ECH system will provide more
power than in the past, which will work with the new electrode to reduce cathode sheath impedance and
accommodate larger currents. If, on the other hand, HICD is as effective as it presently isin HIT, then the
required electrode current will be less.

2.3.4.4. PLASMA HEATING

Electron Versus lon Heating. The strong ion heating from the NBI commonly used in present day
tokamak experiments is at odds with the strong electron heating expected from apha particles in future
ignition devices. The highest performance discharges in DIlII-D have ion temperatures well in excess of
the electron temperatures (hot ion modes), whereas the electron temperature will actually be slightly above
the ion temperature in an ignition device. Thus, there is some uncertainty asto whether the plasma physics
learned in hot ion mode plasmas, especialy the confinement physics, will be applicable to plasmas in the
ignition regime. Both theory and experiment suggest that adopting hot ion mode physics to ignition projec-
tionswill lead to too optimistic predictions.

To study the physics of ignition-relevant plasmas with equilibrated electron and ion temperatures, it is
necessary to utilize sources of strong electron heating to balance the NB ion heating. Although it is possible
to operate at high densities to force the electron and ion temperatures to equilibrate through collisions, this
results in high collisionality plasmas (in present day machines) that are no more applicable to the ignition
regime than are hot ion modes. On DIII-D, strong electron heating is available through two types of rf
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sources, ECH and FW. ECH can be localized on any flux surface in the plasma. The FWSs can heat electrons
directly through the combination of electron Landau damping and transit time magnetic pumping (TTMP)
or through mode conversion, or indirectly through ion cyclotron heating. Using these rf sources in combina-
tion with NBI, the ignition-relevant physics of plasmas with equilibrated temperatures and low collisionali-
ty can be studied. This is critical due to the sensitivity of the models of turbulent transport to the ratio of
electron to ion temperature.

Using strong heating of a hydrogen minority to generate a nonthermal ion distribution, the physics of
energetic ions can be studied. This approach has been used in TFTR to examine the physics of TAE
modes.

Wave Absorption by Fast lons. The absorption of FWs by energetic ions at high harmonics of the ion
cyclotron frequency is a major concern for FWCD in future tokamaks. For ignition devices such as ITER,
the undesired absorption of FWs by apha particles would decrease the amount of wave energy available
for current drive, lowering the engineering efficiency of the FWCD. For high-beta low-aspect-ratio toka-
maks, the possibility of strong damping of the FWs on NB ions has been identified as a critical rf physics
issue. In addition to reducing the FWCD efficiency, such damping may expel energetic beam ions from the
plasma, damaging the first wall components, and possibly exciting Alfvén instabilities.

On the DIlI-D tokamak, the absorption of FWs by energetic beam ions at high harmonics of the ion
cyclotron frequency can be studied [Petty (1997)]. This addresses not only the issue of the interaction
between the FWs and beam ions, but aso the analogous physics of FW damping on alpha particles. The
excitation of Alfvén instabilities by the wave/particle interaction will also be examined, as well as saw-
tooth stabilization. The FWCD frequencies utilized on DI11-D are between 4 and 16 times the deuterium
cyclotron frequency, depending upon the magnetic field strength (1-2 T), and the launched parallel index
of refraction can be varied between 3 and 9. The radia profiles of FW driven current and the fast ion
pressure can be determined using the MSE diagnostic and magnetic equilibrium reconstruction tech-
niques. The ion distribution function can be measured with neutral particle charge-exchange analyzers.
Reflectometers and rf probes can monitor the propagation of the FWs in the plasma. The information
gathered from these diagnostics can be compared to calculations of the wave/particle interaction from
Fokker-Planck and full wave codes. The close comparison of experiment and theory should alow the rel-
evant physics of high-harmonic absorption of FWs by energetic ions to be determined on DIlI-D. Some
additional diagnostics, such as charge exchange analysis or energetic ion detectors, would be beneficial.

Heating at High Density. Certain operating modes on DII1-D, such as PEP modes and other pellet injec-
tion scenarios, have such high central densities that the NBs will not penetrate to heat the plasma center.
This limits the performance of these modes since the central pressure cannot be raised by direct heating.
Unfortunately ECH cannot solve this problem since the cutoff density for the 110 GHz system is 7.5 x 1019
m~3 at the second harmonic. However, the FW system can still provide localized central heating for high
density plasmas through ICH. Normally the FWs are absorbed by electron Landau damping and TTMP on
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DIII-D. This damping mechanism is not effective for electron temperatures below 1 keV, however, given
the available antenna phasings. Instead, tuning the FW antennas to 60 MHz and introducing a 10% hydro-
gen minority allows second harmonic hydrogen heating to be done at 2 T, which is effective even in low
temperature plasmas. Modeling of this heating scenario using full wave codes indicates that strong central
heating in high density plasmas is possible with FWs, and under some conditions the heating may be well
localized. Mode conversion heating is also likely to be effective.

Rotation Issues. Recently there has been interest in how rotational shear stabilization of transport may
affect heat and particle transport in the plasma. For plasmas that are rotating due to unbalanced NBI heat-
ing, as is the case for DIII-D, diamagnetically induced rotational shear is small and the rotational shear
rate isdirectly related to the injected momentum from the NBs. In order to separate the effects of rotational
shear from heating, it is important to have additional heating sources which do not inject significant
momentum into the plasma. On DIII-D, rf heating with either ECH or FWs satisfies this requirement since
these forms of heating have been shown to not result in significant rotation or rotational shear. Therefore,
NBI and rf heating can be used to determine the effect of diamagnetic rotation on the plasma confinement
properties. The rf heating scenario is especialy relevant to future ignition regimes which are expected to
not be strongly rotating and are dominated by central electron heating from alpha particles.

Generation of Transport Barriers. It is believed that a transition to locally reduced transport can occur
when a local profile gradient which enters into the determination of the shear in the radial electric field
exceeds a threshold value. In PBX and TFTR, experiments have suggested the potential for IBWSs to
directly affect the radial electric field, presumably through the Reynolds stress tensor. If this approach is
practical, it offers a very attractive means to control the radial location of the transport barrier.
Experiments on this topic could be carried out using the FW antennas to generate waves which are mode
converted to IBWSs at the ion-ion hybrid layer in a two-component (D/H) plasma. Alternatively, the folded
waveguide antenna is made to be installed to generate either FWs, for mode conversion, or directly
launch IBWs, which is the mode used in PBX and TFTR. A reduction in frequency of the rf generator
from 30 to 20 MHz would be useful for this application but not essential for proof of principle. Increase
of the gradient in electron temperature through local electron heating by ECH is aso predicted to be a
means to control the shear in the radial electric field, although in past experiments with 60 GHz the T,
profile has been difficult to change much.

2.3.4.5. HEATING AND CURRENT DRIVE FOR STABILIZATION. The DIII-D rf systemswill be used to investi-
gate rf-specific mechanisms for stabilization and control of MHD modes which can arise at various regions
within the plasma. These are spatially localized modes within the plasma and so there must be reliable meth-
ods to indicate this spatial location and most importantly to determine the phase of the mode in space and
time. Modern current density profile diagnostics, such as the DIII-D motional Stark effect (MSE) system,
can provide an approximate g—profilein real time with sufficient accuracy. For reproducible dischargesthe q
profile is very well determined. External magnetic probes are effective in providing the necessary phase
measurement for feedback to the rf systems in those techniques whereiit isrequired.
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Sawtooth Stabilization. Minority ion heating and current drive have both been demonstrated to stabi-
lize the central sawtooth instability, consistent with the model that sawteeth are due to an internal m=1
kink instability [Coppi (1976)]. Stabilization can take place either by adding core pressure due to
cyclotron resonant accelerated minority ions [White (1998)] or by phasing the ion cyclotron range of fre-
guencies antenna to launch atoroidally directed mode and thereby drive localized toroidal currents with
the same ion cyclotron harmonic resonant wave, as demonstrated on JET.

Minority ion heating with FWs is a well established tokamak tool, and it has been used on DIII-D at
the second harmonic of a hydrogen minority in a deuterium plasma. The ability to establish awell direct-
ed toroidal FW with the DI11-D four strap antennas also makes localized minority ion current drive possi-
ble. The resultant toroidal Doppler shift of the wave in the rest frame of a minority ion means that the res-
onant ion velocity is a function of radial location. This effect can produce areversal of the driven current
direction on a scale of a few centimeters. This allows localized control of the current density profile,
which can reduce the gradient in current and add a stabilizing term for the internal kink.

The direct central electron current drive mechanisms of FWCD and ECCD can also be brought to
bear by ssimply driving a reversed central current and maintain the central q value above unity so that no
m=1, n=1 surface exists within the plasma.

Tearing Mode Stabilization. Tearing modes can occur at rational q surfaces other than the 1/1 surface
important for the sawtooth instability, and rf current drive physics can be brought to bear to stabilize or mit-
igate these instabilities. The most important are the lowest order rational surfaces, such as 3/2, 2/1, 5/2, 3/1
etc. These exist between the core and the edge. If the magnetic islands which result from the tearing modes
remain isolated radially, then these modes are a concern for transport of energy [Antonsen (1986)]. If there
isoverlap radially, amajor disruption can occur as the thermal energy is rapidly transported out of the plas-
ma. It may be possible to do this with MCCD, but localization and control of the deposition location are
major questions.

Tearing modes can be driven unstable by the localized gradient in the current density profile. Minority
ion current drive again can be used to locally modify this gradient. Once a magnetic island is formed,
increasing the current within the center magnetic island (O—point) of the islands tends to reduce the width
of the island in the usual positive shear regime. Localized ECCD can be used to obtain an increase in the
O—poaint current, with the current drive location selected by the magnetic resonance location. It may be
possible to do thiswith MCCD, but localization and control of the deposition location are major questions.

The so-called neoclassical magnetic island is the unstable growth of a seed magnetic island due to the
concomitant loss of bootstrap current within the island (O—point) due to the flattening of the pressure
[Hegna (1993)]. The neoclassical tearing mode (NTM) is a limiting factor in many dischargesin DIII-D
and it is expected to limit the plasma pressure in ITER to a factor around 2 below its theoretical stable
maximum. This lost O—point current can be replaced with ECCD [Sauter (1996), Hegna (1997)].
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Disruption Control. A major disruption occurs when 3/2 and 2/1 magnetic islands can grow to suffi-
cient amplitude to overlap spatially, connecting the otherwise well confined, high energy density core
with the exterior region of the plasma. ECCD is a natural choice to stabilize these modes by increasing
the O—point current density [Hoshino (1993)]. The short timescale from island initiation to overlap in
some cases means that the external detection and control system must be fast, robust, and reliable. The
DII-D group is highly experienced in sophisticated control systems and this will be combined with the
ECH expertisein thistype of disruption control experiment.

ELM Stabilization. Controlling the frequency of the ELMs in H-mode discharges is advantageous for
several reasons, and it has been demonstrated on DIII-D with the 60 GHz ECH system [Prater (1988)].
An ELM rapidly expels both energy and particles confined within the separatrix in the high confinement
H—-mode regime. ELMing is a relaxation oscillation which clamps the time averaged level of thermal
energy and density. Too infrequent ELMs (“giant ELMS’) dump so much energy that the instantaneous
power poses a serious problem for the divertor in ITER. The power from smaller, more frequent ELMs
can be more readily removed. Another reason to control the ELM frequency is to tailor the edge density
profile for considerations of bootstrap current. Before or between ELMs the edge H—mode density gradi-
ent isvery large, leading to arelatively large bootstrap current at the edge. This edge current is generally
undesirable for full current drive scenarios relying upon a significant fraction of bootstrap current and for
stability of external kink modes. ELMs transiently reduce the edge density gradient by expelling particles
from the interior. The time averaged edge density gradient in frequent ELM situations provides a better
density profile for alignment of the bootstrap current with that required for steady-state equilibrium.
Control of ELMs may also support control of the impurity content in the core.

The localized nature of ECH allows heating just inside, or outside, of the separatrix. Experiments on
DI11-D showed that heating inside increases the ELM frequency, while heating outside reducesiit. Thisis
consistent with models which propose that ELMs are due to an edge ballooning instability driven by the
pressure gradient. Inside heating causes the critical pressure gradient to be reached more rapidly during
the ELMing cycle. Other models of ELMs postulate a tearing instability. The growth rate of these edge
magnetic islands due to tearing would also be subject to localized ECCD.
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2.4. PATHWAYS TO THE FUTURE

DI11-D will advance the scientific basis for many different paths
to power-producing tokamak fusion concepts and can operate
advanced tokamak scenarios that project along dimensionless
parameter paths to attractive tokamak fusion systems.

In constructing the scientific program for DIII-D, it is of interest to examine how DIII-D results can
connect or project to tokamak systems that may be attractive next steps in fusion development. From a
forward looking perspective, the designers of future tokamak devices, of course, rely heavily on results
that have been and will be obtained on DII-D. But it isaso useful to back project from the design points
of future tokamaks into the DIl1-D parameter space in order to draw useful insights on the priority of var-
ious research elements and various parameter regimes accessible in DIII-D. In this section, we examine
the connection of DIII-D research to four possible future directions for the tokamak program
(Fig. 2.4-1):

ITER.

An advanced performance superconducting tokamak (as exemplified by ARIES-RS).
A compact, copper coil ignition experiment (as exemplified by CIT/BPX/IGNITOR).
A small spherical tokamak pilot plant.

A wbdpR

We examine the implications of connecting DIII-D parameters to the parameters of these machines
along dimensionless parameter scaling paths in order to locate the relevant region of parameter space in
DIlI-D. The basis of dimensionless parameter scaling is described in Appendix A. Each of these future
paths for the tokamak program has specific implications for research elementsin the DIl11-D Program. We
summarize all those research elements at the end of the discussion.

In general, we find that the research planned for DIII-D has a broad applicability to many possible
future directions. Advances in confinement, stability, boundary physics, and current generation are gener-
icaly useful to optimizing the tokamak in several directions.

24.1. THEPATHTOITER

The ITER Project is nearing the end of the Engineering Design Activity so its parameter regimes and
research needs are well established. ITER is, at present, the principal driver of understanding the ELMing
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PATHWAYS TO
THE FUTURE

ST PILOT PLANT

Fig. 2.4-1. DIII-D research connects to four possible tokamak program directions.

H—-mode regime — its base operating regime. ITER is also, at present, evaluating the extent to which AT
scenarios can be operated in ITER. For purposes of discussing and defining ITER's research needs, it is
useful to divide the plasma into three radial regions. The first region, the core plasma, is from the top of
the H-mode pedestal inward. The second region is the H-mode shear layer, which comprises only a few
centimeters just inside the separatrix in present machines. The third region is the SOL/divertor region
from the separatrix to the divertor plate. In the plasma core region, it is considered that the dimensionless
parameters of plasma physics B, v«, g, and p« will govern the plasma properties since neutrals have been
almost completely attenuated in the H—mode shear layer. A subject of current debate is the extent to
which a“stiff” transport model determines the entire core performance given the height of the pedestal on
the inner side of the H-mode shear layer. The H-mode shear layer connects Regions 1 and 3 and provides
boundary conditions for both. The physics of the H-mode shear layer must consider neutrals and so is
unlikely to be described solely by the dimensionless parameters being used to make projections to ITER.
Experimental and theoretical interest is currently focused on this shear layer. On its outer side, it sets the
boundary conditions of power flow, density, and temperature for the SOL/divertor. The understanding of
the important physics elements of the SOL/divertor problem has progressed to the point that the most
important effects (classical parallel conduction, electron impact ionization, charge-exchange, impurity
transport, noncoronal radiation calculations, recombination) are in 2-D divertor modeling codes and so
the performance of the divertor plasma can be calculated given the upstream boundary conditions.

The scaling of core plasma parameters along dimensionless parameter paths from ITER to
DIl1-D has important implications on the overlap of core plasma and divertor research in DIII-D. In
Table 2.4-1, we give ITER's parameters in the leftmost column and parameters of DIII-D, JET, and
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TABLE 2.4-1
P+ SCALING FROM ITER 10 VARIOUS TOKAMAKS
Alcator

Quantity Definition Units ITER DIll-D DIll-D JET C-Mod
Ro Major radius m 8.14 1.67 1.67 2.9 0.68
a Minor radius m 2.8 0.58 0.58 0.91 0.21

Aspect ratio 291 2.88 2.88 3.19 3.24
K Plasma elongation 1.6 1.6 16 17 1.6
0 Plasma triangularity 0.24 0.24 0.24 0.24 0.24
By Toroidal field, onaxis T 5.70 2.07 0.98 171 4.04
lp Plasma current MA 21.00 158 0.75 2.04 1.12
T,0) lon temperature keV 18.00 5.42 3.30 5.54 6.03
Te(0) Electron temperature = keV 18.00 5.42 3.30 5.54 6.03
n(0) Electron density x1020/m3  1.10 0.48 0.18 0.32 1.65
ningg Ratio to Greenwald limit 1.17 0.29 0.23 0.37 0.19
Zog 1.80 1.80 1.80 1.60 1.40
W Stored energy in plasma MJ 1065.0 1.29 0.29 4.05 0.27
Pheat Total heating power MW 302.2 5.3 183 182 3.9
Ptusion Fusion power MW 1511.0 0.00 0.00 0.00 0.00
e Energy confinement times 3.524 0.244 0.016 0.222 0.070
Ptrans Transport loss power MW 1753 4.0 137 137 31
Tg, frans  Tg, transport only S 6.076 0.314 0.020 0.240 0.072
TE_o3H Tg, transp ITER-93H 5.863 0.161 0.021 0.228 0.040
H H factor over ITER-89P 2.638 2.505 0.600 1.242 2.706
Dimensionless Parameters
Br Toroidal beta 0.027 0.028 0.028 0.029 0.029
Bp Poloidal beta 0.70 0.73 0.73 0.81 0.76
By Normalized beta mT/MA~ 2.07 2.16 2.16 2.20 2.24
q Safety factor 2.80 2.85 2.85 2.74 2.45
Pee p,eat T, 2.32x10°95  1,70x1004  2.79x10-04 1.32x1094  2.53x10-04
Pii piiat T 9.88x10°04  7.21x10-93  1,19x10-02 5.63x10-03  1,08x10-02
Ve v,eat T, 17110792 1.70x10-02  1.70x1002  187x1002  152x10702
vV, veiat T 1.21x1092  1.20x1092  1.20x10-02 1.32x10702  1,07x10702
P, ratio 7.30 12 5.70 10.9
Alpha P, exponent 0 1.00 0.55 0.00
Factor
Confinement Scaling Type Bohm GyroBohm Between Bohm
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Alcator C-Mod in the other columns. The parameters for today’s machines are scaled from ITER varying
only px, keeping all the other core dimensionless parameters constant. The first column for
DIlI-D is afull toroidal field scenario. It has a modest plasma current of 1.58 MA. The 3 and 3y and H
factor values are not particularly challenging for DIII-D based on the AT discussion of Section 2.2. The
third column is a projection to a discharge DilI-D which has already been operated as a “ demonstration
discharge” for ITER. It wasat only 1 T field and 0.75 MA plasma current. An important conclusion hereis
that discharges that connect to ITER aong ap« path generaly lie a reduced parameter regimes compared
to DII1-D’s capabilities. This conclusion is also true for JET and Alcator C-Mod.

The ITER plasma, like all future power system plasmas, has T; = T, a condition unfavorable for ITG
mode growth. DIII-D plasmas, in order to retain similarity in the dimensionless parameters T;/T, must
aso haveT; = T this requires strong additional electron heating in DII1-D.

Confinement research on DIII-D in the ITER shape, the demonstration discharges, has shown that the
scaling of ELMy H—mode is gyroBohm. The second column for DI1I-D shows that a gyroBohm confine-
ment projection back from ITER implies only a 0.020 s confinement time and 13.7 MW of heating power
needed in DIII-D. In actual fact, the measured confinement time in this ITER demonstration discharge
was 0.075 s and the power required to produce the plasma parameters listed was only about 4 MW. This
illustrates that the gyroBohm scaling of confinement is actually too good for ITER. A gyroBohm projec-
tion in the forward direction from the measured confinement time in the DI1I-D demonstration discharge
in the second DII1-D column to ITER gives a 23 s confinement time [Petty (1995)]! The first column for
DI11-D shows a much more reasonable match-up of ITER and DIII-D confinement and power levels using
a Bohm confinement scaling. The column for JET gives plasma parameters between two demonstration dis-
charges on JET. The confinement times and power levels come out about right if the confinement projection
back from ITER is between Bohm and gyroBohm, p,. A demonstration discharge planned for Alcator
C—Mod back-projects most reasonable values of confinement time and power using a Bohm confinement
scaling. The general conclusion is that present research in DIII-D and other tokamaks need only confirm
that the confinement scaling is at least as good as Bohm scaling for ITER.

A most important point is that the density required in DII1-D plasmas that are dimensionally similar to
ITER isless than 30% of the Greenwald [imit density. The point is of general validity for today’s tokamaks,
as can be seen from the JET and Alcator C-Mod values of n/ngg. This fact has important implications for
the DII1-D Research Program. The studies of divertor detachment and density limits in DIII-D have al
been done at densities above ningg = 0.5. In Table 2.4-1, the densities for al the tokamaks listed lie below
the densities for divertor detachment in those machines. The conclusion is that the parameter spaces of inter-
est to ITER for core and divertor physics are digoint in present day tokamaks. This conclusion can be soft-
ened substantidly if one is allowed the freedom to change both p« and v« in connecting machines to ITER.
If DITI-D and Alcator C-Mod are allowed to have v« = 8 times v« in ITER, then scenarios can be construct-
ed that provide an overlap of core confinement and detached divertor operation. These scenarios till are
very collisionless plasmas, v+ ~ 0.1, and the argument for them is that the confinement properties of the core
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are unlikely to change abruptly between v« = 0.1 and 0.01 (ITER). DIHI-D has measured a weak depen-
dence Xt [jin ELMing H-mode and no dependence vjin L-mode. Some key parameters of such scenarios
are given below (Table 2.4-2).

TABLE 2.4-2
From ITER 10 DIII-D AND ALCATOR C—MO0D VARYING V, AND P,
Alcator
ITER DIl-D C-Mod
Bo (T) 57 2.0 5.9
Iy (MA) 21. 153 1.62
T,(0) (keV) 18 2.6 3.9
Te(0) (keV) 18 2.6 3.9
ng(0) (1020 m3) 11 0.9 5.4
n/ner 117 0.58 0.42
Prransport (MW) 175 43 7.1
TE(S) 6 0.27 0.07
H 2.6 2.5 2.9
0si 1x10-3 5x10-3 6x1073
V, 0.012 0.096 0.086
Pexponent 0.5 0.5

While some compromise on v, appears to allow overlap of core confinement and detached divertor
studies, it is perfectly valid to study the basic physics elements of the divertor by using high density plas-
mas in DI1I-D and equally valid and correct to study confinement properties of interest to ITER in lower
density plasmas. It is not necessary to force these two lines of research to meet in DIII-D at one set of
core plasma parameters. These two lines of research evidently do meet in ITER. There the density reaches
the Greenwald limit and the calculations show the divertor does detach, even though the core plasma col-
lisionality is still low. Density limit research in DIII-D, which has shown densities up to 1.5 ngg with
H-mode confinement quality, is important to pursue to elucidate the basic physics mechanisms that limit
the density. As is described in Section 2.3.3, the most restrictive density limiting phenomena originate in
the divertor and the H-mode shear layer. The answer for what the density limit will be for ITER must be
found in divertor calculations and the physics of the H-mode shear layer.

We provide in Table 2.4-3 a summary of our current views of the important research contributions
from DI1-D that are useful to ITER.
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TaABLE 2.4-3
DIll-D ConTriBUTIONS TO ITER

Issue

DIlI-D Contributions to ITER

Core Confinement

Dimensionless scaling in ITER's shape and dimensionless parameter regime.

Theoretical and experimental tests of the stiffness of various core plasma
transport models.

The physics of interior transport barriers and the role of plasma rotation.

Core Stability

=

Research on neoclassical tearing modes in the ITER shape at the ITER
collisionality and assess the use of ECCD for stabilization.

The interplay of plasma rotation and locked modes.

H-mode Shear Layer

=

Experiment and theory work on the structure of the shear layer (pedestal height,
width of layer, local plasma parameters, effects of neutrals).

Local parameter requirements and a theory for the L-H transition.

Local requirements and a theory for avoiding the H-L transition (the density limit
of most specific relevance to ITER).

Compatibility of the edge transport barrier with high plasma mantle radiation.

Density Limits

Elucidation of the basic physical processes that limit the plasma density.

Divertor Research

Elucidate the basic physics mechanisms active in the SOL and divertor so they
can be incorporated in codes.

Find ways to increase divertor radiation at fixed upstream parameters (impurity
enrichment, convective heat transport, noncoronal equilibrium radiation,
non-Maxwellian effects, 2-D heat flow effects).
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2.4.2. THE PATHTO AN OPTIMIZED SUPERCONDUCTING TOKAMAK POWER SYSTEM

DIlI-D results, in the conventional aspect ratio range, provide a
basis for minimal sized superconducting tokamak power systems
like ARIES-RS. Key elements to demonstrate are confinement scal-
ing at least as favorable as Bohm scaling, wall stabilization for
high normalized beta, transformerless operation, and a radiative
divertor compatible with the ARIES-RS collisionless core.

Various authors [Galambos (1995)] have examined the extent to which the use of AT physics (high By
and H) could be used to decrease the size of the superconducting tokamak. A result of those studies was that
high values of By and H could bring the major radius of a superconducting tokamak down to 5 m. We have
reproduced this result by constructing minimal sized superconducting tokamaks over a range of aspect ratio
by considering al machines to run at our calculated wall stabilized 3 limit and allowing minimal inboard
space for components consistent with key technological constraints.

The only inboard components considered are the superconducting toroidal coil and the blanket that is
needed to protect it. A review of many superconducting tokamak designs indicates a reasonable blanket
thickness allowance of 1.3 m. We consider growing the toroidal field (TF) coil from the axis of symmetry
out (i.e., no hole in the doughnut), an impractical case but one which certainly gives a minimum sized
overall system. Reviewing many superconducting coil designs, we found a reasonable value for the cur-
rent density averaged over the winding and all associated coil structure was 18 MA/m2. We also constrain
the systems to lie below a neutron wall loading of 5 MW/m2. At low aspect ratio (1.5, see Section 2.4.4
on the ST), the beta limits are sufficiently high that the neutron wall loading sets the device size and the
toroidal coail issufficiently small in radius that the stress limit of 16 T at the coil surfaceis not reached. As
the aspect ratio is raised, the toroidal coil radius grows until it reaches 1.4 m (at aspect ratio 2.5) and the
field at the surface of the coil isthen 16 T. For aspect ratios larger than 2.5, the toroidal coil radius cannot
grow, owing to the stress constraint, and so the plasma size shrinks against the fixed center column of the
toroidal coil and the blanket. The dependence of the major radius versus aspect ratio that results is shown
in Fig. 2.4-2. Although some machines with major radii less than 4 m appear at large aspect ratio, refer-
ence to Fig. 2.4-3 shows that these machines have rather low power output and neutron wall loading. They
are not practical power plants and are large experiments, considering the fusion power of only 250 MW for
amajor radius just under 4 m. To make such systems more practical, one moves the toroidal coil outward,
opening a “hole in the doughnut.” Then the ratio of the toroidal field at the magnetic axis to the (fixed at
16 T) toroidal field at the coil surface rises rapidly and the fusion power output rises like B4 and rises fur-
ther because of the growing plasma volume. One increases the system size until a neutron wall loading of
3 MW/m?2 for all machines results. Major radii of some practical systems are shown in Fig. 2.4-3. By
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Fig. 2.4-2. The major radius of superconducting tokamaks is constrained by wall
loading at low aspect ratio and by stress at high aspect ratio.
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Fig. 2.4-3. High aspect ratio superconducting tokamaks have relatively low fusion
power.
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raising the major radius only from 3.5 to 5 m at aspect ratio 4, the fusion power rises from 250 to
2000 MW. However as can be seen from Fig. 2.4-3, there is a minimum major radius of 4.5 m. When
more complete, practical design aspects are considered, the minimum major radius is over 5 m. The
ARIES-RS design at amajor radius of 5.5 m lies in this family of optimized superconducting tokamaks,
minimal sized, and running near the beta limit.

In order to examine how this line of machine connects to DII-D, we back projected from the aspect
ratio 2.5 machine in this machine family, rather than ARIES-RS in order to avoid the complication of
connecting the aspect ratio of 4 in ARIES-RS to the aspect ratio of 2.5 in DIII-D. In Table 2.4-4, we give
in the leftmost column the parameters of the aspect ratio 2.5, minimum sized power plant. The first col-
umn for DIHI-D is a back projection to DIII-D along a path varying only p« that hits full toroidal field in
DIlI-D. Overal, these parameters match up well with the parameters of the DIII-D full field discharge
scenario discussed in Section 2.2 although the plasma current and beta are a bit higher here. Using Bohm
scaling, the heating power required is about what is proposed in the DIII-D scenario. The value of By
implied is 5.5 and the H factor is about 4. A reasonable reduced field scenario is also constructed in the
second DI11-D column using Bohm transport scaling. The use of gyroBohm scaling has the same difficul-
ty encountered for ITER; the projected confinement in DIII-D must be much poorer than will be
obtained. Turned around, a gyroBohm projection of confinement from DIII-D’s primary scenario would
give excess confinement time in the optimized, superconducting tokamaks. We conclude the discharge
scenarios described for DIII-D in Section 2.2 are well positioned as a scaling point toward the line of
optimized, superconducting tokamak machines.

As the ARIES-RS study in particular exemplifies, the physics that underlies the desired values of
Bn and H contains even more elements of commonality with the DI1I-D Research Program than just the
match-up of parameters. The high values of By can only result from a successful outcome to the wall
stabilization studies in DIHI-D and other experiments. High values of By aso requirethe NCS or at least
WCS safety factor profiles envisioned in ARIES-RS and broad pressure profiles in elongated plasmas.
The transport barriers formed by the ExB shear stabilization of turbulence are needed to obtain the high
confinement performance. Current drive for steady-state and current profile control using rf is required.
Indeed, ARIES-RS is designed without an OH transformer, although since these machines have a “hole
in the doughnut,” it is somewhat optional whether a transformer isinstalled or not (as opposed to the ST
case in which the transformer is impossible). Nevertheless, in the interests of simplifying the tokamak
system, the ARIES-RS transformerless design motivates the research thrust toward transformerless
operation on DIl1-D.
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TABLE 2.4-4
P+ SCALING FROM AN OPTIMIZED SUPERCONDUCTING POWER PLANT TO DIII-D
A25
Quantity Definition Units Reactor DIll-D DIlI-D DIl-D
Ro Major radius m 4.67 1.67 1.67 1.67
a Minor radius m 1.87 0.67 0.67 0.67
A Aspect ratio 2.50 2.49 2.49 2.49
K Plasma elongation 2.0 2.0 2.0 2.0
0 Plasma triangularity 0.6 0.6 0.6 0.6
By Toroidal field, on axis T 4,58 1.92 1.12 1.12
ly Plasma current MA 14.35 2.15 1.26 1.26
T;(0) lon temperature keV 25.00 9.94 6.96 6.96
Te(0) Electron temperature keV 25.00 9.94 6.96 6.96
n(0) Electron density x1020/m3 155 0.68 0.34 0.34
“Ingr Ratio to Greenwald limit 0.95 0.36 0.30 0.30
Zoft 1.80 1.80 1.80 1.80
W Stored energy in plasma MJ 711.0 5.98 2.05 2.05
Pheat Total heating power MW 362.4 17.3 7.1 42.6
Ptusion Fusion power MW 1727.0 0.00 0.00 0.00
Tg Energy confinement time s 1.962 0.345 0.289 0.048
Ptrans Transport loss power MW 217.4 13.0 5.3 31.9
TE, trans Tg, transport only S 3.271 0.442 0.370 0.062
TE-93H Tg, transp ITER-93H 1.363 0.115 0.089 0.027
H Ratio to ITER-89P 4.589 4,355 3.810 1.555
Dimensionless Parameters
Br Toroidal beta 0.088 0.092 0.092 0.092
Bp Poloidal beta 1.96 2.05 2.05 2.05
By Normalized beta mT/MA 5.26 5.49 5.49 5.49
q Safety factor 4.64 4.75 4.75 4.75
Pe p,eat T, 5.59x10705  2.35x10-04  3.35x10-04  3.35x10-04
Py p.iat T 2.38x10703  9.98x1003  1.43x10702  1.43x10-02
Ve vieat T, 5.77x10-93  588x1003  588x1003  5.88x10-03
Vv, viiat T 4.08x10°03 = 4.16x1003  4.16x10703  4.16x10-03
Py ratio 4.20 6.00 6.00
Alpha factor  p, exponent 0.00 0.00 1.00
Confinement scaling type Bohm Bohm GyroBohm
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The ARIES-RS design also points to critical features of the DIII-D divertor research. Like ITER,
ARIES-RS back projects to densities that are less than 40% of the Greenwald limit in DIII-D. However,
the ARIES-RS study provides motivation for the DIII-D Program to seek to find a detached, radiating
divertor in thislow density regime. Asistypical of higher beta, higher power density designs, ARIES-RS
has about twice the P/R index for divertor power loading as ITER. Since the machine is smaller overall,
the power per unit surface area in the divertor becomes quite extreme in the standard model of divertor
physics. The response of the ARIES team to this challenge points to the battleground of conflicting issues
for the H-mode shear layer and divertor that DIII-D will address. To lower the power that needs to be
handled in the divertor, it would of course be advantageous to use more core radiation. But increased core
radiation may conflict with the desire for high confinement quality. In the ARIES-RS design, there was a
bootstrap deficit near the edge calling for current drive. The efficiency of that current drive is severely
compromised by adding Z; to the plasma edge region. ARIES-RS chose to escape from these conflicts
by placing more burden on the divertor physics, calling for divertor impurity enrichment of 8 to radiate
the power mainly in the divertor. Clearly, the ARIES-RS study calls for the full range of Advanced
Divertor physics that DI1I-D will investigate to obtain more highly radiative, detached plasmas at |ower
upstream densities. Success along this line may lie in the ability to couple a highly radiative, detached
divertor in DIII-D with the primary core plasma scenario described in Section 2.2. The Advanced Core
and Advanced Divertor Program thrusts in DIll-D may, in fact, meet in a common discharge parameter
set, providing not only the physics basis elements for the optimized superconducting tokamak path, but
also ademonstration of the integration of these elements.

We provide in Table 2.4-5 a summary of our current views of the important research contributions
from DI11-D that support the line to the optimized, superconducting tokamak.
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TABLE 2.4-5
DIlI-D CONTRIBUTIONS TO THE SUPERCONDUCTING TOKAMAK PATH

Issue DIII-D Contributions to the Superconducting Tokamak Path

Core Confinement 1. Dimensionless scaling of advanced confinement regimes, especially the negative
central shear regime.

2. Theoretical and experimental tests of the stiffness of various core plasma
transport models.

3. The physics of interior transport barriers and the role of plasma rotation.

=

Core Stability The role of wall stabilization in allowing higher beta and high, well-aligned, edge

bootstrap fractions.
2. Profile optimization for higher By
3. Research of neoclassical tearing modes at low collisionality.

=

H-mode Shear Layer Allowable edge pressure gradients for stability and possible second stable edge

access.

2. Allowable plasma mantle radiation consistent with the required plasma edge
confinement quality and collisionality.

3. Anunderstanding of how the separatrix density is determined (crucial to a highly
radiating divertor).

Divertor Research 1. Elucidate the basic physics mechanisms active in the SOL and divertor so they
can be incorporated in codes.

2. Find ways to increase divertor radiation at fixed upstream parameters (impurity
enrichment, convective heat transport, noncoronal equilibrium radiation,
non-Maxwellian effects, 2-D heat flow effects).

Transformerless 1. Develop means of initiating and ramping up the plasma current without an OH
Operation transformer.

2. Develop the physics basis for ECCD, FWCD, and high bootstrap fraction
steady-state plasma sustainment.
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2.4.3. THE PATHTO A COMPACT IGNITION EXPERIMENT

GyroBohm confinement scaling from DIII-D projects to a small

sized ignition experiment in the DI11-D aspect ratio range.

In our analyses of ITER and the optimized, superconducting tokamak, we found that a gyroBohm
confinement scaling from DIII-D gave results too favorable to be used. The projected transport powers
are insufficient to carry out the alpha power. The only use of gyroBohm scaling that we can see is to
enable copious core plasma radiation (approaching 100%) to provide the loss channel for the alpha heat.
The interesting question that arisesisif gyroBohm scaling (which is observed in ELMing H-mode) could
be relied on for other modes as well — what tokamak kind of device would be implied? The answer to
that question is a compact, high field, copper TF coil ignition experiment.

In Table 2.4-6, we give the results of forward projecting the high performance discharge scenario
from DIII-D along a path varying only p« to such machines. The second column shows the gyroBohm
scaling implies a machine somewhat smaller than DII-D (major radius only 1.33 m) but with a toroidal
field of 7.1 T and very high density. This compact machine uses By = 4.4 and H = 3.5 to produce
320 MW of fusion power. Bohm scaling gives a major radius in the 2 to 3 m range. At an aspect ratio of
2.5 and such high toroidal fields, these machines have insufficient room on the inboard side for a super-
conducting toroidal coil and full blanket; they would be copper TF coil ignition experiments. However,
thereisroom for an OH transformer for these pulsed experiments.

This path of machine is rather precisely the path between the CIT device and the Burning Plasma
Experiment (BPX) device. The original CIT device or IGNITOR was about the parameters of our
gyroBohm projected machine. With more conservative confinement scaling (Bohm), the larger major
radius BPX device results. The reader can find an almost identical discussion to the one we have just
given about confinement projections from DIII-D to BPX in the BPX fina report [BPX Team (1992)].
This machine line generally supports higher density, higher collisionality plasma physics. Since the
research support needed for this machine line has been so extensively analyzed previously, we givein
Table 2.4—7 only a brief summary of specific research issues for DIII-D that are raised by this machine
line.
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TABLE 2.4-6
P+ SCALING FROM DIII-D 10 A COMPACT IGNITION EXPERIMENT
Bohm
Quantity Definition Units DIlI-D gB Scaled Scaled
Ry Major radius m 1.69 1.33 2.15
a Minor radius m 0.60 0.47 0.76
A Aspect ratio 2.82 2.82 2.82
K Plasma elongation 2.10 2.10 2.10
0 Plasma triangularity 0.75 0.75 0.75
Bg Toroidal field, on axis T 2.10 7.10 6.30
ly Plasma current MA 2.20 5.80 8.40
T Average T, keV 5.00 10.40 11.30
T Average T, keV 5.00 10.40 11.30
T Average ng x1020/m3  0.90 4.90 3.60
"Ingr Ratio to Greenwald Limit 0.46 0.59 0.78
Zoft 1.80 1.80 1.80
W Stored energy in plasma MJ 4.90 27.00 91.00
Pheat Total heating power MW 19.50 65.00 169.00
Pfusion Fusion power (50:50 DT) MW 5.10 326.00 847.00
T Energy confinement time S 0.25 041 0.54
Ptrans Transport loss power MW 19.50 65.00 169.00
T, Trans Tg, transport only S 0.25 0.41 0.54
Tg 93H Tg, transp ITER-93H 0.13 0.23 0.38
H Ratio to ITER-89P 311 3.48 2.74
Dimensionless Parameters
Br Toroidal beta 0.077 0.077 0.077
Bp Poloidal beta 3.35 3.35 3.35
By Normalized beta mT/MA 4.39 4.39 4.39
q Safety factor 5.42 5.42 5.42
Py p.iat T 1.10x1092  7,00x10-03 5.00x10-03
Vi veiat T 1.20x10792  1,20x10-92 1.20x10-92
p, ratio 0.61 0.44
Alpha factor P, exponent 1.00 0.00
Confinement scaling type GyroBohm Bohm
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TABLE 2.4-7
DIll-D CoNTRIBUTIONS TO THE COMPACT IGNITION PATH

Issue DIil-D Contributions to the Compact Ignition Path

=

Core Confinement Assurance of gyroBohm scaling of AT regimes.

2. The physics of interior transport barriers and the role of plasma rotation at
high magnetic field and density.

Core Stability 1. Wall stabilization for high By using current profiles that are not fully
resistively relaxed.

H-mode Shear Layer 1. L-H transition requirements at high magnetic field and density.
2. Local requirements and a theory for avoiding the H-L transition.

Density Limits 1. Elucidation of the basic physical processes that limit the plasma density.

Divertor Research 1. Steady-state solutions are not required.

2.4.4. THE PATH TO THE SPHERICAL TOKAMAK PILOT PLANT

DIII-D research projects to a spherical tokamak power system
along a Beta scaling path. DII1-D can provide a basis for wall sta-
bilization for high beta, transformerless operation, and the radiat-
ing mantle power exhaust solution.

The spherical tokamak may offer a path to a small fusion power system for alow cost next step in the
program. The spherical tokamak achieves small size by discarding inner bore components. The low
aspect ratio allows there to be no blanket on the inner wall and yet still have a tritium breeding ratio
above 1. Without an inner wall blanket, there cannot be superconducting coils or insulated coils. Hence,
the OH coil must disappear from the system and the toroidal coil must be copper with a single turn cen-
terpost. A minimal shield would be provided with its thickness based on the economics of the power dis-
sipation, the replacement time, and/or the waste disposal criteria for the centerpost. With the high beta
values predicted for the ST (Bt ~ 50% with 100% bootstrap current), we have been able to project
[Stambaugh (1996)] a fusion development path along the spherical tokamak (ST) line and beginning with
apilot plant (defined as electric power break-even at the site boundary) only about the size of the present
DIII-D tokamak (Fig. 2.4-4).

General Atomics Report GA-A22950 2.4-15



THE DIII-D FIvVE-YEAR PROGRAM PLAN 19992003 Project Saff

ADVANCED
TOKAMAK
PHYSICS

0 A, b
3 [
N % g i

PHYSICS PILOT PLANT
PERFORMANCE Rp=1.1m
PROOF OF (RO: 1)'1 m (15 MA)
5 MA COPPER POWER PLANT
PARLUEL )7 COPPER SINGLE-TURN Rp=2.8m
[EXPERIMENTS MULTI-TURN 160 MWe (30 MA)
(1 MA) Qprant =17 COPPER
SINGLE-TURN
2100 MWe
QpLaNT=5 POWER PLANT DHe3
Rp=53m
(73 MA)
SUPER CONDUCTING
1400 MWe
QpLanT = 43

Fig. 2.4-4. DIII-D research projects to a spherical tokamak power system.

The ST pilot plant or power plant essentially transplants @l the AT physics from DIII-D into low
aspect ratio, where those physics elements are expressed more dramatically than at aspect ratio 2.5. Wall
stabilization is the key to obtaining By greater than 3 at any aspect ratio. The broad pressure profiles
called for in DIII-D for high 3y become almost flat out to the plasma edge in the ST high beta equilibria
The hollow current profiles sought in DII1-D become extremely hollow in the ST with most of the plas-
ma current concentrated near the outer midplane edge of the plasma. One difference between the ST and
DIl-D is that despite the very hollow current profiles, the q profiles remain monotonic in the ST with
0o ~ 4, corresponding to the WCS regime. With the wall stabilization and profile control physics being
sought in DIII-D, the ST is predicted to support 3y valuesin the range 8 to 10 and B+ ~ 50% with 100%
bootstrap current. These results optimize in the elongation range 3 to 4 in the ST, which is much beyond
the elongation that can be investigated in DII1-D. Neoclassical tearing mode physics is also important in
the ST owing to the high beta. Such modes are predicted to be stable owing to the large central g and to
the unusually large value the stabilizing Glasser term acquires at |ow aspect ratio.

The turbulence suppression by sheared ExB flow is vita to the ST abtaining the high values of con-
finement enhancement that are needed. Owing to the high plasma pressure and low toroidal field in the ST,
the diamagnetic term in the turbulence shearing rate wexg becomes very large. In high beta ST equilibria,
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we find wgyg in the range 3 to 30 MHz whereas values of 100 kHz suffice to produce transport barriers
with residual neoclassical transport in present tokamaks. We have performed 1-D transport studies for the
ST which incorporate a full calculation of local wgxg and suppress the anomalous transport where Wexg
exceeds the turbulence decorrelation rate Acot. We find that with some reduction in Awy to 60 kHz (from
100 kHz at A = 2.5), we get sufficiently good transport barriers to support B+ ~50%. The maximum
growth rate Y of turbulent modes is often used as an upper bound to Awy and Rewoldt [Rewoldt (1996)]
has predicted such reductionsin 'y at low aspect ratio. The experimental and theoretical work in DIII-D on
determining the dependence of Y and/or Awy on local plasma parameters such as the magnetic shear and
temperature and density gradient scale lengths will be important in determining the quality and radial loca
tion of transport barriersin the ST.

The ST line also motivates strongly the Advanced Divertor and radiative mantle research in DIII-D.
The ST can use the most advanced results from the divertor research in DIII-D to achieve the highest
possible radiation in the divertor, but even then, most of the power must be radiated from a core plasma
mantle. With most of the current flow near the outer midplane edge of the plasma and that current coming
from a fully aligned bootstrap current profile, the conflict we discussed above for ARIES-RS between
mantle radiation and a collisionless plasma edge becomes even more acute in the ST. Moreover, owing to
the absence of inboard PF coils, the ST will probably require an inboard limited plasma in which to work
out the conflict between the collisionless, possible second stable H-mode edge and the mantle radiation.
This research line in DIHI-D presently springs from the encouraging results from the TEXTOR RlI-mode
(and from TFTR recently obtaining RI-mode) but its ultimate use is probably in the ST.

Since an OH transformer cannot be installed in an ST, the research to establish full transformerless
operation is mandatory. It appears that DII1-D iswell suited to undertake this new research thrust. Plasma
initiation using only outer PF coils or coaxial helicity injection is being investigated, with ECH assisting
for either preionization or current drive. Experiments on current ramp-up by bootstrap overdrive (boot-
strap fractions over 100%) with assist from ECCD and FWCD are planned. The effort to ramp-up the cur-
rent noninductively is a particular driver of the long pulse capability in DIII-D; it takes 5 to 10 s time
scales for the back EMF to decay away. The key physics issue here is the stability of neoclassical tearing
modes as the current is ramped up, anissue more difficult for DIl1-D than the ST, as discussed above. Of
course, steady-state sustainment of the current and the AT profiles has long been and continues to be anaim
of the DII1-D Research Program.

Because the aspect ratio of the ST is so different from DIII-D, it is difficult to construct a dimension-
less parameter connection. However, we have done so and the results have some surprising implications.
We have taken the view that the higher aspect ratio DII1-D plasma simulates the core of the lower aspect
ratio ST plasma. We match up dimensionless parameters on a flux surface that has the same local inverse
aspect ratio € in the ST and DIII-D. We chose the flux surface with local € = 0.3 which givesr/a=0.4in
the ST and 0.75 in DIII-D. The local plasma parameters can then be scaled to give the same or scaled
local 3, v, and p«. The safety factor profile is chosen to be the same over the entire range of overlap of
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the two machines in local €. The g profile in the ST must be continued out to the edge, which results in
the edge q being substantially different between the ST and DI1I-D, but the DIl1-D plasmais matched to
the core of the ST plasmain this way. Table 2.4-8 shows an ST pilot plant in the first column and various
projections to DIII-D in the other three columns. The ST pilot plant chosen was rather sub-optimal since
we had to choose a low elongation of 2 to match up to DIII-D. Unlike the other machines discussed
above that are connected to DIlI-D mainly along avarying ps path, the ST is connected to DII1-D along
avarying 3 path with the ratio of 3 (DI11-D/ST) in the range 0.15 to 0.2. It was also necessary to vary p«
a bit with the ratio of p« (DIII-D/ST) = 1.6 to 2. For the transport power and confinement time scaling,
no dependence on aspect ratio or B was assumed and either a Bohm or gyroBohm assumption was made
for the small p« extrapolation. The parameters called for in DIII-D lie within the range of the DIII-D
plan. AT core performance, By ~3.5t04.5and H ~ 2.51t0 3.5, iscalled for but at lower edge g than sce-
narios for the higher aspect ratio machines discussed above. Surprisingly, the densities called for are still
less than 40% of the Greenwald limit.

We provide in Table 2.4-9 a summary of the important research contributions that can be made by
DIl-D in support of the ST path.

2.4.5. RESEARCH IMPLICATIONS FOR DHI-D FROM A LOOK AT FUTURE
TOKAMAK POSSIBILITIES

Our examination of the issues raised for DIII-D research by possible future tokamak initiatives and
how to connect DIII-D’s parameter regime to the regimes of these future machines has shown substantial
overlap in both DIII-D’s achievable parameters and in the research aims and goals of the DIII-D
Program. One overall surprising result is that for all four future paths discussed above, the dimensionally
similar plasma in DIII-D has a low density, less than 50% of the Greenwald density limit. While it is
advantageous from the viewpoint of current drive efficiency to position DilI-D’s core plasma studies in
this very collisionless regime, it places great demands on the divertor program to develop advanced
physics techniques to achieve radiative, detached divertors under conditions of high power flux and low
plasma density. We have also found motivation for study of radiating plasma mantle scenarios, with all
the attendant conflicts that must be worked out with the edge bootstrap requirements and the properties of
the H-mode shear layer. We must also utilize strong additional electron heating to make T, = T; in
DIlI-D. Many challenging research tasks lie ahead.
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TABLE 2.4-8
[3 ScALING FROM AN ST PiLoT PLanT 1o DIII-D

Quantity Definition Units Source DIlI-D DIlI-D DIlI-D

Ro Major radius m 14 1.67 1.67 1.67

a Minor radius m 1.0 0.67 0.67 0.67
Aspect ratio 1.40 2.49 2.49 2.49

K Plasma elongation 2.2 2.2 2.2 2.2

0 Plasma triangularity 04 0.4 0.4 0.4

By Toroidal field, on axis T 2.48 1.45 1.45 1.12

ly Plasma current MA 10.50 2.01 2.01 1.63

T(0) lon temperature keV 15.00 6.92 6.92 6.39

Te(0) Electron temperature keV 15.00 6.92 6.92 6.39

n(0) Electron density x1020/m3  2.76 0.42 0.42 0.36

“Ingr Ratio to Greenwald limit 0.66 0.24 0.24 0.25

Zogt 1.00 1.00 1.00 1.00

W Stored energy in plasma ~ MJ 80.0 3.02 3.02 2.38

Pheat Total heating power MW 98.2 4.1 6.5 1.7

Ptusion Fusion power MW 437.0 0.00 0.00 0.00

Tg Energy confinementtime s 0.816 0.743 0.464 0.309

Ptrans Transport loss power MW 73.6 3.0 4.9 5.8

Tg, trans T, transport only S 1.087 0.725 0.453 0.302

TE_93H Tg, transp ITER-93H 0.211 0.252 0.184 0.117

H Ratio to ITER-89P 6.771 3.517 2.781 2.505

Dimensionless Parameters

Br Toroidal beta 0.359 0.074 0.074 0.098

Bp Poloidal beta 1.46 1.26 1.26 1.52

By Normalized beta mT/MA 848 3.56 3.56 4.52

(3 ratio 1.00 0.15 0.15 0.20

Alpha beta Beta exponent 0.00 0.00 0.00 0.00

q Safety factor 5.56 3.81 381 381

Pe p,eat Te 1.49x10704  259x10-04 259x10-04 3.23x10-04

[X p,iat T 6.36x10-93  1.10x10-92 1.10x1002 1.37x10-02

Vo v, eat T 2.39x10703 333x10703 3.33x10-03  3.33x1003

v, v iat T, 1.69x1093  2:35x10-03  2.35x10703  2.35x10-03

p, ratio 1.60 1.60 2.00

Alpha p P, exponent 0.00 1.00 1.00

Confinement Scaling Type Bohm GyroBohm - GyroBohm
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TaABLE 2.4-9
DIII-D CoNTRIBUTIONS TO THE ST PATH

Issue DIII-D Contributions to the ST Path

Core Confinement 1. Dimensionless scaling, especially beta scaling, of advanced confinement
regimes, especially the WCS regime.

The physics of interior transport barriers, especially the role of ExB shear.

Experimental and theoretical work on the connection of the turbulence
decorrelation rate to local plasma parameters.

Core Stability 1. The role of wall stabilization in allowing higher beta and high, well aligned, edge
bootstrap fractions.
WCS g profiles, low edge g values, and very broad pressure profiles.
Research on neoclassical tearing modes, especially the Glasser term.

H-mode Shear Layer 1. Allowable edge pressure gradients for stability and possible second stable

edge access using inner wall limiter plasmas.

2. Allowable plasma mantle radiation consistent with the required plasma edge
confinement quality, collisionality, and bootstrap current alignment.

Divertor Research 1. Find ways to increase divertor radiation at fixed upstream parameters (impurity
enrichment, convective heat transport, noncoronal equilibrium radiation,
non-Maxwellian effects, 2-D heat flow effects).

2. Develop the radiating plasma mantle solution to power exhaust.

Transformerless 1. Develop means of initiating and ramping up the plasma current without an
Operation OH transformer.

2. Develop the physics basis for ECCD, FWCD, and high bootstrap fraction
steady-state plasma sustainment.

In Table 2.4-10, we give an overall recapitulation of the research issues that are raised by looking
toward various future tokamak possibilities and an indicator to which machine path the issue primarily

applies.
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Stambaugh, R.D., et a., “The Spherica Tokamak Path to Fusion Power,” General Atomics Report GA-
A22226, submitted to Fusion Technol ogies (1996).

Rewoldt, G., et al., Phys. Plasmas 3 1667 (1996).
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TaABLE 2.4-10

DIll-D CoNTRIBUTIONS TO FUTURE TOKAMAK PATHS

(IT = ITER, RS = ARIES—RS, IG = IGNITION, ST = SPHERICAL TOKAMAK)

Issue

DIII-D Contributions to Future Tokamak Paths

Applies To

IT

RS

IG

ST

Core Confinement

. Dimensionless scaling with 3, v

g, and p, of

2
advanced confinement regimes:
¢ In ITER’s shape and regime.

* In the NCS regime.

* In the WCS regime.

. Theoretical and experimental tests of the stiffness of

various core plasma transport models.

. The physics of interior transport barriers, the role of

ExB shear and rotation.

. Experimental and theoretical work on the connection of the

turbulence decorrelation rate to local plasma parameters.

Core Stability

. The role of wall stabilization in allowing higher beta and

high, well-aligned, edge bootstrap fractions.

. Profile optimization for high By
. WCS q profiles, low edge g values, and

very broad pressure profiles.

. Research on neoclassical tearing modes at low collisionality,

especially the Glasser term, and the use of ECCD for
stabilization.

H-mode Shear
Layer

. Experiment and theory work on the structure of the shear

layer (pedestal height, width of layer, local plasma param-
eters, effects of neutrals).

. Local parameter requirements and a theory for the

L-H transition.

. Local requirements and a theory for avoiding the H-L

transition.

. Allowable plasma mantle radiation consistent with the

required plasma edge confinement quality, collisionality,
and bootstrap current alignment.

. Allowable edge pressure gradients for stability and possible

second stable edge access using inner wall limiter plasmas.

. An understanding of how the separatrix density is determined.

Density Limits

. Elucidation of the basic physical processes that limit

plasma density.

Divertor Research

. Elucidate the basic physics mechanisms active in the

SOL and divertor so they can be incorporated in codes.

. Find ways to increase divertor radiation at fixed upstream

parameters (impurity enrichment, convective heat trans-
port, noncoronal equilibrium radiation, non-Maxwellian
effects, 2-D heat flow effects).

. Develop the radiating plasma mantle solution to power

exhaust.

Transformerless
Operation

. Develop means of initiating and ramping up the plasma

current without an OH transformer.

. Develop the physics basis for ECCD, FWCD, and high

bootstrap fraction steady-state plasma sustainment.

General Atomics Report GA-A22950

2421



Project Saff THE DIH-D FIvE-YEAR PROGRAM PLAN 19992003

2.5. THE DIII-D NATIONAL FUSION FACILITY — STATUS AND UPGRADES

OVERVIEW OF CURRENT CAPABILITIES

DIII-D Nationa Fusion Facility provides the capability to carry out a wide range of the-art tokamak
experiments. At the heart of the facility is the DIl1-D tokamak, which is capable of operating at plasma cur-
rents up to 3.0 MA with amagnetic field of 2.2 T. The DII-D tokamak is renowned for its research in high-
ly noncircular limiter and divertor plasma configurations. Substantial plasma heating and current drive capa-
bility is available from 20 MW (delivered) of neutral beam heating, 6 MW (source) of ICRF power and
2 MW (source) of ECRF power (3 MW at end of FY 98). The DIlI-D diagnostics set provides over 50 diag-
nostic systems capable of providing definitive measurements of plasma parameters in the core, edge, and
boundary regions of the plasma. Control of the tokamak, heating systems, and auxiliaries is managed
through a set of interconnected computers.

Operation of the DIII-D facility is the responsibility of GA, who provides the core operational engi-
neering and technical staff, along with the appropriate infrastructure to organize the effort. Many collabo-
rators in the DIII-D Program participate in operational activities including, in particular, the design,
installation, and operation of diagnostics and plasma systems such as rf heating, pellet injection, etc. GA
is responsible for coordinating and focusing these efforts, ensuring safety, and maintaining appropriate
levels of quality.

The DIII-D facility provides over 100,000 sg. ft. of floor space on a ten acre site dedicated to
support the activities of the DIII-D Program and its collaborators (Fig. 2.5-1). The DIII-D tokamak is
located at the heart of the facility (Fig. 2.5-2) with the many support systems, utilities, and diagnostics
arrayed around it.

In the years 1998 and preceding, the DII1-D facility operated for research from 8:30 a.m. to 5:00 p.m.
with technical staff arriving up to two hours earlier to prepare and stay afterward for shutdown. Research
operations have been carried out on a five-day-a-week basis for three weeks of operation followed by two
weeks of maintenance, calibration, and testing. In addition, longer shutdowns are sometimes needed for
major maintenance tasks. Typically one longer period is set aside each year for new installations and
major refurbishments. In recent years, the number of operating weeks has been limited by funding
(8 weeks in FY97 and 13 weeks in FY 98 compared to up to 27 weeks earlier). The number of operating
hours per year could readily be increased by a factor of two or more with appropriate funds.

The tokamak is housed within the machine hall, which provides access control during operations and
provides radiation shielding to alow deuterium to be used as fuel in the tokamak. Within the machine
hall, the tokamak is surrounded by heating systems, most notably the large neutral beam lines, diagnostic
systems, and other auxiliary systems.
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Fig. 2.5-1. The DIII-D tokamak facility spans a half city block.
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Fig. 2.5-2." The heart of the facility is the DIII-D tokamak with its many support systems, utilities and diagnostics.
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The DII-D tokamak uses conventional water-cooled coils to provide the magnetic field configura-
tion. The coil systems are designed to operate in a pulsed mode with the joule heat stored in the coil mass
during the discharge and removed in the ten minute interval between discharges. They routinely operate
at full 2.2 T toroidal field and at 2 MA plasma current for a discharge flat-top duration of 5 s (Fig. 2.5-3).
This can be readily extended to 10 s with modest upgrades of the coil system connections, feeds, and
power supplies. Operation for longer duration at lower field and plasma current is also possible. The
DIlI-D coil configuration is noteworthy for its 18 independently controlled poloidal field shaping cails,
each powered by an independent current regulator. These coils shape the highly noncircular plasma cross
sections which are typical of the DII1-D Research Program. Lastly, thereis aset of six 5 m? picture frame
coils mounted in a belt around the midplane which correct the residual error fields due to anomaliesin the
magnetic field configuration.

A graphite first wall covers the entire interior plasma facing surface of the vacuum vessel (Fig. 2.5-4).
Graphite is an effective choice because it has low atomic mass so that sputtered graphite entering the plas-
ma has little impact, it has good thermo-mechanical properties in contact with the hot plasma, and it has
good thermal conductivity. Graphite tiles are directly mounted to the chamber wall to provide cooling in
the period between discharges. The first wall is conditioned for operation by first baking and outgassing
under vacuum at 350°C. The wall is then coated with a fine layer of boron (boronization) which serves
largely to getter oxygen in the vessel. Finally, helium glow discharge cleaning is used in the interval
between discharges to clean and degas the wall surfaces before the next discharge.

Also, located at the top and bottom of the plasma chamber, are baffled cryopump systems designed to
pump away excess neutral gas at the edge of the separatrix flux surface of divertor plasmas. The upper and
lower divertor cryopumps are illustrated in Fig. 2.5-5. These pumps operate at liquid helium temperatures
and actively pump both the plasma fuel gas and all volatile impurities during the discharge. They also have
the capability of substantially lowering the plasma density. The cryopump at the bottom of the plasma
chamber is optimized to pump the edge of single-null divertor discharges with low triangularity prototypi-
cal of ITER. The pump at the top of the chamber is optimized for pumping at the edge of the upper null of
highly triangular double-null divertor discharges. Each cryo-pump has a capability of 40,0001/s. The D, is
defrosted from the pumps during the helium glow between discharges and the pumps are fully defrosted
and outgassed during nonoperational periods.

Substantial auxiliary heating is provided to heat the tokamak discharges to the temperatures needed to
achieve the conditions appropriate for efficient fusion reactions and to facilitate driving currents in the
plasma The capabilities of these heating systems are summarized in Table 2.5-1. The neutral beam sys-
tems are the workhorse of day-to-day operation. They are routinely available on demand to provide heat-
ing at their design levels. They have also become an important source for a number of diagnostics includ-
ing ion temperature, current profile, and turbulence. The ICRF system is fully operational and experiments
are underway to refine techniques to couple the power to the plasma. The 110 GHz ECH system has been
commissioned and has been used in plasma experiments.
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Fig. 2.5-4. The entire DIII-D first wall is graphite.
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An ensemble of more than 50 diagnostics is
used to characterize DIII-D plasmas. These diag-
nostics provide a set of data unparalleled anywhere
in the world. Measurements of core, edge, and
boundary parameters allow the scientists to ana-
lyze the key facets of plasma behavior. They typi-
cally provide measurements of the spatial distribu-
tion of plasma parameters continuously throughout
the discharge duration.

An extensive array of computer systemsis used
to operate the tokamak and auxiliary systems, col-
lect the data, and carry out the analysis
(Fig. 2.5-6). These computers are interlinked in a
network that effectively applies these resources to
the needs of the program. The tokamak control
computer provides for control and monitoring of
the entire operating cycle. Critical safety limita-
tions are applied with hardwired systems. The heat-
ing systems are separately controlled. The acquisi-
tion and archiving of data is controlled by another

computer that serves as the hub of a large network

of computers, both at GA and off-site, used to pro-

vide storage and analysis of data. In addition, an Fig. 2.5-5. The upper divertor cryopump is optimized to

array of computers is used to operate, manage, and
analyze the data for the diagnostics.

TABLE 2.5-1

POWER TO PLASMA OF AUXILIARY HEATING SYSTEMS (JUNE 1997)

pump highly triangular double-null divertor discharges.

Pmax Duration P(10s)
System (MW) (s) (MW)
Neutral beams  LBL 80 kV 20 3 8
ICH ABB 30-55 MHz* 2.8 20 2.8
FMIT 30-60 MHz 1.4 >10 1.4
ECH (110 GHz)  Gycom gyrotron 0.75 2 0.15
CPI gyrotron 0.80 0.8 0.24

*The rf power must be decreased above this frequency (to 20% at 120 MHz).
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DIlI-D Fusion Computer Systems
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Control Systems

Sun, SunOS, Plasma control
Modcomp, Realix, tokamak control
Modcomp, Realix, NB control

Sun, Solaris, ICH control

DEC alpha, DEC UNIX, ECH control
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Modcomp, Realix, general DAQ
Sun, SunOS, Langmuir probe

HP, Bolometer

Sun, SunOS, CER

HP, HP-UX Thomson scattering
Microvax, VMS pellet injector
Vaxstation, VMS, Langmuir probe
Microvax, VMS, Lithium beam
Microvax, VMS, Langmuir probe
Microvax, VMS, spectrometer
Microvax, VMS, Thomson scattering
Microvax, VMS, reflectometer
Microvax, VMS, spread

Microvax, VMS, CER

DEC alpha, VMS, BES

Real Time Data Processing/Analysis
HP, HP-UX, Thomson Scattering
VAXstation, VMS, MFIT calc.

VAX, VMS, data collection/archiving
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VAXstations, VMS, cluster control
SGl, IRIX, audio/video
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:l network switch
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Fig. 2.5-6. An extensive array of computer systems operates the tokamak and collects and analyzes the data.

General Atomics Report GA-A22950

257



THE DIII-D FIVE-YEAR PROGRAM PLAN 19992003 Project Saff

The plasma control system provides state-of-the-art high speed digital control of the plasma cross-
sectional shape (magnetic configuration) and key plasma profile parameters. This system uses multiple
input multiple output control technology that allows the wide range of plasma shapes studied in the
DIlI-D Program to be routinely operated on a shot to shot basis. Recently the implementation of isoflux
control has provided realtime control of the plasma boundary using realtime calculation of the MHD
equilibrium to evaluate the plasma configuration. The system has the capability for integrated control of
the plasma profile parameters using diagnostic measurements as inputs. The system also serves as a plat-
form for the seamless addition of control functions for other parameters such as the plasma density, total
energy, or coupling to the ICRF antenna.

The gas puff system and pellet injector provide for control of the plasma fueling. The gas system pro-
vides a completely programmable source of a diverse range of gases to initiate the discharge and fuel it
from the edge during the pulse. The pellet injector provides fueling deeper into the plasma by injecting
high velocity pellets of frozen fuel gas from the plasma edge. The injector is capable of delivering a con-
tinuous stream of pellets during adischarge.

A substantial number of more utilitarian systems are necessary to operate the facility. Prime power for
the auxiliary heating systems is taken from the local utility power mains. The power for the coil systems
is supplied by one of two flywheel energy storage motor generators (525 MVA and 260 MVA). These
generators are spun up to full energy between discharges and then the energy is drawn out during the 10 s
of the discharge. The coils are powered by a set of phase controlled power supplies. In the case of the
plasma shaping coils, there is a series switching current regulator in series with each. The auxiliary heat-
ing systems are powered by 12 high voltage power supplies each typically capable of 6 MW of power.

A 150 I/h helium liquifier provides the cryogenic helium needed to support operation of the neutral
beamlines, ECH magnets, pellet injector, and divertor cryopumps. A substantial water conditioning sys-
tem supplies the high pressure, high purity water needed to cool the coils and other systems.

Operation of the tokamak with deuterium fuel results in significant neutron production. These neu-
trons create a need for radiation monitoring and control. The radiation shield forming the wall and roof of
the machine hall reduces the radiation levels sufficiently to allow the facility to be operated with accept-
able exposure to the public and workers. Radiation levels at the site boundary are limited to 40 mRem/yr
by agreement with the DOE. Radiation levels for staff are limited to 5000 mRem/yr by the NRC and
internally to 400 mRem/qtr. The facility is operated within the ALARA principles in order to keep radia-
tion doses as low as reasonably achievable. The quarterly site radiation levels are summarized in
Fig. 2.5-7.

The radiation shielding of the DI1I-D facility is adequate to carry out the proposed plans. Presently the
radiation dose at the site boundary for the typical shift-week of operation is 0.5 mRem. Thus, the facility
can be operated for roughly 80 shift-weeks at the present level without exceeding our DOE guideline. In
this plan, we propose to increase the total power available by increasing the rf power and the pulse duration.
The additional power, if used in addition to the beam power, will increase the radiation levels abeit not to
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Fig. 2.5-7. Quarterly boundary radiation levels show the site is maintained well below the
40 mrem operating limit.

as high alevel asif the increase was in neutral beam power since there are no beam-thermal contributions
to the dose for rf heating. The increase in pulse length will aso increase the radiation from a given dis-
charge. However, the present plan is to apply the 16 MW 5 s neutral beams serially so that the maximum
beam power is 8 MW for 10 s. The rf is anticipated to be capable of 10 s operation. Lastly, it should be
noted that with long pulse operation, the repetition rate will likely decrease somewhat, lowering the total
dose during a given day.

OVERVIEW OF THE DIII-D FACILITY UPGRADES, IMPROVEMENTS, AND REFURBISHMENTS

Development and evolution of the capabilities of the DIII-D facility has been the key to the success
of the DI1I-D Program in the past, and continued development of the facility is necessary if the research
program is going to address the emerging scientific issues of the future. Not surprisingly, development of
the facility is expected to proceed along a number of fronts in order to meet the scientific challenges of
the program. The facility development consists of

o Magjor baseline upgrades (capital projects that have been costed as upgrades in the Volume |V,
Cost Proposal).

— Contingency upgrade options (projects not costed in Volume |V, Cost Proposal).

o Facility improvements and refurbishments (activities costed as part of Tokamak Research in
Volume |V, Cost Proposal).
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These activities would take place over the duration of the proposed five-year period. The presently pro-
posed timeline for baseline upgrades and contingency optionsis shown in Fig. 2.5-8.

The proposed development of the facility has been refined from ideas developed within the DIHI-D
National Program and new ideas from the Dill-D Program staff, both GA and collaborator. The proposas
presented here were further refined from inputs presented at a workshop held at GA in February 1997.

Upgrades to the tokamak would provide longer pulse lengths and provide new heating, divertor, and
fueling systems. The development of the ECH and ICRF will include increasing power and improving
antennas to carry out the advanced tokamak program. Development of the divertor configuration will pro-
vide continued understanding and refinement of the divertor. Various magnet systems will be upgraded to
allow a 10 second pulse length. Similarly, the data acquisition and analysis computer systems will continu-
aly evolve to support the evolution of the increasing diagnostics and analysis capability. The diagnostics
systems will evolve with the understanding of the tokamak in order to provide the essential measurements
to further physics understanding. Progress on the control of the plasma has gone hand-in-hand with
improved confinement and stability and further progress will be required to achieve the goals of the
research program.

Cy1l Cy2 CY3 CY4 CY5 CY6
1999 2000 2001 2002 2003 2004

Upgrade Activity Name

ECH
6 MW, 110 GHz p
10 MW, 110 GHz
Divertor [ First Wall
Upper M
Lower, INST OPS
Magnet Pulse Length W_ OPS
External Non-Axisymmetric Coils (RO) @
Divertor Upgrade Options

43 cm Slot Divertor

Convective Radiator Divertor
Helicity Injector

Tungsten Divertor
B,C Wall
Internal Non-Axisymmetric Coils
8 MW ICRF
Comblines For MCCD ICRF
Folded Waveguide ICRF
Neutral Beam Options
Counter Neutral Beamline
Off Axis Neutral Beam
Tangential Neutral Beam
Diagnostic Neutral Beam

1999 2000 2001 2002 2003 2004

Fig. 2.5-8. Proposed facility development incorporates ideas from GA, collaborators and the February, 1998 workshop.

25-10 General Atomics Report GA-A22950



Project Saff THE DIH-D FIvE-YEAR PROGRAM PLAN 19992003

Electron Cyclotron Heating and Current Drive. The 110 GHz electron cyclotron heating and current
drive power will be increased first to 6 MW and then 10 MW for 10 s pulse lengths. This will require the
initial installation of an additional three (followed eventually by another four) gyrotrons and the associat-
ed power equipment. In order to attain our goals, gyrotrons capable of 10 s operation will be procured.
The launchers at the tokamak must be upgraded to 10 s operation and additional launchers installed. The
upgradesto al of the heating systems are summarized in Table 2.5-2.

TABLE 2.5-2
PoweRr CAPABILITY OF HEATING SYSTEMS AFTER PROPOSED UPGRADES ARE COMPLETE

Power (MW)
System 5s 10s
Neutral beams 16 8
ECH 10 10
ICRF 8 8

Divertor Systems. The evolution of the in-vessel divertor systems has been key to understanding and
improvement of the divertor configuration. The proposed work begins with the completion of the present
Radiative Divertor Program. First the private flux baffle and cryopump for the upper null will be
installed. Then the lower divertor hardware will be installed, completing the Radiative Divertor Program.

Following this, several optiona steps might be envisioned to optimize the configuration by modest
changes in the details of the divertor region, including perhaps another major revision, the convection
divertor. We will also pursue the understanding and development of effective divertor materials for ITER
or other devices.

Magnet Pulse Length Upgrade. Upgrading the present nominal pulse length of 5 s at full fieldto 10 s
is modest to implement because much of the capability is already built into the coil systems and power
supplies. This upgrade would provide a more suitable discharge length for carrying out experiments to
modify and control the plasma profiles. It would also allow more secondary experiments to be carried out
during the longer discharge. The upgrade consists largely of increasing the capability of the busswork for
the coils. The plasma heating would be provided by a combination of the neutral beam systems run in two
groups serialy for 8 MW of power and the ECH and ICRF systems which will have been separately
upgraded to meet these capabilities. Owing to the reduced total power level of the heating systems and
the more efficient use of the thermal capacity of the first wall and vessel, the vessel thermal capacity is
adequate. The diagnostics can be upgraded to these longer pulse lengths with conventional extensions of
their local memory.
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Computer and Data Systems. The data acquisition system will require continuous upgrades to meet the
demands of new and improved diagnostics and more sophisticated analysis techniques. The machine con-
trol and neutral beam heating computers have been recently upgraded and will likely serve, with minor
modifications, through this plan period. The data acquisition systems are already at their capacity and
upgrades of CPU, storage, and CAMAC interface systems will be expanded. The network connections
within GA and to the user community will be upgraded to 100 Mb/s. Further integration of remote users
into the DII1-D Program will require the development of specialized tools to facilitate further interaction
with the database and on site scientists. This will also include increased ability to operate DIII-D from
remote sites (already demonstrated from LLNL).

In order to improve the effectiveness of the DIII-D Program, and to better facilitate the participation
of our collaborators, a new database and database management system for access to and analysis of shot
datais being developed for the DIII-D Program and it is anticipated that this activity will continue. This
activity will include a comprehensive common database, improved access to the
database, a modern database management code, user friendly codes for analysis and visualization of the
data, and the development of a set of common interlinked tools.

Diagnostics. The diagnostic systems on DIII-D are presently the best in the world. However it will be
necessary to continue to develop the diagnostic system to provide the capability to address emerging
research issues, and to support the changes in other hardware systems either by modifying systems to func-
tion following changes in the vessal configuration or to provide new capability to address the issues posed
by the new hardware. The installation of the lower radiative divertor components will necessitate the recon-
figuration of a number of diagnosticsto move their field of view inward.

The DIMES diagnostic will be expanded to additional locations to provide greater understanding of
materials at the plasma edge. This would be followed by the installation of more suitable materials in the
divertor region (possibly tungsten) and the use of more suitable coated tilesin the main chamber (possibly
B4C or Si doped graphite).

A number of diagnostics modifications will also be undertaken to improve the diagnosis of the core
plasma. New diagnostics will be implemented to better understand electron transport and turbulence.
These include measurements of small scale turbulence, magnetic field fluctuations, and temperature fluc-
tuations. A Thomson Scattering System to measure the central electron temperature will complement the
present detailed measurements of the outer three-fourths of the plasma. 3-D equilibrium reconstruction
will provide a means of reconstructing the magnetic configuration without the present limitation of the
assumption of axisymmetry. A new diagnostic is proposed to measure the current profile at high densities
where present techniques become ineffective. This would benefit both DIII-D and ITER. Lastly, we pro-
pose to implement a new technique to enhance the performance of beam emission spectroscopy diagnos-
tics by using an auxiliary laser to pump the observed atomic transition.
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Tokamak Systems. Other tokamak systems can aso be improved to better meet the needs of the pro-
gram. Improved pellet fueling systems would provide more effective fueling of the torus. Plasma control sys-
tem development will focus on developing feedback control systems for the plasma profiles as part of the
existing state-of-the-art plasma control architecture. Nonaxisymmetric coil configurations are proposed for
both outside and inside the vessel to stabilize destructive plasma instabilities and to affect the plasma edge. A
specialized liquid jet or pellet system to ameliorate the undesirable energy fluxes following a disruption
could be developed (option).

lon Cyclotron Heating (Option). The ion cyclotron heating system may be upgraded from 6 to 8 MW
(source) by the addition of an upgraded FMIT transmitter from PPPL. To accommodate this power and to
provide long pulse capability, the least capable antenna in the machine would be replaced with a folded
wave-guide launcher previously developed at ORNL. It is also proposed to investigate the installation of
combline antennas on the interior wall of the vacuum vessel to provide mode conversion current drive.

Neutral Beams for Rotation Control and Diagnostics (Option). No major upgrading of the neutral beam
capability is planned, but it is proposed (option) that one beam line be rotated to the counter-injection posi-
tion so that it could be used in conjunction with the remaining three co-injecting beam lines to better
understand and vary the momentum injected into the plasma and to control the rotation of the plasmain
particular. This change would require a major modification of the beam line structure and the systems in
the surrounding area.
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2.5.1. ELECTRON CYCLOTRON HEATING AND CURRENT DRIVE SYSTEMS UPGRADE

Work presented in Sections 2.2 (Advanced Tokamak Program), 2.3.1 (Confinement Science and
Transport Barrier Control), and 2.3.4 (Science of Plasma Current Generation and Heating) shows that
6 MW and possibly up to 10 MW of source ECH power will be required to achieve the science goals of
the DIl1-D Program. Detailed computer modeling shows that this power can drive sufficient current off-
axis, when combined with bootstrap current, to generate steady-state current profiles which are consistent
with advanced tokamak performance at densities suitable for effective heat removal. This section
describes the hardware upgrades needed to carry out this program.

2.5.1.1. PRESENT STATUS OF ECH SYSTEMS. At present, we have two 110 GHz gyrotrons operating at a
nominal 1 MW (source) power level. The first gyrotron is made by Gycom in Russia. It has an edge-cooled
window of boron nitride which limits the pulse length to 2.0 s at a power level of 1 MW. It has achieved
power levels of 960 kW for 2.0 s pulses in tests in Russia. The other gyrotron is made by CPI (formerly
Varian). It has a face-cooled window of sapphire which limits the power to 1 MW for 0.8 s or 0.5 MW for
2 s. Both vendors indicate their designs are cw compatible except the window. These gyrotrons have inject-
ed power into DI1I-D through the transmission system, and the beam patterns and locations generated in the
vacuum vessel correspond approximately to those expected from the theory of Gaussian beam propagation
and from vacuum ray tracing using a 3D computer model. A third 1 MW gyrotron is expected from CPl in
late 1998.

The transmission system for these gyrotrons is evacuated corrugated waveguide of diameter
31.75 mm propagating the HE;; hybrid mode. Presently there are four launchers on the DIII-D toka-
mak, each capable of launching 1 MW of ECH power. Each launcher comprises a 60.3 mm diameter
corrugated waveguide launcher, a fixed focusing mirror located about 30 mm from the termination of
the waveguide, and a steerable flat mirror that can be pivoted poloidally so the rf beam can be aimed at
any elevation between the plasma center and the upper edge. They are tilted off-normal by 19 deg in the
toroidal direction so that the rf beam is launched in a manner which will drive toroidal plasma co-cur-
rent near the cyclotron resonance. The steering in the toroidal direction can be changed, but only during
a vent of the vacuum vessel. The present mirrors are tilted 19 deg in the toroidal direction in order to
generate co-current drive.

Power supplies for the gyrotrons are modified neutral beam supplies. A single neutral beam power sup-
ply has sufficient power to support the operation of two 1 MW gyrotrons. However, Gycom gyrotrons
operate near 72 kV and CPI gyrotrons operate near 80 kV, so gyrotrons of mixed brands cannot be operat-
ed by a single supply. At present, we use a modified MFTF neutral beam supply for the Gycom gyrotron
and amodified DI1I-D Universal Voltronics Corporation (UVC) neutral beam supply for the CPI gyrotron.

2.5.1.2. UPGRADE TO 10 MW OF ECH POWER (BASELINE). The upgrades to the ECH system during the
next five-year period will be based upon the designs developed and tested on the three 1 MW 110 GHz
ECH systems being installed presently. Upgrades to 6 MW, and subsequently to 10 MW if the physics
necessitates more power, have been considered. The final system is designed to achieve a pulse length of
10 s, for which development of a suitable gyrotron by one of the major gyrotron developers (CPI, Gycom,
Thomson, or Toshiba/JAERI) is a key issue. A detailed description follows of what would be added or
changed to support an upgrade to 6 MW and 10 MW.
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ECH Power Supplies. At present, two more MFTF power supplies are available on site. The
transformer/rectifier systems have been placed on concrete pads in the DIII-D switchyard but not yet
connected to the incoming power lines or to the DIII-D building. To support the 6 MW ECH system the
existing modulator/regulator needs to be repackaged to fit into a room 10 x 21 ft and the other two
mod/regs would also need to be similarly condensed. There is no technical problem in doing so, but sig-
nificant work is required. To go to 10 MW, two more MFTF power supplies will have to be obtained from
LLNL and installed.

A new underground duct bank will have to be installed to bring the high voltage conductors from the
transformers to the DIII-D building. Also if pulses longer than a few seconds are needed, the ac power
substation will need to be expanded.

Gyrotron System. A gyrotron system consists of the gyrotron, the superconducting magnet, the high
voltage oil tank which houses the high voltage feed, filament power supply, diagnostics, protective cir-
cuits, the water cooling manifold and instrumentation, the collector coil and power supply, and the trans-
mission line interface unit. For both the upgrade from 3 to 6 MW and 6 to 10 MW, most of this equip-
ment will be new and will have to be either procured or manufactured, but in general it will be identical
to the equipment already in use. In addition to the hardware for each gyrotron system, a support structure
and other auxiliary equipment will be needed.

Considerable gyrotron development is needed to make this task successful. The present gyrotrons do
not have windows that allow them to operate at full power for more than a second or two and they have
not been demonstrated in 10 s operation. Several promising window concepts are being developed at vari-
ous laboratories around the world, including variants of the “distributed’ window developed at GA, and a
promising concept utilizing an edge-cooled diamond disc. Progress on windows made of polycrystalline
diamond has been spectacular over the last year. The diamond discs are made by a variant of chemical
vapor deposition, and diamond windows of diameter up to 5 in. and thickness 0.080 in. have been made.
Diamond discs have now been tested which have extremely low absorption and high thermal conductivity.
High power tests of a CPI gyrotron with adiamond window is expected at DI11-D in late 1998.

Transmission Line. Two new transmission lines, plus some additional components, will be needed for
the 6 MW system, and an additional four transmission lines will be needed for the 10 MW systems. They
will beidentical to the present corrugated evacuated waveguide which transmit the HE;; mode.

ECH Launcher. For the upgradeto 6 MW (10 MW), two (six) new launchers will need to be built and
installed. For 10 s operation, the mirrors on the present launchers as well as any new launchers will need
to be actively cooled. Through an SBIR contract with Thermacore, a water cooled mirror using ** porous
metal’’ heat removal technology is being developed with anticipated validation on DIII-D in afew years.
If thiswork is successful, then this technology could be adapted to future ECH launchers. It is also antici-
pated that at least one of the launchers will rotate with a moderately fast slew rate (>100 deg/s) in the
poloidal plane so that magnetic islands or active MHD zones can be tracked as the plasma evolves with
time.
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2.5.2. DIVERTOR SYSTEM UPGRADES

2.5.2.1. PRESENT STATUS OF DIVERTOR
AND FIRST WALL. DIII-D presently has a
comprehensive carbon first wall and divertor
targets to protect the vacuum vessel in areas N — Upper Divertor Target
of high heat fluxes and to limit high Z impuri- R
ties in the plasma (Fig. 2.5-9). The first wall
isa robust system, operating for ten years
without failures, providing maximum experi-
mental time. The wall consists of inertially
cooled graphite tiles, absorbing energy during
a discharge then releasing it to the water
cooled vessel wall through a compliant heat
transfer interface in the ten minutes between
discharges. A wide range of plasma configu-
rations can be run including single-null diver-
tors with either upper or lower null, highly
shaped double-null divertors, and limiter dis-
charges on any of the surfaces. The tile
design provides cavities between the vacuum
vessel wall and the tiles for diagnostics, pro-

tecting them and their signal cablesfrom large  Fig. 2.5-9. The carbon first wall and divertor targets protect the
heat fluxes vacuum vessel and limit high-Z impurities.

New Baffle

+— Inner Wall Limiter

Graphite First Wall

Lower Divertor Target

Divertor Cryo Pump

Biasable Ring Electrode

A toroidally continuous baffle with cryopump in the lower divertor region has been in use for severa
years. Divertor characterization experiments have been successful using the extensive lower diagnostic set to
benchmark many computer plasma models. Low triangularity plasmas are routinely pumped by placing the
separatrix at the aperture of the divertor plenum to provide density and particle control with 40,0001/s pump-
ing speed. An integrated biasable ring electrode has allowed the study of the effects of electric fields on the
neutral pressurein the baffle, aswell as evaluated novel noninductive startup techniques.

The upper divertor target area was modified in the beginning of FY 97 with the installation of the first
phase of the Radiative Divertor. This hardware included a toroidally continuous baffle and cryopump
similar to the existing lower system in the bottom except the aperture to the pumping plenum is at a
smaller minor radius, alowing pumping and particle control high performance, high triangularity dis-
charges. The structure is comprised of water-cooled Inconel 625 panels with graphite tiles mounted to the
surface. The cryopump is of a design similar to the proven lower pump. The pump provides pumping
speeds of nearly 40,000 I/s for the high performance discharges.
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2.5.2.2 RADIATIVE DIVERTOR PROGRAM (BASELINE). DIII-D experiments have shown that high triangu-
larity and particle control are necessary ingredients for high performance discharges. The Radiative
Divertor is a major element of the DIHI-D Program to provide particle control for high performance AT
operation, and carry out ITER divertor physics research to develop methods of reducing the heat flux at the
divertor target without impacting the core confinement. The RDP includes the installation of divertor struc-
tures and cryopumps to permit
this new research to be carried
out (Fig. 2.5-10). The first phase
installation, the upper outer cry-
opump and baffle, was completed
in February 1997 and we are cur-
rently engaged in an experimen-
tal campaign utilizing the new
hardware. In parallel, we are
working on the detailed engineer-
ing design of the second phase
hardware. When completed, the
RDP will allow for pumping of
al four strike points of a double-
null high triangularity plasma.
The installation of the Radiative
Divertor components impacts a
number of diagnostics and effec-

Installed Upper Outer Baffle and Pump

Private Flux Baffle

Inner Baffle

Lower Outer Baffle

+ Pumps for Either Inner or Outer
Strike Points

+ Double or Single Null Operation

* Flexible Design for Slot Width and
Length Modifications

+ Good Diagnostic Access

tive use of the hardware requires  rjg 2510, The planned completion of the Radiative Divertor installation includes
the installation of a number of  the lower baffle and the private flux baffles together with new tiles making up the

new diagnostics. These are dis-  Iner bafles.
cussed in the diagnostics section.

The Radiative Divertor baffles have been designed to be very flexible, as the height and width of the
dots can easily be varied. This will alow us to both optimize the configuration based on experimental
results and benchmark computer models with various configurations. The initia installation was designed
for a dot width of 1.5 cm and a length of 23 cm based on the values from the combined UEDGE and
DEGAS models for optimum reduction of the core ionization. The modeling indicates that if the slot is
made narrower, the core ionization increases because the slot becomes a recycling source that is close to the
plasma core. If the dot is made wider, neutrals can leak around the plasma and enter the core a the mid-
plane. In the present design, the nominal slot can be changed by about 3.5 cm by adding thicker or thinner
graphite tiles. We estimate that this can be accomplished in about three weeks of total down-time on DIII-D.
The length of the dot can be increased from 23 cm to 43 cm by lengthening the supports for the tiles and
adding a vertical baffle structure. We can also make a “gasbox” type of divertor by leaving the structure
below the baffle open in the 43 cm dlot case. It is envisioned that a height change could be done each year

General Atomics Report GA-A22950 2.5-17



THE DIII-D FIVE-YEAR PROGRAM PLAN 19992003 Project Saff

during the mgjor DII1-D maintenance period. We plan to change sot widths and dot lengths guided by the
data, so that the important quantities can be determined and results eval uated.

As part of the effort to advance the development of low activation materials for fusion use, we had
planned to manufacture the water cooled panels for the upper private flux baffle using vanadium alloy. 1t
was the goal of the program to demonstrate not only the manufacture of vanadium alloy components, but
also to operate them within DI11-D to demonstrate their compatibility with the tokamak environment. The
research and development of the manufacturing methods has been ongoing for the last two years at GA in
collaboration with the DOE Fusion Materials Program. In preparation for the project, the world's largest
heat of vanadium alloy has been produced (1200 kg) and converted into sheet and rod. Regrettably, this
program is presently unfunded.

2.5.2.3. FUTURE DIVERTOR AND FIRST WALL (OPTIONS)

Expanded Erosion System Capabilities. Initia results from the DiMES experiments have extended the
understanding of divertor surface materials erosion and transport in tokamaks. These results have helped to
guantify the possible erosion rate, re-deposited distribution and the corresponding tritium inventory of
graphite for the ITER divertor design. The DIMES team has generated data on the net erosion rate and re-
distribution of C, Be, W, V and Mo coating materials, which have been used for the assessment of select-
ing suitable divertor coating material for advanced reactor designs. However, further parametric results
will be needed to confirm the present data which is limited to the lower divertor. It is also necessary to
extend the database to cover the upper divertor, the first wall and different plasma operating scenarios.
Based on these observations, and in coordination with the installation of the RDP divertors, we propose to
add two DiMES sample changers to DI1I-D. This will expand the DiIMES program capability over the pre-
sent DIMES changer in the lower divertor.

At its present location, the lower DIMES changer (DIMES-L) will be shadowed by the lower RDP out-
board baffle plate when it is installed. However, DIMES-L can till be used to monitor material deposition
within the divertor plenum and to provide information on material transport from seed materias introduced
from the other two proposed DiMES | ocations. With modification, DIMES-L can be made to extend its verti-
cal delivery and to insert a sample with its plasma facing surface parale to the danted surface of the RDP
outboard baffle, but the sample will not be exposed to the plasma strike point.

We propose to construct an upper sample changer (DIMES-U) to DIII-D in order to maintain the
capability of exposing material samples to the plasma strike point. This might be accomplished by the
insertion of a material sample radialy to the top outboard strike point of high triangularity discharges in
DIl-D. This will allow continued study of material surface erosion at the plasma strike point under dif-
ferent scenarios of plasma operation, including ELMs and disruptions.

It is also proposed that a third sample changer be installed at the mid-plane of DIII-D (DIMES-MP).
By taking advantage of the increased available space, DIMES-MP will be designed to provide better
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instrumentation of the sample and characterization of the surrounding edge plasma. In order to maintain
temperature control, the sample surface will be heated.

DIMES-MP can aso function as a user facility. Enhanced collaboration is possible by focusing on
the development of new plasma diagnostics and in-situ measurements techniques for erosion and material
recycling of the first wall material. With three sample changers in place, a more comprehensive knowl-
edge of SOL material transport, including the region behind the divertor baffle can be obtained.
Suggestions for advanced diagnostics are: quartz film deposition monitor, optical diagnostics (colorime-
try, interferometry, and ellipsometry) for in-situ coating deposition measurements, solid-state hydrogen
sensors for the measurement of incident particle flux and/or energy, and laser or neutral beam desorption
diagnostics for the determination of deposited film composition. (The last approach will need laboratory
development.)

Tungsten Divertor Surface Options. The purpose of this option is to investigate the behavior of tung-
sten surfaces in the divertor region. The DIII-D Program would continue to emphasize plasma perfor-
mance issues while providing increased effort on first wall studies. This test would be reactor relevant
and aso relevant to the ITER Program. For both ITER and future systems, tungsten will provide both a
low erosion divertor material and a material that is resistant to neutron irradiation. It is of significant
importance to demonstrate that tungsten can be retained in the divertor region and be kept from migrating
into the main plasma chamber where it may raise the core radiation to untenable levels. Preparation could
begin at the end of this plan period.

High-Z divertor experiments have been
conducted in both Alcator C-Mod and
ASDEX Upgrade. On both devices, both high
and low core impurity radiation conditions
have been observed, depending on details of
the operating mode. C-Mod has a deep dot
configuration with an al molybdenum wall.
ASDEX Upgrade uses tungsten coated
graphite tiles in a high recycling baffled outer
divertor. The area where tungsten would be
used in the DIINI-D divertor is shown in
Fig. 2.5-11; the inner and outer divertor target
plates are coated, as well as the centra baffle.
The strike points could be either carbon or
tungsten.

N\

Tungsten
Coating

Main Chamber
Coated with Be, B4C,
or Other Low Z

Material

This test would investigate the behavior
of: tungsten divertor walls, compare carbon Garbon Strike
oints, 2 places
or tungsten strike zones, and evaluate the
use of mixed wall materials. They would

address the issues of: plasma operation with ~ Fig- 2.5-11. Divertor and first wall surface options will be tested on
DIII-D.
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tungsten divertor walls, mixed material wall conditioning, wall material erosion and migration, and sur-
face property changes of wall materials.

Bulk tungsten will not be used due to its weight and cost. Tungsten coated graphite tiles will be devel-
oped based upon the recent experience of ASDEX Upgrade. Since the erosion rates of tungsten are expected
to be very low, relatively thin coatings (<50 ) are suitable. High heat flux and disruption simulation tests
will be conducted in collaboration with SNL prior to installation. Suitable surface diagnostics and analysis
tools will be developed in coordination with the DIMES Program on DIII-D.

Alternate Wall Materials in the Main Plasma Chamber (Options). The purpose of this option is to select
and then use fusion power plant relevant wall materials for the DII1-D main plasma chamber. The DIII-D
Program would continue to emphasize plasma performance issues while providing increased effort on first
wall studies. This test would be reactor relevant and also relevant to the ITER Program. Important consid-
erations are low activation and minimum impact on core plasma dilution and radiation. Materials under
consideration are beryllium, vanadium, B,C, and silicon doped or SiC conversions.

A series of experiments will be conducted to determine an appropriate materia for use in DIII-D.
These experiments will both determine the best first surface material and develop methods of applying
these materials. High heat flux and disruption simulation testing of candidate materials will be carried out
and the exposure of candidate materials in the DIH-D chamber will be studied by replacing existing tiles
with specia ones or through use of the DIMES facility.

Bulk materials or coatings will be prepared externaly to the DIl1-D vessel. Various methods of con-
structing the first wall tiles would be investigated and tested. Bulk beryllium, bulk boronized graphite, or
CFC could be used. It is most likely that a relatively thin coating of selected material will be applied to
either cleaned and refurbished DIII-D graphite tiles or that new tiles will be machined from appropriate
materials.

The area where aternate materials would be used in the first wall of the DIII-D main chamber is
shownin Fig. 2.5-11.

o Mixed wall materias, when taken in conjunction with the tungsten divertor.

o Possibility of self-reconstructing coatings during confinement discharges.

Operational issues to be addressed include:
e Plasma operation with reduced carbon influx.

o Mixed material wall conditioning with the proposed tungsten divertor.
o Wall material migration.

o Surface property changes of wall materials.
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2.5.3. MAGNET PULSE LENGTH UPGRADE (BASELINE)

Extending the pulse length of the DII1-D tokamak from 5 to 10 s for a 2 Mega-amp (MA) plasma at
full field requires only minor modifications to the tokamak and additional auxiliary heating required to
study the current profile control. The additional heating requirements will be treated in a separate section.
In the following paragraphs, the modifications required to the coil systems, the power supplies, primary
power, cooling system, and radiation limitation will be discussed. The conclusion is that the interconnect-
ing busswork between the bundles of the toroidal field coil, upgrade of the poloidal field shaping coil regu-
lators (choppers), and an upgrade of the cables on the patch panel and the cables connecting the motor gen-
erator to the dc power supplies are the only changes needed to upgrade the tokamak to 10 s plasmas. One
dc power supply will be required for the poloidal field coils.

Coil Systems. Once this upgrade is
completed, the joule capability of the

toroidal field coil and power supply are 20

well matched to the poloidal field system

for plasma currents of about 2 MA. The 15 e
= "C Wat

toroidal field cail is capable of 10 s opera- 2 .

. e 35°C Water

tion at 2.1 T and longer pulse length at & L0

lower fields limited only by the joule heat-

ing of the coil (Fig. 2.5-12). However the 05F

use of this cail is thermally limited by the

' ' 0.0 . ' ; . .

interconnecting busswork that runs along 0 A 2 - 20 5 5

the midplane of the machine on the outside DURATION (s)

of the coil and the free-wheeling diodes.
This limits the pulse length to 5 s at full Fig. 2.5-12. The toroidal field coil is capable of 10 s and longer pulse
field, whereas the coil turns and the feed operation with the completion of the proposed upgrade.

from the power supply have the capability

of supporting 10 s operation at full toroidal field of 2.1 Tesla on axis. Thus only the interconnecting buss-
work and diode need to be upgraded for the toroidal coil to support a 10 s plasma.

The Ohmic heating coil was put back into its original configuration during the fall of 1997. The recon-
figured circuit delivers 7.5 volt-seconds (V-s) of flux. About 5.0 V-s are required to breakdown the plasma
and ramp the current to 2 MA. Thus 2.5 V-s are available for sustaining the plasma current during flattop.
With auxiliary heating of about 10 MW it is possible to heat the plasma sufficiently to lower the plasma
resistance to 0.125 pQ. Thus a one-turn voltage of 0.25V can drive a2 MA plasmafor 10 s with the avail-
able volt-seconds. The use of rf and neutral beam current drive (along with bootstrap current) will further
reduce the flux requirement. Thus no upgrade of the Ohmic heating coil is required to support 10 s pulse
length.
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All the field-shaping coils have sufficient thermal capability to support 2 MA plasmas for 10 s.
However, some of the interconnecting cables will have to be upgraded.

Power Supplies. The toroidal field power supply is capable of powering the coil for al of these sce-
narios. The Ohmic heating power supply has far more capability than the Ohmic heating coil. The field-
shaping coil current regulators (choppers) need to be upgraded. The varistors in the X-choppers need to
be replaced, whereas all the other components can support 10 s operation. In the HX-choppers only the
grid resistors need to be replaced.

Primary Power. For long pulses, the coil power supplies are powered from the motor generator
(MG2), from which 2.25 GJ can be extracted. About 1.6 GJ are required for the coil power supplies for a
10 s plasma. Thus the MG has sufficient extractable energy. The cables connecting the MG2 to the power
supplies need to be upgraded.

The auxiliary heating systems, the neutral beams, ICH, and ECH, are powered from a 138/12.47 kV
transformer, which is rated at 9.4 MVA continuous and 84 MVA for 1 s. With the anticipated additional rf
power, a second transformer will haveto be installed.

Cooling System. The 2.25 GJ capacity of the motor generator limits the joule heat deposited in the
coil and power supplies during a shot and it is assumed that a maximum of 20 MW of auxiliary power
can be injected into the plasma. This means that for five shots per hour atotal of 12.25 GJ or an average
of 3.4 MW of heat will have to be removed from the tokamak, its coil systems and power supplies. The
capacity is 4.2 MW, so no upgrade is required.

Reversing Switches for Toroidal and the Ohmic Heating Circuits. It is often necessary to change the
direction of the toroidal field or of the plasma current. This is currently done by moving busswork and is
labor intensive. It is therefore not done as often as would provide maximum benefit to the research pro-
gram, nor can it been done during a day, where it would alow one to compare data with opposite toroidal
field or plasma current with the same vacuum conditions. By installing switches in the two circuits to
reverse the polarity of the power supply, one would be able to do the change over in a matter of minutes
versus hours currently. For both the toroidal and the Ohmic heating circuit, two double pole switches would
have to be installed. The two switches would be required to carry 150 kA continuously.
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2.5.4. IMPROVEMENTS TO THE DIlI-D TOKAMAK (COMPLETED AS
PART OF TOKAMAK RESEARCH)

2.5.4.1. NONAXISYMMETRIC COIL SYSTEMS. The installation of nonaxisymmetric coils systems to apply
resonant magnetic perturbations to the plasmain DIII-D is required to carry out a wide range of important
experiments. There are five principal applications which have been identified: toroidal afven eigenmodes
(TAE)/beta driven afaven eigenmodes (BAE) mode studies, RWM active control, plasma rotation control,
active control of resistive MHD internal modes, and ergodization of the plasma edge. The required pertur-
bations span a range in frequency from several hundred kilohertz for the study of TAE and BAE modes to
dc for the generation of an ergodic magnetic structure in the plasma edge and a range in toroidal mode
number from n=4 to 8 for TAE/BAE studies to n=1 for plasma rotation and internal mode control.

The DII1-D vacuum vessel wall time constant, which is a few ms, divides the approaches
proposed into two distinct groups. Applications which require the frequency of the applied magnetic per-
turbations to be below 100 Hz can be external to the vacuum vessel. These include control of the RWM
which grows on the time scale of magnetic soak field through of the vacuum vessel wall and ergodization
of the plasma edge. Applications which require the frequency of the applied magnetic perturbations to
exceed a few hundred hertz will require a coil set internal to the vacuum vessel. These include TAE/BAE
mode studies, plasma rotation control, and active control of resistive MHD internal modes. The require-
ments on the design of nonaxisymmetric coil systems discussed above are summarized in Table 2.5-3.

TABLE 2.5-3
SUMMARY OF THE FIVE AREAS OF RESEARCH INTO NONAXISYMMETRIC MAGNETIC PHENOMENA AND How THEY WouLD BE
ADDRESSED BY THE PROPOSED EXTERNAL AND INTERNAL CoIL SYSTEMS

Applied Ampere-  Toroidal Poloidal  Current
Application Coil Location Frequency Turns Mode Mode = Channels
RWM Control External (C—coil+) dc to 100 Hz 5-10 kA 1 2-4 9
RWM Control External (vessel)* = dc to 100 Hz 5-10 kA 1-3 2-4 25
RWM Control Internal dc to 100 Hz 2-5 kA 1-5 2-6 50
TAE/BAE Studies  Internal 40-500 kHz 5 4-8 6-16 1
Rotation Control Internal dc to 10 kHz 5-10 kA 1 2-4 2-6
Feedback Control  Internal dc to 10 kHz 5-10 kA 1 2-4 2-6
Ergodic Edge Internal dc 10 kA 2 7-9 1
Ergodic Edge External dc 15 kA 3and5 9and 15 1

*These two options can only be achieved with a more specialized coil system to be developed later in this task.

General Atomics Report GA-A22950 2.5-23



THE DIII-D Five-YEAR PROGRAM PLAN 19992003

Preconceptual Design of Basic External
Nonaxisymmetric Coil Sets. The existing C—coil con-
sists of six coils each 60 deg wide toroidally and
extending about 25 deg about the midplane at the
radial location of the TF coil set. This coil set could
provide reasonable control with respect to toroidal
gpatia resolution for an n=1 RWM, but its capability
to match the poloidal mode structure is poor. Since
we expect the dominant RWM to be 3/2 and 4/1, a
much improved match to the expected mode struc-
ture on the outer vacuum vessel wall could be
obtained by adding additional coils above and below
the existing C—coil each with the same 60 deg
toroidal width as shown schematically in
Fig. 2.5-13. Because the C—cail isrelatively far from
the plasma, only 2/1 and 3/1 helicities can be gener-
ated with significant amplitude at the plasma edge
while the relative amplitude of the 4/1 component is
an order of magnitude smaller. Providing some over-
lap with the existing C—coil may increase the relative
4/1 component and optimization studies need to be
carried out.

Improved resolution of the poloidal and toroidal
mode structure can be obtained if a network of
response coils could be mounted on the vacuum ves-
sel allowing finer spatia resolution. A nearly com-
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Fig. 2.5-13. Additional coils would give an improved
match to the outer vacuum vessel wall mode structure.

plete coverage n=5 coil set combined with a sparse n=3 set could provide improved RWM control together

with improved control of ergodic layer generation.

Preconceptual Design of an Internal Coil Set (Option). To obtain better control of the RWM, if experi-
ments carried out in the next few years indicate that n>1 resistive wall modes are important for setting the
ultimate 3 limit of AT plasmas, coils as well as the conducting structure would need to be placed closer to
the plasma than the present DI11-D vacuum vessel alows. This requires consideration of the installation
of an internal conducting wall and control coil network. The installation of such a structure and high reso-
lution internal coil network would be incompatible with the high-frequency interna coil set proposed in
the following section and would also affect the basic operation of DII1-D depending on the time constant
chosen for the internal stabilizing wall, and hence would be an option for installation late in the five-year

research program.
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To reduce the cost and complexity of these systems, we seek to combine as many of the capabilities
as possible into one internal and one external coil set. The internal coil set might consist of four coils
groups each 45 deg wide and spaced 90 deg apart to alow generation of n=1, 2, and 4 modes depending
on relative phasing of the coil set drive and could address the four of the five applications areas including
TAE/BAE mode studies, plasma rotation control, active control of resistive MHD internal modes, and
creation of an edge ergodic layer. Each group would consist of two coils above and two symmetrically
below the midplane starting just above and below the neutral beam ports, respectively, as shown in
Fig. 2.5-13. These coils could be constructed as single-turn, carbon armored plate coils (about 10 cm
wide) whose central toroidal locations could be chosen to be rotated relative to the 16-fold port symmetry
of DIl1-D to minimize diagnostic interference and avoid crossing the NBI ports.

n=1 Connection. Upper and lower coil groups are connected to add and are 180 deg out of phase with
each other. This allows two-phase drive with peak amplitudes in the 2/1, 3/1, and 4/1 helicities required
for plasma rotation and tearing mode active control.

n=2 Connection. Upper and lower coil groups connected 180 deg out of phase. This allows generation
of dominant helicities of 7/2, 8/2, and 9/2 with a dc power supply for ergodic layer formation in the plasma
edge. Further work is needed in design refinement to reduce the level of 3/2, 4/2, and 5/2 helicities which
could interfere with modes in the plasma core.

n=4 Connection. Upper and lower coil groups are connected to add and are also in phase with each
other. This produces dominant helicities of 3/4, 4/4, and 5/4 as well as 7/4, 8/4, and 9/4 which are needed
for the high frequency, low current excitation studies of TAE/BAE modes.

2.5.4.2. PELLET FUELING (TOKAMAK RESEARCH). The DIII-D facility is equipped with a versatile cryo-
genic pellet injection system for shallow and deep plasma core fueling that is capable of simultaneous
operation with three independent repeating gas guns. In its present configuration [1.8 mm, 2.7 mm (2) at
a repetition rate 10 Hz], particle throughput is well matched to the DIII-D divertor pumping capability
allowing DII1-D to investigate advanced particle control schemes. To date, this injector has been used to
deliver (1) deuterium pellets at high throughput for transport and density limit studies and (2) high Z
“killer pellets” (neon, methane, argon, etc.) for investigating ways to induce a fast current quench during
vertical displacement events. A separate lithium pellet injector is also available for edge plasma modifica-
tion and wall conditioning.

Severa straightforward modifications/additions to the present injector system are proposed to support
the DII1-D Advanced Tokamak Program and the long pulse upgrade. These include:

1. Reconfiguration to allow for both high field and low field side and top launch.

2. Installation of three higher volume extruders which would allow 10 s pulse operation (up from
3's) at present or dlightly higher throughputs. In addition, the data acquisition system will be
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upgraded to accommodate the longer pulse operation and a Roots blower will be incorporated in
the injection line vacuum system to cope with the higher gas load.

3. Fabrication of a new chambering mechanism to convert one of the present 2.7 mm guns to
1.8 mm. Thiswill result in atwo fold increase in the delivery rate (up to 20 Hz) during simultane-
ous operation of two guns. This is required to increase the throughput to allow higher density
operation under shallow fueling conditions (the smaller pellets have less range and lower mass
content than the 2.7 mm guns).

4. An addition to one existing gun of a repeating two stage light gas driver for higher speed opera-
tion(for deeper or advanced fueling scenarios). An injector similar to that used on DIlI-D has
been operated at ORNL in collaboration with ENEA/Frascati) at 2.5 km/s and 1 Hz after such a
modification. The higher velocity capability will provide DIII-D with the option of exploring
deep fueling for control of the density profile shape.

5. In addition to the above proposed modifications to the present injector system, a new low cost in
situ condensation type injector is proposed which would serve as a dedicated injector for disrup-
tion mitigation studies. A two-shot injector is envisioned that would be capable of deuterium, high
Z and mixed gas operation. The addition of this system would free up the existing injector for fuel-
ing studies.

2.5.4.3. THE PROFILE CONTROL SYSTEM INITIATIVE (TOKAMAK RESEARCH)

Motivation. Elongated divertor tokamaks, and those implementing advanced tokamak scenarios in
particular, require feedback control of the discharge parameters in order to optimize performance and
reproducibility. The DIII-D tokamak presently utilizes detailed control of the discharge shape, plasma
density, and total current on aroutine basis and specialized control, such as for total stored energy, radia-
tion, or rf loading resistance, is added for some experiments.

In discharges with a high performance core, the loca discharge parameter profiles become more impor-
tant. The local pressure gradient can easily approach MHD stability limits. The pressure profile is strongly
influenced by the input power profile and the thermal transport profile. The thermal transport is influenced
by the electric field profile and thus by the rotation profile, momentum input and, through ion force balance,
by the pressure profile. Stability and transport are both influenced by the current profile and the current pro-
fileis partialy determined by the pressure profile. Thus, the tokamak core can be viewed as part of a com-
plex feedback loop that must be controlled in order to optimize the discharge performance.

Feedback control involves using diagnostic measurements to calculate discharge parameter profiles,
comparison to the required profiles, and use of actuators to change the profiles to correct any error. In order
to improve the ability to control the DII-D discharge parameter profiles, both new actuators and improve-
ments in the plasma contral system are required. New actuators such as ECH, rf power, nonaxisymmetric
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coils, and counter-injection neutral beam are described elsewhere. Here we describe the approach for
improving the plasma control system.

Implementation. With the present DI11-D Plasma Control System (PCS) we have demonstrated the use
of multiple digital processors to acquire and process diagnostic data and provide commands to the
tokamak systems such as power supplies, gas valves, neutral beams, and rf transmitters. The algorithms
used for evaluation of the diagnostic data include a real-time equilibrium reconstruction technique. The pre-
sent system has been used primarily to control global parameters such as discharge shape.

To improve the system to give it the capability for profile control we will expand its computing and
data acquisition capacity. Hardware will be installed to alow real-time acquisition of ion temperature and
electron temperature and density profile data from the CER, Thomson scattering, and ECE diagnostics.
The system presently acquires data from 16 M SE channels; this will be expanded to acquire all 35 MSE
channels. These new data will be the basis for determining pressure, current, and electric field profilesin
real time.

Improved, more computationally intensive algorithms will be required for parameter profile calcula-
tions. The basis will be the present real-time EFIT agorithm which implements a subset of the functions
in the standard EFIT code used for off-line analysis. The capability to include the profile
diagnostic datain the equilibrium reconstruction will be added to the real-time algorithm.

This more capable real-time equilibrium reconstruction algorithm will require a significant increase
in the computing capacity of the plasma control system. The present control system uses digital proces-
sors which were state-of-the-art in 1990. The continual rapid increase in the speed of commercialy avail-
able microprocessors has resulted in processors that will make possible the required improvements in the
real-time equilibrium reconstruction algorithm. It appears that processors, approximately 50 times faster
than those presently used in the PCS, are available. We plan to modify the present architecture of the PCS
so that it will be possible to easily incorporate the latest high speed processors as they become available,
and as demands of the real-time a gorithms evolve.

Expanded capability to implement control algorithms must be accompanied by new capability to mod-
ify plasma parameters with the available actuators. Development of control agorithms will parallel the
development in the physics research program of the understanding of how to modify the tokamak parame-
ter profiles to achieve the desired performance. Modeling codes such as CORSICA will be used to both
understand the tokamak physics and to develop and model control agorithms. These off-line tools will be
used in combination with the real-time data acquisition and computation hardware to provide the required
profile control capability.
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2.5.5. DIAGNOSTIC SYSTEMS (TOKAMAK RESEARCH)

2.5.5.1. PRESENT STATUS OF DIAGNOSTIC SYSTEMS. The DIII-D plasma diagnostic set is made up of
more than 50 instruments built and operated by the DI1I-D National Program. This ensemble of instru-
ments is the most complete of any tokamak in the world and routinely produces the high quality data
required to fuel the DIII-D Scientific Research Program. The DIII-D diagnostics set includes extensive
divertor and edge measurement capability, plasma core profile measurements of density, temperature and
plasma current and a large suite of fluctuation diagnostics. A complete list of the diagnostic systems
installed on DI11-D and the measurements that they make is shown in Table 2.5-4.

2.5.5.2. DIAGNOSTIC SYSTEM UPGRADES. There are additions and upgrades to the diagnostics that will
have a large pay-back in terms of the scientific output of the DII1-D Research Program. These additions
are motivated by new areas of research requiring either new measurement capability or changes in the
DI11-D machine hardware, or in some limited number of cases such as the core Thomson scattering diag-
nostic, to fill in gaps in our existing measurement capability. In addition to the diagnostic improvements
described in this section, we expect to implement other unforeseen diagnostics or improvements during
the five-year span of this plan.

Radiative Divertor Diagnostics. Our strategy for diagnosing the divertor region in DII-D is to concen-
trate most of our resources in the lower divertor. There is a large investment in the diagnostic systems
dready installed in the lower divertor and maintaining that extensive capability is a prime consideration in
our planning. Consequently, a limited number of diagnostics will be installed for use on the upper RDP.
During the installation of the upper, inner portion of the RDP.in fall of 1999, a minimal set of diagnostics
listed in Table 2.5-5 will be installed with the aim of measurements to control the diverted plasma shape and
pumping speed. Later in the five-year plan, the lower divertor will be replaced with an RDP structure. In
order to maintain the measurement capability in that region, significant diagnostic modifications will be
required. A list of those changes is shown in Table 2.5-6. The new configuration does not lend itself to the
use of Thomson scattering for electron temperature measurements. Thus, the present divertor Thomson
System will be used to benchmark a variety of spectroscopic techniques for diagnosing local plasma para
meters, these techniques include: (1) determination of ng from Stark broadening transitions arising from
high n levels, (2) determination of Tg from line ratios, and (3) discrimination of ionizing plasmas from
recombining ones by means of Balmer series line ratios in deuterium. Maturation of these techniques is
essentia for reliable diagnosis of plasma parameters in the dot divertor. The spectroscopic techniques listed
above are the same ones on which ITER will most likely rely as a consequence of the difficulties its high
neutron flux imposes on line-of-sight diagnostics. RF reflectometry or interferometry and a new insertion
path for the fast reciprocating probe are additional measures under consideration for help in replacing the
loss of the Thomson scattering data in the divertor. An essential part of the plan will be a large software
effort to automate the analysis of data from the spectroscopic diagnostics above, so that processed informa-
tion will be available to the whole scientific staff for alarge number of discharges and discharge times, asis
the case with DIII-D’s sophisticated Thomson Scattering Systems. The development of a reliable spectro-
scopic determination of critical plasma parameters in the divertor will be amajor program element.
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TABLE 2.5-4
DIAGNOSTIC SYSTEMS INSTALLED ON DIII-D

Electron Temperature and Density

Multipulse Thomson scattering
ECE Fourier transform spectrometer
ECE radiometer
Multichannel vibration compensated

(infrared) interferometer
Microwave reflectometer

lon Temperature and Velocity

8 lasers, 40 radial points
Horizontal midplane profiles
Horizontal midplane

3 vertical chords, 1 radia chord

Midplane edge profiles

Charge exchange recombination spectroscopy 16 vertical channels; 16 horizontal channels;, 3 mm

Core Impurity Concentration

edge resolution

VUV survey spectrometer (SPRED dual range) Radial midplane view

Visible Bremsstrahlung array

Radiated Power

Bolometer arrays

Divertor Diagnostics

Visible spectrometer

Radia profile at midplane, 16 channels

2 poloidal arrays, 48 channels each

7 channels

VUV survey spectrometer (SPRED) Vertical view along outer divertor leg

Tangential TV (visible)
Tangential TV (VUV)
Infrared cameras
Graphite foil bolometers
Fast neutral pressure gauges
Penning gauges

Baratron gauge

Langmuir probes
Moveable Langmuir probe
Tile current monitors
Reflectometer

Magnetic Properties

Rogowski loops
Voltage loops

Bg l0ops
Diamagnetic loops

Plasma Edge/Wall

PlasmaTV

IR camera

Visiblefilter scopes
Moveable Langmuir probe

2-D image of lower divertor
2-D image of lower divertor
5 cameras

12 locations

4 |ocationsin divertors
Under divertor baffle

Under divertor baffle

18 radially across lower floor, 2 upper divertor throat

Scannable through lower divertor outer leg
Radial and toroidal arrays
Vertical view through X-point

3 toroidal locations

41 poloidal locations and 30 saddle loops
2 x 29in poloida arrays

9toroidal locations

4 cameras, radial view, rf antennae
Inside wall and coiling views

16 locations

Scannabl e across outer midplane
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TABLE 2.5-4 (CONTINUED)

Project Saff

Fluctuations/Wave Activities

Microwave reflectometers
Far infrared scattering
Infrared scattering

Mirnov coils

Li beam injector

X-ray imaging system
RF probes

Fast lon Diagnostics

Neutral particle analyzer
Fast neutron scintillation counters
Fusion products probe

Plasma Current Profiles

Motional Stark polarimeter
Nonthermal Electron Distribution
Soft x-ray pulse height spectrometer
ECE Michelson spectrometer

Miscellaneous

Neutron detectors

Hard x-ray monitors

Synchrotron (IR) radiation detector
Torus pressure gauges

Residual gas analyzer

2 radial systems

Radial view

Vertical view

Toroidal, poloidal, and radial arrays

Radial beam with 16 channel tangential viewing

channels
100 channels, 5 arrays

10 praobesin poloidal array, 10 probesin toroidal

array, 1 launch antenna

Scannable horizontal view, 3 vertical views

2 radia channels
1 new midplane probe

35 channels, 2 radia arrays

1 scannable radial view
1 vertical view

3toroidal locations
2 toroidal locations
2 tangential chords on midplane

2.5-30

TABLE 2.5-5
UpPPER DIVERTOR DIAGNOSTIC ADDITIONS

Diagnostic

Power loss measurements
Under-baffle, 4-ch bolo arrays

Reflectometer or interferometer

Partial pressure in plenums with
fast pressure gauges

Magnetic probes on the baffles

Institution Comment
LLNL Copy lower
UCLA New or copy

of lower
ORNL/GA New diagnostic
PPPL/GA
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TABLE 2.5-6
Lower DIVERTOR DIAGNOSTIC MODIFICATIONS

Diagnostic Institution Comment
Power loss measurements

Vertical IR TVs LLNL Re-aim

Foil bolometers GA New

Under-baffle, 4-ch bolo arrays LLNL, GA New
Filtered line monitors (D, etc.) ORNL Re-aim
Fast pressure gauges (inner and ORNL 3 new

outer plenums, private flux) (out of 5 total)
Magnetic probes on baffles GA New in lower
Fixed Langmuir probes SNL, UCSD Rebuild probe
tips, upper and lower

Tangential TV imaging, visible LLNL Relocate
Vertical TV camera, visible GA Re-aim
EUV SPRED (10-160 nm) LLNL, PPPL Re-aim
Visible survey spectrometer ORNL, GA New fibers, upper
High resolution, visible spectrometer ORNL, GA

Vertical viewchords New fibers, upper

Toroidal viewchords (for flow velocity) Relocate
RF reflectometers (3 ch) UCLA New
Multilayer mirror spec. JHU New

Plasma Control Diagnostics. The AT Program relies to alarge extent on the ability to control the pres-
sure, current and E; profiles. The diagnostics required to generate control signals for thistask largely exist
on DIII-D, however there are improvements to those diagnostics that are needed to fully implement the
Plasma Control Program. The temperature and density profiles generated from the Thomson scattering
diagnostic can be used for real-time plasma control with some changes to the Thomson scattering data
acquisition system. The biggest improvement in the diagnostic systems in the area of plasma control is an
upgrade to the M SE diagnostic to generate real-time E, profiles, and to permit accurate real-time identifi-
cation of the current profile in the presence of large radial electric fieldstypical in AT discharges.

When viewing a co— and counter—injected neutral beam simultaneously with two separate MSE sys-
tems the radial electric field E; can be determined with good spatial and temporal resolution. The E; field
can easily be extracted from the raw M SE pitch angle data and could be used as a real-time feedback sig-
nal for control of E,. In the present DIII-D system, all beams are co-injected, however, a direct measure-
ment of E, is achieved using the original tangential viewing array combined with a new radial viewing
array of asingle beam line. The addition of a counter-beam on DII1-D and use of a simultaneous view of
co- and counter-beamlines would produce superior spatial resolution compared to the combined radial
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and tantential view of a single beamline (10 to 25 cm). The simultaneous view also provides the maxi-
mum sensitivity of the measurement to E,.

The direct measurement of E; is demonstrated in Fig. 2.5-14 for a recent discharge using the new
MSE system. In Fig. 2.5-14(c), the effective vertical field (assuming E, = 0) is plotted for a tangential
chord (solid line) and a radial chord (dashed line) at a radius of R~2 m. If E, were zero, then these two
curves would track one another. The separation of the two curves during the ELM-free period from 2 to
2.25 sis an indication of the buildup of radial electric field. E, is calculated directly from the MSE mea-
surements as shown in Fig. 2.5-14(d). The temporal evolution of E; follows closely the time evolution of
the plasma toroidal rotation in Fig. 2.5-14(e) obtained from charge-exchange measurements of carbon
impurities. The maximum time response of the MSE E, measurement is 1 ms with an RMS noise resolu-
tion of ~7 kV/m. The curve in Fig. 2.5-14(c) was generated using a 5 ms dliding boxcar average giving
somewhat better resolution. Possible systematic errors in E; due to spatial averaging in the radial chords
and calibration are afactor of 2-3 larger than uncertainties due to noise.

15
10

MW

A~ O o

<«—— ELM-free period

02t / Tangential view _

15 2.0 25 3.0 35
TIME (s)

Fig. 2.5-14. The new MSE system features a tangential and radial view of a single beam line.
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The use of MSE for measuring the radial electric field has been demonstrated; using this technique for a
real-time feedback measurement of E, could be accomplished by adding the new MSE channels to the plas-
ma control system data acquisition system. The addition of the counter neutral beam and the M SE channels
to view the counter neutral beam would substantially improve the spatial resolution of the E; measurement
and the current profile when alarge E, is present.

Electron Transport Diagnostics. The physics role and need for electron transport diagnostics is
described in Section 2.3.1, but, in brief, the remaining challenge in understanding core turbulence and
transport in fusion plasmas is determining what mechanisms are responsible for anomalous electron trans-
port and how electron transport can be controlled. In order to address this electron transport issue, new
diagnostic measurement capabilities are required. At present, only relatively low wavenumber (long wave-
length) density turbulence is measured in the core of DI1I-D, using far infrared (FIR) scattering, beta emis-
sion spectroscopy diagnostic (BES), and reflectometer systems. However, several other mechanisms such
as short wavelength turbulence, or magnetic turbulence may be responsible for the anomalous electron
transport. To further understand these possible transport mechanisms we will expand the turbulence diag-
nostic coverage as follows:

e Search for and measure electron mode turbulence using a scattering system specifically
modified for the purpose. Theoretically predicted electron mode turbulence (such as n, modes)
have wavelength 20-60 times shorter than that responsible for ion transport.

e Measure core magnetic turbulence using a cross-polarization scattering system, as on Tore Supra,
or using enhanced scattering at the upper hybrid layer as proposed by Russian and Dutch groups.

o Measure core electron temperature fluctuations using a correlation ECE radiometer system.
Temperature fluctuations are directly related to heat transport, while density fluctuations are more
directly related to particle transport.

« Improve the centra density fluctuations measurements by upgrading the phase contrast imaging
diagnostic by adding a central viewing set of sightlines.

It should be noted that in addition to their role in the search for electron transport mechanisms, these
diagnostics will also generally enhance our physics measurement capability. For example, a magnetic tur-
bulence diagnostic will allow us to address the long unresolved issue of the relative importance of elec-
trostatic and magnetic turbulence in core transport. More detailed descriptions of the three
new diagnostics follow.

Study of Small-Scale Turbulence Via Scattering. Turbulent structures with wavelengths approaching the
ion gyroradius can be measured using coherent scattering, but are far too small for core turbulence measure-
ment techniques based on multiple point correlation analysis. Therefore, we propose to reconfigure the
current FIR scattering system (which currently probes larger structure turbulence at small scattering
angles) to allow short wavelength density fluctuations to be detected. A humber of technical issues such as
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the specific scattering geometry optimum for use in DIII-D, effects of ExB convection and Doppler shifts,
and wavenumber resolution must be solved in a developmental effort. The availability of an existing col-
lective scattering system on DII1-D offers a cost-effective opportunity to resolve this issue.

Magnetic Field Fluctuation Measurements. Recent work on Tore Supra, using mode conversion scat-
tering, has suggested that such fluctuations may prove important in explaining the anomalous electron
channel. However, many concerns continue to exist related to the diagnostic technique of cross polariza-
tion scattering in a fusion plasma and the specifics of the Tore Suprawork. It is anticipated that these will
be resolved during the proposed plan period, and that installation of a magnetic field fluctuation diagnos-
tic on DIII-D will take place in around three years. Such a system will require an inside launch and an
outside receive capability, a combination which does not currently exist on DIII-D. The major develop-
mental issue will, therefore, initially focus on establishing such a launch/receive arrangement and deter-
mining the details of antenna design and associated plasma facing components. The feasibility of apply-
ing a second magnetic scattering technique utilizing enhanced scattering from the upper hybrid layer will
also be evaluated.

Measurement of Turbulent Temperature Fluctuations. Electron temperature fluctuations can be mea
sured using correlation electron cyclotron emission (ECE) radiometer systems. However, the field of
view of the current ECE system utilized for electron temperature measurements is not suitable for fluctua-
tion studies as the wavenumber sensitivity is too limited. Consequently, for fluctuation measurements a
new optimized antenna system is required so as to obtain the desired wavenumber sensitivity. Installation
of a new optimized system on DIII-D should be complete within the year, as well as development of the
required data acquisition and software analysis routines.

It is anticipated that diagnostic development aspects of this work will be supported through the
UCLA Advanced Diagnostic Development Program, in addition to DI1I-D Program support.

Central Thomson Scattering. The multipoint, multilaser Thomson Scattering System that currently
operates on DIII-D has been a critical diagnostic for the Research Program on DIlI-D. The detailed tem-
perature and density profiles routinely produced by the Thomson scattering diagnostic are essential to the
scientific progress of the Research Program on DII1-D. The Thomson scattering diagnostic uses a vertical
laser beam path. Due to vertical port locations the laser beam does not pass through the center of most dis
charges and typically provides data from about 0.25 of the minor radius outward. The Central Thomson
Upgrade will alow Thomson scattering measurements to be extended from R = 194 cm to the magnetic
axis at R = 165 cm covering the center of essentially all of the discharges made in DIII-D. This extension
is critical for such diverse areas as: (1) core transport analysis and stability in pressure peaked discharges,
(2) modeling of current profile evolution and ¢ control algorithms, (3) modeling of high performance dis-
charges, and (4) high density experiments.

3-D Equilibrium Reconstructions. MHD instabilities play a major role in limiting plasma performance
and in catastrophic disruptions. Both theory and simulations suggest that the degradation of the plasma
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performance and plasma disruptions are due to the growth of magnetic islands driven by these MHD
instabilities. The development of a systematic technique, and tools to experimentally reconstruct the mag-
netic island structures, is crucia to improve the understanding and subsequent control of these instabili-
ties. 2-D equilibrium reconstructions have been extremely useful in the studies of instabilities, however
many of the catastrophic instabilities driven by static error fields, mode locking, or a resistive wall are
nonrotating or rotate slowly and do not lend themselves to 2-D analysis. This task is to extend the 2-D
reconstruction to 3-D reconstructions by modeling the distortions of the magnetic surfaces and growth of
magnetic islands in three dimensions using an extended set of toroidally displaced diagnostic measure-
ments. The task consists of two main elements: (1) construction of the extended set of diagnostics, and
(2) the code development required to produce the 3-D reconstructions. The code development is an
extension of the EFIT 2-D reconstruction currently used on DIl1-D.

The diagnostic requirements center around making measurements of poloidal and toroidal distortion
of the magnetic surfaces both at the surface of the plasma and internal to the plasma. Many instabilities of
interest have low toroidal mode numbers (2/1,3/2) and this allows us to reduce the requirements on the
toroidal resolution of the diagnostics. There are four diagnostics that can play an important role in provid-
ing this information: magnetics, ECE, x-ray arrays and MSE. A limited number of additional poloidal
arrays at new toroidal locations of each of these diagnostics can be used to reconstruct the 2/1,3/2 and
possible higher distortions in the plasma. Other diagnostics that will be considered are a tangental view-
ing x-ray system for improved resolution of high m,n modes and improved spatial resolution BES.

The magnetic diagnostics can play by far the most important role due to the relative ease of installing
large numbers of sensors. The addition of four poloidal arrays of 24 measurements (12 Bg and 12 B))
each separated by 90 deg poloidally would alow the reconstruction of modes up to n=3 and m=7. The
ECE and x-ray arrays would provide internal measurements of T, and x-ray emission
(x-ray emission is a function of impurity concentrations, electron density and temperature). If we assume
that these parameters are constant on flux surfaces, then the measurements can be used to determine the
internal magnetic structure. An additional toroidally displaced ECE system will be installed and the exist-
ing toroidal array of x-ray detectors could be upgraded with additional detectors. Finally, assuming the
addition of the counter neutral beam injector a new M SE diagnostic could be installed giving information
on distortionsin the current profile.

Current Profile Measurements at High Densities. The MSE System is a very effective tool for current
profile measurements at moderate densities. However, in DI11-D at densities approaching 1.5 x 1014 cm=3,
strong attenuation of the diagnostic neutral beam makes measurement of current profile in the inner half of
the plasma impractical. In ITER, because of the larger size of the device, this problem can be even more
severe unless high intensity neutral beams with energies >500 keV are developed. We propose to develop a
new current profile diagnostic system that uses a sub-millimeter laser instead of a neutral beam for probing
the plasma. The new concept is based on the well known Fizeau effect and uses a new interferometer con-
cept which is the key for making this measurement possible.
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The system measures the line integral of current density, in contrast to the M SE which measures the
poloidal component of the magnetic field. This system is therefore, most sensitive near the magnetic axis
of the plasmas. For the DI11-D applications, the proposed system would be complementary to the existing
MSE System. For future devices, a complete profile system based on this concept could conceivably be
installed. We propose a two-phase development plan for the system. In the first phase, we would design
and install a single channel system. Once the behavior of the system is well documented, we would pro-
ceed to the second phase where we would install an array of four to five channels to unfold the current
profile in theinner half of the plasma.

The Fizeau effect is a well-known phenomenon causing a small phase shift of an electromagnetic
wave traveling through a moving a dielectric medium. This phase shift is of the order of Vp/c of the nor-
mal phase for a stationary medium, where V is the drift speed of the medium and c is the velocity of light
in vacuum.

A practical problem with the measurement of the current density dependent term is its small value
compared to the phase shift for a stationary medium, since small changes in geometry or plasma density
result in far more phase shift than that due to plasma motion. As aresult in tokamaks with standard inter-
ferometers, measurement of the first order term is impractical. This difficulty is overcome with the inter-
ferometer arrangement shown in Fig. 2.5-15. In the arrangement shown the reciprocity theorem guaran-
tees perfect cancellation of the zero order term, while the contribution due to the motion of the medium is
doubled.
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Fig. 2.5-15. New interferometer concept overcomes the difficulty with measurement of the first order term.
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Laser Pumping to Improve Beam Emission Spectroscopy Diagnostics. Two key diagnostics on DII1-D
would be significantly improved by using laser pumping to affect the population of the n=3 level in the
neutrals injected by the neutral beam injectors. The BES could achieve an improvement in signal to noise
by about a factor of six through this technique, shortening the minimum time resolution by the same fac-
tor. Data analysis for the CER System could be greatly eased by using the same laser pumping to modu-
late the charge exchange signal. These improvements in the diagnostics would be beneficial in the study
of plasma transport processes.

The basic idea of using laser pumping to improve the BES signal was invented by Fonck at the
University of Wisconsin. The fundamental concept uses a laser, tuned to the 656.3 nm transition between
the n=2 and n=3 levels of deuterium to illuminate the region being examined and thus increase the popu-
lation of the n=3 state. The signal that the BES System detects is due to spontaneous emission from n=3
to n=2. At readily achievable laser intensities, it is possible to saturate the transition, making the popula
tion of the n=3 and n=2 states equal. Since the n=2 state population in the absence of the laser is signifi-
cantly larger than the n=3 state population, this results in an appreciable enhancement of the BES signal.
A proof of principle test of this technique is being pursued as part of the work that the University of
Wisconsin collaborators is doing at DIN-D. If it is successful, further development would be required to
apply this technique to all the BES channels.

BES is a key diagnostic for measuring density fluctuations in the plasma. The time resolution of this
measurement at present is typically hundreds of milliseconds at present, owing to insufficient signal. Even
so, significant changes in plasma turbulence have been measured. However, other diagnostics, for example
FIR scattering, suggest that the turbulence can change even faster. (FIR scattering has excellent time reso-
lution but poor spatial resolution.) If thislaser pumping scheme is successful, the minimum time resolution
for the BES System could be decreased by about afactor of six, which would be quite significant.

The CER System is used for a number of measurements on DIII-D: ion temperature, poloidal and
toroidal rotation, impurity density, and radia electric field. Analysis of the data is difficult owing to the
complexity of the spectra. One way to greatly ssimplify the analysis is to modulate the charge exchange
signal and subtract the spectra taken with the modulation off from the spectra taken with the modulation
on. Such modulation of the signal has been done, for example, by modulating the neutral beams.
However, because of equipment limitations, such modulation tends to be slow (50 to 100 Hz) and it is fre-
guently the case that the plasma changes during this time. This makes time slice subtraction ineffective,
since the interfering lines in the spectra have also changed. In cases where the subtraction is successful,
analysis of the resulting CER spectrum is trivial, because it consists of a single Gaussian peak. Laser
pumping would allow much more rapid modulation, decreasing the plasma changes occurring between
the CER measurement and the background measurement thus improving the effectiveness of the back-
ground subtraction.
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By using laser pumping of the population of the higher n levels of the deuterium in the neutral beam,
the charge exchange signal can also be modulated, since the cross sections increase rapidly with nlevel. In
the case of the CER measurement, either resonant pumping of the n=2 to n=3 transition or photo ionization
of the levels with n=2 and greater could be used to effect the modulation. In the one case, the charge
exchange signal would increase, in the second it would decrease. Since the photo ionization technique
affects more levels, it would probably have the larger amplitude; however, it may require significantly
greater laser power. We intend to assess both techniques and devel op the best.

Diagnostic Neutral Beam. There are three diagnostics which could be significantly improved by a
diagnostic neutral beam. The MSE diagnostic measures the field line pitch angle from which the plasma
current profile is calculated and the radial electric field E; in the plasma. A diagnostic neutral beam direct-
ed counter to the plasma current would significantly improve the real-time E, measuremen and the plasma
current profile measurement. The CER System is used to measure ion temperature, poloidal and toroidal
rotation, impurity density, and E,. A diagnostic beam, capable of being operated at a higher beam modula-
tion rate and higher beam power density with a smaller diameter beam, would increase the CER signal
and improve spatial resolution. The improvement in signal to noise ratio is of particular importance at the
core of the plasma where beam attenuation now limits the accuracy of the measurement. The BES diag-
nostic would benefit from a diagnostic beam with higher power density to improve time resolution, and
its measurement might, based on theoretical estimates, be improved by use of a helium diagnostic neutral
beam.

The Impact of the Long Pulse Upgrade on Diagnostics. The ten second current flattop planned for
DIl1-D during the Five-Year Plan period will primarily affect the various diagnostics data acquisition sys-
tems. The changes and additions to the Data Acquisition Systems are straightforward. Some diagnostics
will require additional digital memory, or new digitizers and/or computers to fully take advantage of the
longer plasma pulse.
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2.5.6. CONTROL, DATA ACQUISITION AND ANALYSIS SYSTEMS (TOKAMAK RESEARCH)

The DIII-D tokamak is a national and international fusion research facility. The extraction of data
from the experiment, the production of results through data analysis, and the dissemination of information
to national and international researchers involves computer systems and programming at al levels. This
section outlines what is needed in the area of computer systems, programming, and user support in order
to effectively accomplish the goals of the experimental facility and the researchers over the next five
years.

These system requirements are divided into two broad areas: (1) hardware systems (including
CAMAC, CPUs, networks, storage systems) and associated system software needs; and (2) analysis soft-
ware (including databases, user interfaces, analysis/visualization codes).

2.5.6.1. HARDWARE SYSTEMS: STATUS, FUTURE NEEDS, AND UPGRADES

General Considerations. One of the significant aspects of DIII-D isthe production of large quantities
of data. In FY 96, 430 GB of raw data were acquired, with the largest single shot being 190 MB. The data
rate is expected to increase about 40%/year due to participation of more collaborators, more diagnostics,
more operation and longer pulses. Based on past history, it is expected that within five years the size of a
shot will be 400-500 MB, and that over the course of the next five years, 4-5 TB of raw data will be
acquired. The ability to handle and analyze these quantities of data will require order of magnitude
increases in the capabilities of the computer hardware supporting the experiment. History also indicates
that new hardware will be available to help meet this challenge.

Another significant aspect of the DIII-D Program is that as a national facility, the number of collabo-
rators on-site and at remote sites are expected to increase considerably. This, in turn, will create large
increases in the demand for network bandwidth. Currently most of the networking within the DIII-D site
is Ethernet operating at a rate of 10 Mb/s. In order to handle the increased networking over the next five
years, the network must be upgraded to a minimum of 100 Mb/s.

Historically, there was a clear division between the real-time experimental systems used for data collec-
tion and the systems for general users and long term data analysis. The modern networked distributed envi-
ronment of computers has completely blurred this division. Even the general purpose computers have
become necessary to the running of the experiment, aswell as later data analysis. An even further blurring of
functional division isin the desktop computer area. Systems once used only for word processing and spread-
sheets are now being used for data analysis and collection. The computer systems will, however, be divided
for purposes of this discussion into those systems directly tied to experimental control and data acquisition,
and those systems used for analyzing data from the experiment.

Control and Data Acquisition Systems. The computer systems required for running and diagnosing
DIlI-D can be divided into: (1) the tokamak control system, (2) neutral beam control systems, (3) the
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plasma control system, (4) general purpose data acquisition systems, and (5) data acquisition systems for
specific diagnostics. Over the past three years, items 1-3 have been upgraded to modern UNIX platforms,
and near-term upgrades are not anticipated. Further development of the plasma control system is dis-
cussed in another section.

The general purpose data acquisition system with one CAMAC highway has been expanded with a
second CAMAC highway to accelerate data acquisition. Still it is clear that with the ever increasing quan-
tities of data, a second data acquisition system will soon need to be added. This could be either a clone of
the existing system or possibly a new system altogether. Two systems with two CAMAC highways each
should be sufficient for the next five years.

Data is also collected from a number of diagnostics; e.g., pellet injector, Langmuir probe, lithium
beam, Thomson scattering, FIR, SPRED, CER, plasma control system, ICH, and others. New diagnostics
will lead to more data handling, new computer systems, accompanying data acquisition hardware, and
additional programming personnel.

Systems for General Users and Data Acquisition. The general purpose computers of the User Service
Center currently used for shot retrieval and data analysis (both real-time and long term), will require con-
siderable upgrades over the next five years. As the number of users increases and the size and complexity
of codes increases, more computing power is needed to do analysis. The main central processing unit
(CPU) server is frequently saturated during operations. Higher performance CPUs currently exist which
can be dropped into place with little impact on operations, and memory can also be doubled from 0.5 GB
to 1 GB. Of particular importance is magnetic disk storage for user space, raw shot data space, and calcu-
lated results. Storage needs are anticipated to increase an order of magnitude over the next five years.

The shot data space is of particular concern, since the number of shots on-line goes down as the size of
the shot goes up. At the same time as the number of physicists increases, there is a desire for more shots
on-line. Shot servers based around inexpensive CPUs and disks are being considered. The shot restore sys-
tem can be augmented through the use of a rewritable optical jukebox storage system. Given the large
guantities of data involved, this system should hold 0.5 to 1 TB of data and have expansion capabilities.
This jukebox is intended as a large near-line storage facility to migrate the storage of data from the exist-
ing VAXS computer to the data servers computer systems.

Of paramount importance to the analysis of DIII-D data is the purchase and implementation of a new
commercia database system. In recent years, there has been a proliferation of ** private” databases within
the DIl1-D Program where only a few people know how to access each database. This often leads to an
overlap in functions and results, as well as leading to inefficient usage of disk space and scientific staff
time. A new database system would provide aflexible, easy to use mechanism for creating databases with
standard tools for maintenance and client access from various CPUs. Since this system will contain the
bulk of calculated results, the server system will aso require alarge amount of disk storage (~100 GB) for
various types of databases. Section 2.5.6.2 contains further information on the structure of the database.
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A number of UNIX workstations of various types are in use for specific purposes (although they may
have a number of users). Additional specific workstations will be added as the need arises. One such sys-
tem would be dedicated to theoretical modeling.

Although the DI11-D Program has mostly moved away from VMS based systems, there is still a need
for such a system. The current system will be replaced by one DEC AlphaVMS System.

Desktop Computing. Desktop capability used to mean just word processors, spread sheets, e-mail, and
a few other miscellaneous office-type activities. However, desktop computers have become very powerful
processors in their own right. They are now more and more being used to do analysis work that only afew
years ago would have been done on mainframes and high performance workstations. It is important to
begin making use of their capabilities and this power on the desktop. A more integrated environment will
need to be developed that can handle Macintoshes (primarily used today), PCs with Windows 95 (more
and more desired by the staff), and Windows NT (which is becoming more common in other environ-
ments).

Networking. It isthe network that ties all the computer systems together. As stated previously, an order
of magnitude increase in bandwidth just within the DIII-D environment over the next five years will be
necessary. Upgrades to higher bandwidth must be coordinated with the GA facility. Another factor not pre-
viously mentioned driving the network needs is the increased usage of the World Wide Web, both for inter-
nal use, as well as external. The Web will increasingly be used for the dissemination of information about
the DI11-D Program for both publication of results and real-time interactions.

Five-Year Scenario. Thefollowing isa proposed schedule for the next five years.

YEAR O
o Add second CAMAC highway for increased data acquisition throughput.
o Add computer system for database server and begin implementation of new database system.

e Beginimplementation of shot server/archival system.

YEAR 1
o Upgrade memory, disk storage, and CPU power of general CPU servers.

o Begin further integration of desktop computersinto the “data’ environment.

YEAR 2
o Complete upgrade of network.
o Expand shot server storage and database server storage.

e Add second general data acquisition system to handle more data.
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YEAR 3
o Upgrade CPU servers again.

YEAR 4
o Evauate control and neutral beam systems for potential upgrades.

o Add second highway to second data acquisition system.

YEARS

o Begin upgrades of control/beam systems if necessary.

2.5.6.2. THE DATA ANALYSIS UPGRADE INITIATIVE. With the decline of magnetic fusion funding, the U.S.
Fusion Program is left with fewer experimental facilities. DI1I-D and Alcator C-Mod are the two major
operating U.S. tokamaks that will be relied upon to produce data and scientific understanding essential
for the improvement of the tokamak concept. They have become national user facilities, serving
researchers from many institutions, both on-site and off-site. To facilitate this national mode of operation,
modernization of the computing environment is needed to provide the ability for remote participation and
adistributed data analysis and modeling capability. This requires the following features to be added:

¢ A common I/O file standard to facilitate data transfer.

« A modern, commercially available data warehousing software to archive and retrieve a variety of
data

o  User-friendly tools for code invocation, data visualization, and data transfer.

o Programmable environment for code coupling and continuous improvement of comprehensive
simulation capability.

Our upgrade initiative will focus on developing the above capabilities in three major areas: improv-
ing access to data, overhauling the DI11-D database, and devel oping data analysis tools.

Improve Access to Data. Thisis an immediate issue. The problem has been that restoring shot files
from tape to disk for analysis can take more than 24 hours if the system is busy, and that the lifetime for
keeping a shot on disk is short. The problem of short lifetime on disk has been aleviated by the doubling
of disk capacity, and beginning to implement a system for restoring only portions of shots, since usualy
only a small portion of the shot data is wanted. Section 2.5.6.1 discussed further upgrades for making
shot data more available.

Overhaul the DIII-D Database. The present *“public” database was designed over ten years ago. Many of
its functionalities are antiquated, difficult to use, and may even be inappropriate. This led to a significant
decline in archived datain this database. Furthermore, it uses S1032 software which is only available on the
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VAXes, whereas the trend for computer hardware upgrade is towards UNIX platforms. It is recognized,
however, that an easily accessible, comprehensive ** public” database is essentia to enhance the productivity
of the entire DI11-D Group. Hence, the redesign of the DI1I-D database is an urgent task that requiresimme-
diate attention. Based on needs at present and in the foreseeable future, it appears that alayered structureis
most suitable with interconnectivity among layers.

1. Thefirst layer is a broad, but shallow database containing basic information from essentialy all
DIII-D discharges. This will facilitate surveys and searches of past experiments to find what has
been done, to determine trends, to select shots for detailed analysis, and to plan new experiments.
It should include a descriptive set of parameters for a discharge, all control room analysis informa:
tion, and a small number of time slices from each shot to provide some information about time
history. Data entry would be automatic and stored in the main computer.

Proposed upgrade

e Centralize and automate all control room analysis.
« Revamp the existing database concept and add desirable functions.

2. The second layer consists of processed (blessed) data, kinetic EFIT, profile data divertor, fluctua-
tions and some analyzed transport data. Such data may be stored in distributed computer plat-
forms, but we need to keep a directory on them and develop the tools to view and extract infor-
mation.

Proposed upgrade

e Design and implement a directory and associated tools.

o Improve ease of data entry and add comment capability.

o  Where possible automate (or speed up) data reduction procedures for CER, Thomson, mag-
netics, divertor, etc.

o Further automate kinetic EFIT and 4D (data display code).

e Work towards a common format for data entry and examination (self-describing files).

3. Thethird layer contains highly analyzed, publication quality data. This will serve for publication,
for unrestricted outside distribution, and for testing models. All the supporting data files would be
included.

Proposed upgrade

o Improve ease of data entry and add comment capability.

e Web-based access to thislevel of data.

o Develop software or protocol for viewing and downloading data.

Develop Tools for Data Search, Entry/Retrieval, Visualization and Analysis. The implementation of a new
database has to be done in combination with the development of modern tools to facilitate the above func-
tions. We need to improve the user-friendliness of a suite of commonly used anaysis codes and physics
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modeling codes. We also need to develop remote access for off-site collaborators to anayze DIII-D data
with this suite of codes, or their own codes, and to make entry to the DII1-D database.

Proposed upgrade:
e Improve toolsand procedures for entry and examination of data, and for invocation of codes.
o Develop acommon interface for on-site and remote access.

o Assemble a common library of basic tools and routines for getting diagnostic data, mapping and
postprocessing cal culations.

o Retrofit heavily used analysis and physics application codes to improve connectivity and ease of
use. These codes include EFIT, 4D, CER, ONETWO, stability codes, and divertor codes.
Collaborator codes may be added.

2.5.6.3. DISTRIBUTED SITE OPERATION. Research in fusion energy science continues to involve several
collaborative efforts that are national and international in scope. LLNL and GA have pioneered the devel-
opment of concepts that allow researchers at distant locations to more fully participate in fusion research.
These efforts currently support a limited amount of off-site participation in the DIII-D Program, and
serve as a prototype for potential future application to I TER remote operations.

Recent modifications to the DI1I-D controls and data acquisition system hardware and software have
enhanced capabilities for remote access to the experimental facility. Existing network bandwidth supports
significant levels of activity in areas critical to remote participation: exchange of newly acquired data and
processed results on a time scale comparable to the acquisition rate, ability to operate hardware systems
from a remote station, and capability for interactive communications among geographically separated
researchers. Local network upgrades acting in concert with ESnet T3 wide area connections allow near
real-time transfer of information among researchers and computer systems at the DI11-D and remote sites.
Internet-based video conference technology provides views of the control room, and is used to broadcast
the morning preoperations meeting and sel ected meetings critical to the DIII-D Program.

The DIlI-D Program is implementing additional technologies and capahilities to support remote use of
the facility and facilitate off-site involvement in the U.S. Fusion Science Program. As capability has expand-
ed to include remote control of more complex instrumentation, such as tokamak shape and heating systems,
secure access becomes a more critical issue. System modifications are required to increase user authentica-
tion security and for authorization to services and hardware during distributed operations. Integration of
audio capabilities with operations, additional audio and video channels, and the use of shared computer dis-
plays, applications and electronic notebooks will promote more efficient, interactive collaborations.
Extending the use of internet audio/video to a wider range of meetings and applications and the use of web
technology will provide a means for rapid dissemination of information, thus expanding the physics base for
collaborations and enhancing the role of DIlI-D as anational facility.
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2.5.7. FAST WAVE ICRF SYSTEMS (OPTION)

The upgrades for the systems in the | CRF, which are planned for this plan period, will leverage on the
existing ICRF equipment. The primary objectives of the upgrades are to increase the pulse length capabil-
ity of antennas used for fast wave injection on DIII-D, and to increase the power available for heating
electrons. Electron heating, as described in previous sections, is useful for enhancing the bootstrap cur-
rent, improving the current drive efficiency for fast wave or electron cyclotron waves or neutral injection,
and for many applications such as effective electron heating during the current ramp to generate plasma
configurations with negative magnetic shear. The heating and current drive depends on Landau damping
and transit time magnetic pumping, so the heating does not require a resonant magnetic field.

2.5.7.1. PRESENT STATUS OF FAST WAVE SYSTEMS. We have three ICRF power sources. A modified
FMIT System has a power of 2 MW for at least 10 s over the frequency range 30 to 60 MHz. Two ABB
transmitters have rf power of 2 MW for at least 10 s over the range 30 to 55 MHz with power falling off
to 0.4 MW at 120 MHz. The FMIT power is coupled to an uncooled four strap antennawhich is limited to
a 2 s pulse length. The ABB transmitters are connected to water-cooled four strap antennas which can
operate for 10 s.

A transmission line configuration more tolerant to variations in plasma-antenna loading is being
installed, which is based upon a traveling wave concept. This configuration uses a less efficient coupling
factor between the antenna strap and the plasma, which results in a lower perturbation back at the trans-
mitter for any change in plasma edge condition. However, the loss in coupling efficiency is recovered by
recirculating the uncoupled power back to the antenna using a resonant ring loop.

2.5.7.2. UPGRADE TO 8 MW (OPTION). The water-cooled antenna discussed above can support 4 MW per
antenna, so combining both ABB transmitters onto one antenna can free up an antenna. An additional
unmodified FMIT transmitter exists at DI1I-D and can be upgraded to 2 MW at a fixed frequency of
80 MHz for modest cost. This modification could be performed by PPPL under the DIII-D collaboration,
with GA responsible for site modification and installation. In addition, a folded waveguide (FWG) launch-
er capable of 10 s operation, which was originally built for PBX/TFTR, will be modified for DIII-D by
ORNL at modest cost. This unit will be installed and operated at 58 MHz using the existing FMIT unit.

The FWG is presently configured with a flexible feed and avacuum valve at the vessel interface. This
alows for the removal and rotation from fast wave configuration to ion-Bernstein wave, without having
to vent the tokamak. However, this assembly is too long to fit on the midplane work platform. Therefore,
the option of changing configuration without a vent will be abandoned, and the FWG will be repackaged
with a shorter vacuum feed section and no torus isolation valve. A short stroke bellows at the vessel inter-
face will be maintained to allow for some adjustment between the antenna and the outer wall tiles. All of
the mechanical rework of the FWG antennawill be carried out by ORNL. The primary work for GA isto
make the port available (relocate or remove the UCLA Reflectometer) and to hook up the transmission
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line.

Operation at lower frequency, 20-35 MHz, for minority heating or mode conversion current drive
will require replacement of the straps on the water-cooled antennas or installation of a combline antenna.
Since the existing antennas were of modular construction, this replacement can be accomplished easily. If
a frequency below 32 MHz is desired, modification or replacement of the existing transmitter would be
required.

There are two options for using a combline antenna to launch fast waves for mode conversion current
drive with the physics benefits and disadvantages delineated in Section 2.1.3.4. These two options are a
combline antenna either on the inside wall of the DI11-D vacuum vessel, or on the outside wall of the ves-
sel. In general, each combline will need multiple current straps approximately 7.5 cm wide, 1 cm thick,
spaced every 15 cm, and 120 cm long. For long pulse operation, the straps would need to be water-cooled
and would have similar construction as the water-cooled current straps in the existing antennas. The
Faraday shield would not be water-cooled, but would be mounted on water-cooled backing plates. A 12-to
15-strap combline antenna would mount on the inner wall, within the 5.4 cm envelope used by the
graphite armor, and would span a 100 to 120-deg midplane sector of the vacuum vessel.

Mounting a combline antenna on the outer wall has different challenges. The straps must be longer and
the (175 cm) length of the current straps will not fit in the space between the R+1 ports. In order to reduce
the length, additional capacitance at the ends of each strap will have to be included. This can be in the form
of lumped capacitance such as vacuum capacitors, or it can be achieved by complex designs of the ends of
the current straps. Also the length of the combline will be limited to the space between the 270 deg port and
the 300 deg port, since thisis the only midplane space available.
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2.5.8. NEUTRAL BEAM HEATING SYSTEMS

2.5.8.1. PRESENT STATUS OF THE NBI SYSTEMS. The DIlI-D Neutral Beam Systems consist of four
beamlines, and each beamline has two positive ion sources in parallel, focused through a common drift
duct. These neutral beam systems were designed for 5 s deuterium beam operation at beam energy of
80 keV with 16 MW of total injected neutral beam power from eight sources. They routinely operate at
this level. Improvements in operational technique and in system hardware have led to the routine opera-
tion in deuterium at beam power level of 20 MW for 3.5 s. Successful testing and operation of three ion
sources at 93 keV deuterium beam energy also leads to the possibility of enhancing system capability to
28 MW. Control and data acquisition computers have recently been upgraded, along with several instru-
mentation and control systems to improve system functionality, availability, and reliability.

2.5.8.2. COUNTER BEAMLINE FOR TOROIDAL ROTATION CONTROL (OPTION). The primary physics base
for a counter neutral beamline derives from the need to be able to dynamically influence the plasma rotation
during plasma discharges with significant neutral beam heating power. With the present beam configuration
on DIII-D, we can have either al co- or, by reversing the plasma current, all counter injection. This means
that there is always a one-to-one connection between the heat and particles deposited by the beams and the
torque that they produce. A dedicated counter neutral beamline would alow us to break this connection, so
that the toroidal rotation could be independently varied.

The existing neutral beamline and tokamak structure does not alow converting from co-injection to
counter-injection easily. Rotating the existing beamline counter-clockwise by 39 deg about the injection
point will result in a counter-injection symmetric image to the co-injection beamline. Figure 2.5-16 shows
the top view drawing of the beamlines and other major DII1-D equipment and diagnostics. Based on the
scope of work and costs, the 330 deg beamline is the best candidate for converting to counter-injection
beamline. The major tasks include relocating the entire beamline including ion source housing and its
stand, rebuilding the beamline drift duct, relocating two machine hall staircases and elevator, and rel ocat-
ing severa diagnostics such as CER, MSE, SPRED, and magnetics.

2.5.8.3. REALIGNMENT OF A BEAM FOR OFF-AXIS INJECTION (OPTION). We have considered off-axis
injection of beams for off-axis neutral beam current drive to control of q profiles and reduction of central
particle fueling from beams. However, the existing toroidal coil makes access to the plasma chamber at a
more tangential angle very difficult. Another option for off-axis beam injection is to mask half of the
beam (50% beam power) at the ion source between the arc chamber and the accelerator. Thiswill produce
a beam with its center aimost 30 cm off axis but will reduce the injected power. Injecting beams further
away from the axis will require modification of the port on the tokamak vessel and relocation of the
toroidal magnetic field coils. We concluded not to consider off-axis injection further.

2.5.8.4. TANGENTIAL LOW ENERGY BEAM (OPTION). The physics motivations for a tangential low energy
beam injector are: (1) shallow, but nonedge particle fueling dominated by energetic particles, (2) tangential
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Fig. 2.5-16. Several possible beamline rotation options would allow counter-injection.

edge momentum input to stabilize the resistive wall mode and locked mode, and (3) tangential edge momen-
tum input to develop large ExB shear for good confinement. All of these have direct relevance to ITER. The
required beam energy and total beam power are 10 to 20 keV and 5 to 10 MW, respectively.

Since for the present beamlines beam power is proportional to (beam energy)>'2, very little power is
delivered when the beam energy is lowered to 20 keV. Deuterium beam power from a
DI1I-D ion source will be only about 80 kW at a beam energy of 20 keV, a sharp drop from the 2.5 MW
from 80 keV beams. Unless a new class of extreme high perveance (ten times or more than existing
sources) ion source is devel oped, the low energy beam is not a viable option.

2.5.8.5. DIAGNOSTIC NEUTRAL BEAM (OPTION). An attractive diagnostic neutral beam should have the
following specifications: beam energy between 80 keV or higher, beam cross-sectional area about one-
third of the DIII-D beams, beam power density a factor of 2 to 10 higher than the present beam, beam
optics comparable to present beams, beam pulse length extended to 10 to 20 s, beam modulation rate as
high as 500 Hz with relatively low duty cycles (i.e., low average power), and capable of being operated in
helium for long pulse.
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Existing neutral beam ion source technology is capable of producing an ion source which will satisfy
the above specifications, except the beam power density (present DIII-D ion sources have higher beam
power density compared to ion sources employed at other fusion research institutes). lon source opera-
tional techniques for high frequency beam modulation would need to be developed, but it is achievable.
In addition to the cost of developing such an ion source, additional cost will be incurred in building the
power supply system and the beamline. It is anticipated that many components such as the bending mag-
nets, stripping cell, and gas pumping requirement would be similar to the existing beamlines and thus the
beamline will be a substantial undertaking.
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2.5.9. OTHER UPGRADE OPTIONS

2.5.9.1. LIQUID JET/KILLER PELLET SYSTEM (OPTION). Recent results from DIII-D disruption mitigation
experiments indicate that both the high heat flux to the divertor and the large forces due to halo currents
during disruptions can be significantly reduced by the use of high-Z impurity pellet injection, often
referred to as “killer” pellets. However, the use of these pellets has been shown on DIII-D and other
devices to result in the production of runaway electrons. Modeling for ITER indicates that high-Z pellet
injection can produce runaway currents up to 15 MA with energies in excess of 10 MeV. To achieve dis-
ruption mitigation without the runaway production, it has been proposed to inject a high velocity liquid
helium (LHe) jet that would both cool the plasma and raise the density sufficiently to prevent the runaway
production. GA has proposed to the ITER and Technology Division of OFES a program to design, build,
and install a pulsed liquid helium jet injector on DIII-D, and then to carry out experimental studies of this
new plasmatermination and disruption mitigation concept. Since the jet is expected to isobarically cool the
plasma below 100 eV, this will be followed by the injection of a higher Z impurity pellet to radiate away
the thermal and magnetic energy.

Although the technology exists for making continuous high-speed liquid jets in atmospheric
conditions, the pulsed mode is a new variant. In addition, initial studies show that for a 20 times increase
in the electron density in DIII-D, the jet velocity required for penetration to the magnetic axis is nearly
800 m/s, more than four times the LHe sound speed in the jet of 180 m/s, requiring the development of a
new nozzle design.

GA proposes to do liquid jet development and subsequent experiments in collaboration with INEL and
ORNL. Simultaneous with this development, vacuum propagation issues will be addressed in a collabora
tive study conducted at INEL. The liquid jet would be installed on a horizontal midplane port on the
DII-D in order to minimize the distance the jet must traverse in vacuum and to reduce the path length to
the plasma core. The existing high time resolution diagnostic set used for present disruption experiments
would be augmented with a Kodak Motion Analyzer. This fast framing camera would allow investigation
of both the vacuum propagation and the penetration of the jet into the plasma.

While the cryogenic liquid helium jet/killer pellet concept is presently the most developed
concept, simulations show that the use of aliquid jet pentaborane or hexaborane is very promising. These
low-Z room temperature liquids present the possibility of significantly reducing the system complexity.
This would eliminate the cryogenic system and possibly avoid the need for the additional pellet system
since the boron would provide the radiation required to dissipate the plasma energy. Presently, the safe
handling and manufacturing these liquids present significant obstacles and will need to be addressed in
order to pursue this option.

2.5.9.2. COMPACT TOROID FUELING (OPTION). Compact toroids are an effective means of depositing fuel
in the core of atokamak without disruptive instabilities. Recent Spheromak-like Compact Toroid (SCT)
injection experiments by CCFM/CFFTP on the TdeV tokamak with the CTF injector have demonstrated
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core plasma fueling with an accelerated SCT is possible with alow level of impurities. Recent increases
in CT density and velocity have been achieved experimentally on RACE at LLNL and continued with the
progress achieved on MARAUDER at Air Force Phillips Laboratory. UC Davis has shown repetitive
operation using a passively-switched SCT injector that can produce SCTs with sufficient lifetime to trans-
verse a 1.5 m coaxia accelerator followed by 1.5 m of open drift tube resulting in the fueling of a toka-
mak discharge. The fast gas valve, which initializes the SCT formation, has been demonstrated to be reli-
able and the saturable cores which provided the necessary time delay between the formation and accelera-
tion sections performed faultlessly for a 1000 consecutive SCTs at arate of 0.2 Hz.

We propose to monitor the progress of CT fueling in present experiments and in JT-60U. If results
and the needs of the U.S. Fusion Program warrant it, we would perform a preliminary study to define the
size, velocity, and repetition rate of an injector for DII-D, with each CT supplying about 10% of the par-
ticle content of the confined plasma. Cost will be estimated during the study. As an example of the
approximate size of the injector, Fig. 2.5-17 showsaLLNL RACE-scale device.

The study would include both physics analysis of the
plasma response, a conceptual design of the injector, and
diagnostics to investigate the physics of the CT reconnec-
tion and plasma deposition processes. Additional diagnos- M
tics could include a direct-to-digital holographic interferom-
etry technique recently developed at ORNL to determine
spatially resolved density profiles in the CT/plasma interac- 5 (P
tion region. Development work will be required to deter- i
mine how best to operate the system at high repetition rate.
This work will involve electrode cooling, coating materials, ;
and pulsed capacitor bank switching design. 70 )

2.5.9.3. TOROIDAL FIELD UPGRADE (OPTION) =

Operation at 3.4 T Toroidal Field. Operation at higher
toroidal field would allow higher plasma energies, higher
density, higher temperature plasma conditions, and perhaps
more efficient rf heating. DIl11-D was originally designed to
allow operation at 3.4 T following the addition of substan-
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tial load reacting components. Such an upgrade would be
timely and costly so is considered only as an option beyond
the timeframe of this plan.

After the long pulse upgrade of the toroidal field sys
tem, the joule capability of the coil and power supply are
well matched (2.2 T for 10 s). Similarly, the joule heating
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Fig. 2.5-17. The LANL RACE compact toroidal
injector is of the size needed for DIII-D.
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limited flat-top pulse length available at 3.4 T is 1.8 s. When the current is increased by 50% the heating
increases by 2.25. The total heating pulse duration includes ramp up and ramp down and at high field,
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these become a substantial burden.

Operation of DIII-D at 3.4 T requires a number of upgrades to existing systems. Assuming that the

long pulse upgrade is completed, these include:

Apply clamping caps to the top and bottom of the centerpost with tensioning rods in between (see

Fig. 2.5-18).

Relocate all of the utilities and diagnostics in the way of the new components.

Install dynamic control for the existing radial prestress system at the top and bottom of the

machine.

Install five additional power supply modules.

Vertical Preload
Device — Upper Cap

Prestress Ring —
” Laminated

Anti-torque
Structure
Horizontal
Preload Rams
Vertical S
Preload Rams , @ = ‘
. 7’ Vertical Preload
Vertical Preload - Tension Rod Bundle

Device — Lower Cap

Fig. 2.5-18. Operation of DIII-D at 3.4 T requires upgrades such as the application of clamping caps to the top and bot-

tom of the centerpost with tensioning rods in between.
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e Install ac feedsfor the additional modules.

e Increase in the number of feed points at the toroidal field coil to three — requires adding one and
moving at least one.

o Add anew free-wheeling diode and upgrade existing free-wheeling diode sets to operate at high-
€r currents.

o Install one new TF coil bus from power supply to new feedpoint.

o Operate two MGsin parallel which requires additional high voltage busswork and safety itemsin
the yard.

A second option might be considered to increase the voltage and current of the existing modules, but
only use two feed points. This doesn’t change power supply costs, but requires us to operate with 50%
higher voltage on the coil and all of the existing busswork (up from 1100 V).

In addition, there will be alimitation on the Ohmic heating coil current. Since the maximum current in
the off-coail is limited by the force onits current feed and the force is proportional to field, the Ohmic heat-
ing coil current and thus the V-s capability will be reduced to two-thirds of its present value.

These changes will be expensive to implement. Not only is the directly associated cost high, but the
space for those upgrades located close to the machine has been given up to other systems, including water
manifolds and the like at the bottom of the machine. Considerable additional cost would be incurred to
move these systems.
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2.6. THE DIIl-D NATIONAL FUSION PROGRAM

The DI1I-D National Program evolved from the Doublet 111 device, which was wholly constructed and
initially operated by GA in 1978. During that first year of Doublet |11 operation, a major collaboration
was established with the JAERI. JAERI subsequently invested $80M (FY 98 money) in the DIII-D facili-
ty and was provided half the run time in the period 1978-1984. This early major collaboration set the pro-
gram on the course that has led to the present National Team. When Doublet 111 was converted into the
DIIN-D tokamak in 1986, an expansion of collaborations was sought as a goal of the new DIII-D
Program. With the DOE, GA developed major collaborations with Lawrence Livermore National
Laboratory (LLNL), Oak Ridge National Laboratory (ORNL), Princeton Plasma Physics Laboratory
(PPPL), Sandia Nationa Laboratory (SNL), and the Universities of California at Los Angeles (UCLA)
and San Diego (UCSD). In addition, many other institutions (Table 2.6-1) collaborate on DIlI-D. These
collaborations carry out the integrated DII1-D Program mission. Presently, about two-thirds of the
research physics staff is from the national and international collaborating institutions. GA provides most

of the operations support.

TABLE 2.6-1

DIlI-D ProGrRAM COLLABORATORS

National Laboratories Universities International Laboratories
ANL Cal Tech Academia Sinica (China)
INEL Columbia U. Cadarache (France)
LANL Hampton U. CCFM (Canada)
LLNL Johns Hopkins U. Culham (England)
ORNL Lehigh FOM (Netherlands)
PNL MIT Frascati (Italy)
PPPL Moscow State U. loffe (Russia)
SNLA RPI IPP (Germany)
SNLL U. Maryland JAERI (Japan)

U. Texas JET (EC)

U. Toronto (Canada)  KAIST (Korea)
Industry Collabs U. Washington Keldysh Inst. (Russia)
CompX U. Wisconsin KFA (Germany)
CPI (Varian) UucB Kurchatov (Russia)
GA UCl Lausanne (Switzerland)
Gycom UCLA NIFS (Japan)
Orincon UCSD Troitsk (Russia)

Tsukuba U. (Japan)
Southwestern Inst. (China)
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2.6.1. NATIONAL LEADERSHIP ROLE

A key responsibility of the DII1-D Program Plan for the period 1999-2003 is for the DIl1-D Program
to provide a National Program leadership role in the area of its mission: optimization of the tokamak
approach to fusion energy. As illustrated in Fig. 2.6-1, DIII-D research is implemented by using the
DIlI-D facility and the DIl1-D National Research team with its collaborations and outreach. The respon-
sibility of the DII1-D National Team extends beyond the conduct of the DI11-D Research Program using
the DIII-D facility. The outreach required isin six directionsillustrated schematically in Fig. 2.6-1:

1. The DIlI-D Program will identify the critical theoretical effort needed for the mission and will
seek to obtain that effort from the broader Theory Program.

2. The DIlI-D Program will be pro-active in identifying experimental research from other domestic
programs, especially closely coordinated collaborations with Alcator C-Mod and smaller univer-
sity experiments such as HBT-EP and LCT-2, which support the DI1-D mission and will form

THE DIII-D
NATIONAL PROGRAM

NATIONAL
RESEARCH TEAM

THEORY COLLABORATIONS
PROGRAM 7%~ AND OUTREACH POE“glEggg;s

ENABLING 7 ,
TECHNOLOGY
FOREIGN
PROGRAM EXPERIMENTS
GENERAL SCIENCE FUTURE
COMMUNITY EXPERIMENTS

is used by the

DII-D NATIONAL TEAM
to implement the

Dlll-D RESEARCH PLAN

to provide the
scientific basis for

ADVANCED
TOKAMAK
(Section 2)

FUTURE FUSION
INITIATIVES
(Section 4)

FUSION ENERGY.
SCIENCE
(Section 3)

Fig. 2.6-1. The DIlI-D Program advances fusion energy science and improves the tokamak
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linkages to assist those experiments to succeed and to obtain timely input of their results into the
DII-D Program.

3. The DIII-D Program will continue its active program of collaboration with foreign
experiments to assist their progress with DI11-D results and to obtain their input into the DIII-D
research directions.

4. The DIII-D Program will continue to strengthen its coupling to the design teams for future
devices to assure timely and accurate input of the important research results from DIII-D into the
planning for future facilities.

5. The DIII-D Program will help advance and will benefit enabling technology programs.

6. The DIlI-D Team will communicate the excitement and progress of fusion energy science to the
genera science community and the public.

2.6.2. COLLABORATIONS AND OUTREACH

The DIII-D Program itself is a multi-institution collaboration (see Table 2.6-1). In addition, the
DIIN-D Program extends collaborations and outreach to national and international facilities and orga-
nizations to carry out the scientific research called for in the DIII-D Program objectives. Figure 2.6-2
illustrates the tokamak facilities with which DI11-D carries out its main collaborations. Indicated are key
areas of collaborative research. This DIII-D collaborative research spans awide range of activities.

2.6.2.1. DIlI-D RESEARCH AND THE U.S. THEORY PROGRAM. The DIlI-D research has provided, and will
continue to provide, key data for testing theories. Both the GA theory staff and experimental research
staff are committed to helping collaborators in the U.S. Theory Program with access to the data. We give
some specific recent examples.

In the confinement and transport area, DIII-D has provided almost half the discharges in the ITER
profile database used by modelers as a standardized test bed for theoretical transport models. DIII-D has
been in the forefront providing data on transport barrier formation particularly with high-quality profile
data on toroidal rotation and electric field shear at the L/H mode transition and the NCS core transition.
This data should help isolate the dominant mechanism for barrier formation: ExB shear or apha-stabi-
lization. DI11-D has launched a program to do ECH pulse modulation studies specifically designed to test
the leading ITG transport models to determine if they can be clearly delineated from models without a
critical temperature gradient. DII1-D has provided an enormous wealth of archival point data on L/H
power threshold scaling and global confinement time scaling. Perhaps, most importantly, DI11-D has long
taken alead role in dimensionless variable scaling studies which attempt to isolate the dependence on the
key theoretical variables, like the relative gyroradius, and to establish by collaborative comparative exper-
iments with JET and C-Mod that only plasma physics variables determine confinement scaling.

General Atomics Report GA-A22950 2.6-3



THE DIII-D FIvVE-YEAR PROGRAM PLAN 19992003 Project Saff

JT60U

Triangularity

JET and NCS

Profile Control Current Drive
optimization

sgsgfi':m / nlvertor\
ASDEX
Divertor Ungrade
f .~_m {

N\

TEKTOR Rimoa T-10

e god

Fig. 2.6-2. DIII-D collaborates with the world's premier tokamak facilities.

Recently there has been a focus on organizing the H—mode pedestal data to test the theoretical idea that
the pedestal beta may be limited to the product of the MHD critical beta gradient and the poloidal gyrora
dius; a critical issue for ITER. Another critical issue for ITER in the MHD stahility area is the possibly
unfavorable low collisionality scaling of the maximum beta from neoclassical tearing modes. DIlI-D has
provided the main source of data and inspiration to a strong U.S./European theoretical effort on neoclassi-
cal tearing mode physics. There was significant input from the theorists suggesting that if broad pressure
profiles could be induced by controlling the L/H transition, the beta limit in DI11-D NCS discharges could
be increased. This led to a record gain (Qpt = 0.3) in fusion performance. The high beta NCS shots are
currently being used as a test bed for nonlinear MHD code simulations to resolve resistive interchange
mode physics. Similarly, DII1-D has provided well diagnosed profiles for validating competing models of
resistive wall mode stabilization and has contributed to the theoretical understanding of fast particle driven
TAE mode physics, as well as disruption phenomena such as halo current and runaway electron generation.

In the radio frequency heating area, DII1-D has been the leading testbed for rf current drive theories,
both for fast wave and electron cyclotron wave. Of special noteis the validation of the favorable tempera-
ture scaling in current drive efficiency, which was predicted previously in Fokker-Planck studies. DITI-D
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has also provided measured power deposition profiles, which were compared against calculations from
ray-tracing and full-wave codes, confirming the validity of wave absorption physics. Theory has suggest-
ed using mode conversion at the ion cyclotron frequency range to drive off-axis current. DII1-D plans to
test this in the near future. The existence of bootstrap currents is one of the major theoretical contribu-
tions to fusion research. With its capability to measure the paralel inductive electric field profile, DII1-D
was the first to carry out the direct confirmation of bootstrap current. This success has led to the idea of
transformerless operation using bootstrap current ramp-up.

A unigque element of the DI1I-D Program is the close involvement of theorists in the planning, execu-
tion, and analysis of experiments. Theorists have a representation in the Research Planning Committee.
They participate in the preparation of experimental mini-proposals and have even been session leaders of
some experiments. Up to now, collaborating theorists interested in accessing
DIlI-D data to test their models have to work through a GA scientist who can point the way to relevant
data. In the next five years we plan to upgrade our data analysis capabilities using modern computing
tools to allow much easier access to data, and provide the framework for coupling of physics application
codesto the DII1-D experiment. Thiswill make theory participation on DI11-D even more productive.

2.6.2.2. LINKAGES OF DIII-D TO OTHER U.S. EXPERIMENTS. To serve more fully as a National Fusion
Program focal point, the DIlI1-D Program has established and will seek to expand linkages to other mag-
netic confinement experiments in the U.S. Fusion Program. These linkages are seen as a two way street.
Other experiments can supply early tests of concepts and supporting information that might be utilized in
later stages of the DIII-D Program. The DIII-D Program, representing a large collaboration of institu-
tions, will seek to assist linked programs to succeed in their research endeavors. We describe below some
of the on-going linkages.

ALCATOR C-Mod is the other major tokamak facility in the U.S. Program. Located at MIT, it comple-
ments the research on the DI1I-D tokamak with its high toroidal magnetic field and accompanying high
density operating capability. Because of the high field, ALCATOR C-Mod is better able than DIII-D to
pursue Lower Hybrid current drive for current profile control. The lower field in
DIlI-D makes it easier to use electron cyclotron current drive in DI11-D. Both machines have strong pro-
grams in divertor physics. An essentialy unified national team in divertor modeling provides the theory
and code support for divertor research in both programs. Because of the wide range in size and plasma
parameters, DIII-D and Alcator C—-Mod play important roles in the worldwide conduct of dimensionless
scaling experiments with the larger JET and JT-60U tokamaks.

High Beta Tokamak — Extended Pulse (HBT-EP) is a small tokamak at Columbia University presently
studying the issue of wall stabilization. The research is pursuing both the “ smart shell” approach to making
aresistive wall look superconducting and the use of nonaxisymmetric coils to force plasmarotation in the
core plasma. The idea of forcing plasma rotation by rotating magnetic isands in the plasma with externa
coils (“magnetic stirring”) originated at GA by T. Jensen. That idea and the smart shell approach are best
tested on a small experiment before implementation on alarge machine like DI11-D. With a successful out-
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come on HBT-EP, these ideas are proposed for implementation on DIII-D in the next five-year period.
Columbia staff have played prominent rolesin DIII-D high performance and stability experiments.

LCT-2 isalarge low magnetic field tokamak being built at UCLA. Its purpose isto explore the possi-
bility of achieving classical confinement in tokamaks at very high beta with omnigenic magnetic surfaces
with fast ExB plasma rotation. DIII-D high beta physicists have provided theoretical analysis of the
L CT-2 plasma configuration.

National Spherical Torus Experiment (NSTX) is a medium sized tokamak being built at PPPL. It will be
the proof-of-principle experiment for the spherical torus approach investigating, in depth, most of the
important scientific issues for the ST. Consequently, the scientific basis it lays will be crucial to any pos-
sible future ST scale-up device in the DIII-D facility. NSTX is presently forming its national collabora-
tive team. GA is a member of the NSTX Program Advisory Committee and six scientists from GA and
DIl1-D collaborators participate in the various NSTX working groups.

PEGASUS isasmall ST experiment being constructed at the University of Wisconsin. It will be capa
ble of an early demonstration of 3t in the range of 20% to 40% and of investigating high plasma elonga-
tion. Success in these research goals will provide stimulation for the DIII-D Program to move in the ST
direction toward the end of the next five-year period. GA has provided design engineering and analysis
help for the PEGASUS vacuum vessel, and has provided the port extensions in order to assist in a more
rapid startup of this device. GA assistance in the equilibrium and stability areais also planned.

Helicity Injected Tokamak (HIT) is asmall, low-aspect ratio tokamak at the University of Washington. It
has shown the successful use of coaxial helicity injection (CHI) to start up atokamak to the 250 kA level
without using an OH transformer. GA has provided the EFIT code to Helicity Injection Tokamat (HIT)
and assistance in analyzing the equilibria being produced using CHI. University of Washington and
DIlI-D scientists have collaborated on divertor biasing and CHI experiments on DIII-D. CHI is seen by
the DIII-D Program as one element of the transformerless operation research thrust for DIII-D in the
next five-year period. This research line supports either possible future spherical tokamak or spheromak
devicesin the DIII-D facility.

Sustained Spheromak Experiment (SSPX) is a spheromak experiment under construction at LLNL. Its
basic mission is to show the possibility of good interior plasma confinement and magnetic surfaces for
pulses approaching ten milliseconds shell time. Success in this experiment will be an important supporting
element toward any future spheromak scale-up experiment in the DIII-D facility. GA has provided ideal
MHD stahility calculations using GATO in support of the design of SSPX. This support is being expanded
and possible diagnostic collaborations are being discussed.

In addition to the above explicit program linkages, the DI11-D Research Program has many points of
contact with alternate concept research.
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Stability Research. Perhaps the most striking area of shared interest between the DI11-D Program and
alternate concept research is wall stabilization. The primary reason for confidence that the wall stabiliza-
tion techniques to be applied in DII-D will be successful isthat wall stabilization has been employed for
many years as an essential element of operation of the reversed field pinch (RFP) and the spheromak.
These devices employ conducting shells to evolve discharges through difficult regimes of rotational trans-
form to their operating points. The wall stabilization physics is common to the tokamak, RFP, and sphero-
mak. The “smart shell” approach being developed on DIII-D for stabilizing low-n kinks for times longer
than the shell time constant is likely a necessary development for other magnetic confinement approach-
es. Eventually, these alternate concept approaches will have to devel op feedback approaches to stabilizing
MHD modes, and these approaches will probably employ nonaxisymmetric coils in a topology; not much
different than the approach taken for DII1-D.

The codes used and developed in the DI1I-D Program for low-n ideal kink analysis have proven fairly,
eas |y adaptable to evaluating the stability of aternate concept configurationslike the spheromak. Probably
the field reversed configuration can aso be treated. Tearing mode stability physics is shared by the toka
mak and the RFP. The EFIT equilibrium code has been used for spheromak equilibrium calculations.

Confinement. The outstanding example of confinement physics developed on DIII-D that has proven
to have a larger universality is the stabilization of turbulence by sheared ExB flow. We believe that this
single underlying mechanism is responsible for the transport barriers formed in DIII-D at the edge in
H-mode, near the edge in VH-mode, and in the plasma interior in NCS mode. Transport reduction by
sheared ExB flow has been seen in al divertor tokamaks that have operated since 1982 and in al limiter
tokamaks that have operated off an outside limiter, in a current-free stellarator (W7-AS), in a
heliotron/torsatron (Heliotron E), in linear tandem mirror machines (HIElI and Gamma-10), and most
recently in the RFP (MST). Consequently, we can conclude this principle of turbulence suppression is a
basic property of magnetically confined plasmas discovered in a tokamak, but of general applicability as
a pathway to improved confinement.

Divertor Research. The physics of the scrapeoff layer and the divertor in a tokamak is dominated by
open field line physics, and so this physics is generally applicable to any magnetic confinement approach
that bounds a closed field line system with an open field line edge (spheromak, FRC, stellarator) or the
linear mirror machines. The fluid and Monte-Carlo codes for modeling the plasma fluid, neutral, and
impurity transport in the tokamak SOL/divertor should be readily transferable to boundary plasma
research on other magnetic confinement devices. These codes are reaching an advanced degree of sophis-
tication with benchmarking on tokamak experiments. Presently, most alternate concepts are short pulse
devices relying on inertia cooling of in-vessel plasma facing components. When these concepts progress
to long pulse operation in which heat oads to surfaces become an issue, the SOL/divertor modeling codes
developed in the Tokamak Program will be found close at hand.
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Current Drive and Steady State. The various standard methods of noninductive current drive (NBCD,
LHCD, ICCD, ECCD) developed in the Tokamak Program are not tokamak specific. Their physics
depends mainly on the interaction of waves with target plasma distribution functions. Consequently, the
development of the physics and technology of these current drive techniques can more or less be taken
directly over into alternate concept devices. The principle challenge to date has been the rather high
power levels required in the low temperature, high density regimes of most alternates. For that reason, the
aternate concepts program has pursued various different current drive approaches more along the lines of
Ohmic current drive. HICD derived from oscillating toroidal and poloidal fields has been proposed for
the RFP (F0 pumping). A test of this approach with a null result was carried out in DIII-D some time
ago. Helicity injection current drive from electrodes is the basic method of current drive in the sphero-
mak. In the HIT device at the University of Washington, HICD has been successfully employed to start
up a tokamak. DIII-D has made some investigations of HICD and intends to further develop the tech-
nique with aview to using it eventually for startup of spherical tokamaks and spheromaks.

2.6.2.3. LINKAGES OF DIlI-D TO U.S. PROGRAM STRUCTURES, TTF, ITER EXPERT GROUPS, AND SMALL
BUSINESS INCENTIVE RESEARCH. GA and DIII-D staff participate in the national conduct of the U.S.
DOE Fusion Program. GA and DIII-D staff play leadership roles in assisting the DOE's Office of Fusion
Energy Science in planning and executing the U.S. Fusion Research Program. Drs. David Baldwin and
Tom Simonen, and other DIII-D personnel, have appeared before the President’s Committee of Advisors
for Science and Technology (PCAST) and other Congressional Committees to inform the government on
the need for fusion energy and plasma science, and to document the progress in fusion research. DIII-D
scientists and managers are active members in the committees and task forces which forge the direction
of the U.S. fusion program. Dr. Tony Taylor is a member of the Fusion Energy Science Advisory
Committee (FESAC). He and others have headed or served on various FESAC subcommittees and sub-
panels.

The Transport Task Force (TTF), which is now a joint U.S./European effort, was formed to address
the special need for a coordinated effort to understand particle and energy transport in
magnetized plasmas. DII1-D has two of the TTF group leaders, Dr. Rich Groebner heads the L-H Group
and Dr. Ron Waltz heads the Transport Modeling Group. GA and DIl1-D scientists have played an active
role in the TTF. In addition to investigations in L—H transition physics and transport modeling, we have
contributed to the understanding of how ExB flow shear creates transport barriers, the study of hest
pinches, transient transport, and the study of the heat transport in the separate ion and electron channels.

As part of the effort to satisfy the ITER physics research and development needs, the ITER Expert
Groups were established. As described in an ITER Memorandum of Understanding (MOU), the principal
activities in the ITER Physics Organization will occur via the seven Expert Groups, whose mandate is to
identify ITER research needs within their area of expertise and to propose research programs, including
suggestions for specific facilities, both to the separate Party programs and to the ITER Physics
Committee. Dr. Simonen is a member of the ITER Physics Committee, Dr. Ron Stambaugh chairs the
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Divertor Expert Group, Dr. Keith Burrell is a member of the Confinement and Transport Group, Dr. Jim
DeBoo is a member of the Confinement Modeling and Database Group, Dr. Gary Porter, a DII-D scien-
tist from LLNL, is a member of the Divertor Modeling and Database Group, and Dr. Tony Taylor is a
member of the Disruptions, Plasma Control, MHD Group. Many other DII1-D scientists have enthusiasti-
cally participated in these groups via extensive presentations, written contributions, database inputs, and
participation at working sessions.

Support of fusion-related Small Business Incentive Research (SBIR) proposals and resulting con-
tracts continues to be an element of the DIII-D Program and the GA fusion effort. Recently completed
and currently on-going collaborations (Table 2.6-2) include DII-D diagnostic development, DII1-D con-
trols devel opment, fusion technology development, and fusion device design. In CY 97, endorsements and
support were provided for eight new SBIR proposalsto DOE.

TABLE 2.6-2
RecenT SBIR CoLLABORATIONS WITH THE GA FusioN GRoup

Company Topic Status
Creare Helium-Cooled Divertors Phase Il complete
ORINCON CER Spectrum Neural Net Phase Il complete
ORINCON Neural Net Disruption Alarm Phase Il complete
InterScience Data Acquisition & Processing System Phase | on-going
IR&T Interferometer/Densitometer Diagnostic Phase Il on-going
Surmet Carbon-Carbon to Copper Joining Phase Il on-going
Thermacore Helium Cooled Faraday Shield Phase Il on-going
TSI Research Volumetric Neutron Source Phase Il on-going

2.6.2.4. ROLE OF DIlI-D IN THE INTERNATIONAL FUSION PROGRAM. The DIlI-D Program has played,
and will continue to play, the lead role internationally in the AT thrust. The flexibility of the DIII-D
device alows early testing of new approaches that can, if successful, later be implemented on the larger
tokamaks such as JET and JT-60U. DIII-D scientists have participated in such experiments on foreign
machines transferring techniques developed on DIl1-D. Working with foreign tokamaks of various sizes,
DI1I-D has played akey role in devel oping the dimensionless parameter approach to the scale size depen-
dence of plasma confinement. The path of developing AT approaches on DIII-D and confirming those
approaches on the larger foreign tokamaks will provide the scientific basis for use of AT operating modes
on future international or domestic next step machines.

For example, in developing the reversed or NCS regime for use on JET, a strong interaction of the
JET and DIII-D research staff took place. JET scientists came to DIlII-D and JET-shaped plasmas were
operated in DIII-D. In those plasmas, the techniques for timing and application of neutral beam heating
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were developed that allowed internal transport barrier regimes with negative central shear to be created.
Later, about six DIII-D scientists went to JET and participated in the initial D-D experiments at JET in
which NCS internal transport barrier plasmas were created in JET as preparation for the DT campaign.
DII1-D personnel also participated in the DT campaign.

DIlI-D and JAERI have had along interactive history in AT studies, particularly around the issue of
plasma shape, and specifically, triangularity. This interaction began early in the DII1-D Program with the
discovery of the Type Il or grassy ELM regime when high triangularity plasmas were operated in DII1-D.
Stability analysis by JAERI scientists showed the edge of such plasmas was predicted to be in the second
stability regime from which sprung today’s intensive effort to understand the stability of the H—mode
pedestal region. More recently, DIII-D scientists have first assisted in implementing on JT-60U the wall
conditioning techniques developed on DIII-D for discharge optimization and, secondly, DIlI-D scientists
have assisted in developing on JT-60U plasma control approaches that alowed higher discharge triangu-
larity. These higher triangularity dischargesin JT-60U have better beta limit and ELM properties.

The EFIT equilibrium code has been exported from DIlI-D to most tokamaks around the world, and
has played a prominent role in the design and analysis of their AT experiments. The EFIT code was imple-
mented on JT-60U by DIlI-D scientists and used to analyze internal transport barrier discharges, as well
as to deduce the radia profile of noninductively driven current in discharges that have not resistively
relaxed to a new steady-state current profile. A similar use of EFIT has been made on Tore-Supra as part of
alarger collaboration on advanced methods of plasma control. Expertsin DIII-D’s digital plasma control
system have participated in work on Tore-Supra

The shaping flexibility of DIII-D has enabled DII1-D to match the plasma shapes run in other toka-
maks, e.g., JET, ASDEX Upgrade, Alcator C—Mod. This ability to run identical plasma shapes has
enabled dimensionless parameter scaling studies of confinement to be carried out between DIII-D and
these three tokamaks. The results have provided a more sound basis of projecting confinement to future
devices, in particular, to ITER.

DI11-D began a detailed program of investigation of the effects of magnetic field errors on
performance and, in particular, on plasma rotation. This work was expanded into collaborative work on
the larger tokamak JET and the smaller tokamak COMPASS. The resulting three machine database has
provided a scaling law that has been used to estimate error field problems on ITER. This collaborative
work has continued onto the subject of neoclassical tearing modes which frequently appear in AT
regimes.

The RI-mode is an AT mode first discovered on TEXTOR. Its prominent features are confinement of
H-mode quality or better with densities above the Greenwald limit and a radiated power fraction
approaching 100%. Because the diagnostic set on TEXTOR is limited, the TEXTOR group have initiated
acollaboration on DII1-D on RI-mode plasmas. Because of the excellent edge diagnostics set on DIlI-D,
it is expected that a deeper understanding of the physics of the RI-mode might be obtained on DIII-D.
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The role of DIlI-D in developing the principle of ExB shear suppression of turbulence as the reason
for the confinement improvement in H—-mode is well known. The detailed focus on the plasma edge made
by DIII-D has motivated other tokamaks to mount new diagnostics focused on the plasma edge. The
result has been a present intensive worldwide effort to understand the structure and physics properties of
the H-mode shear layer. This work has high leverage on the overall performance of the tokamak because
of the sensitive dependence of the overall confinement on the height of the H-mode pedestal; a depen-
dence that results from “stiff” transport models for the core plasma predicted by theory.

International Collaborations. The DIII-D international collaboration program continues to
provide a broad source of innovative ideas and opportunities which support the DIII-D Research
Program. Throughout, the DI1I-D Program has benefited from the activities in many foreign collaborat-
ing institutions.

The DIII-D Program is a major collaboration between the U.S. and Japan, and was implemented by
DOE and JAERI. JAERI contributed substantial financial resources and manpower from 1979 to 1986. A
U.S./Japan Doublet 111 Steering Committee meets annually to assess progress and review future plans.

Collaborations have been carried out with JET in England, ASDEX—-Upgrade in Germany, Tore Supra
in France, and JT-60U and JFT-2M in Japan through bi-lateral agreements. In addition to the benefits
gained from DIII-D staff assignments in these and other laboratories, foreign scientists visiting DII1-D
have made significant contributions to DIII-D Program goals. A summary of some of the recent major
international collaborations by DIII-D staff membersis given below.

JET (England) is the large European tokamak approximately twice the size and magnetic field strength
of DHI-D. Our collaboration with JET is one of the largest of our international collaborations. Several
DIlI-D scientists from GA, LLNL, and ORNL collaborated at JET in a two-step exchange on NCS-type
high performance tokamak discharges. First a series of experiments were performed on DI11-D with par-
ticipation by JET scientists. Then DIII-D scientists participate in experiments at JET. In other experi-
ments, DI1I-D and JET scientists have carried out dimensionless scaling experiments to investigate fun-
damental confinement properties and to provide results to the ITER database. The results from this series
of experiments were very successful. 1on temperatures of about 30 keV and electron temperatures of
about 16 keV were obtained. These results represent some of the highest fusion parameters attained in
deuterium plasmas on JET.

Tore Supra (France). The primary emphasis for our collaboration with Tore Supra has been ECH
physics and technology, noninductive current drive, and plasma and current density profile control. The Tore
Supra program includes electron cyclotron, fast wave, and lower hybrid heating and current drive research
which complements the DII1-D electron cyclotron and fast wave heating and current drive research.

ASDEX Upgrade (Germany). The ASDEX/DIII-D collaborations are primarily in the area of Divertor
research amd RF. This includes impurity transport and heat transfer mechanisms involving Edge
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Localized Modes and MARFEs. Research also includes H-mode confinement studies. RF collaboration
includes ICRF and ECH.

JAERI (Japan). GA scientists participated in an exchange at JT-60U, working in the area of NCS,
high confinement, and neutral beam current drive. The equilibrium reconstruction code, EFIT, was used
to analyze JT-60U NCS configurations. A successful experiment using the GA-designed “ Combline’
antenna was carried out on the JAERI JFT-2M tokamak. This antenna allows better coupling to the plas-
ma over awide range of plasma parameters. The highly successful JAERI/DII-D cooperation continues.
This collaborative program entails the long term participation of JAERI scientists in the DII-D Fusion
Research Program.

Russia. DIII-D maintains a broad collaboration program with several Russian Fusion Research
Institutes. With the TRINITI |ab at Troitsk, near Moscow, the main topics are: materials for plasma facing
components, divertor spectroscopy, and the use of the Russian developed DINA code for modeling dynam-
ic plasma behavior. With Kurchatov, collaborations were on ECH, electron temperature measurements
using an x—ray spectrometer, and remote analysis of charge exchange recombination data. Funded by the
Theory Grant, GA is contracting with Moscow State University to support Russian theorists to perform
theoretical analyses of plasma physics problems of relevance to understanding the performance of DIII-D.

China. The main thrust of our exchanges with the Chinese Fusion Research Program has
consisted of the long term participation of Chinese scientists in the DIII-D Program at the DIII-D site.
These exchanges have concentrated in the area of the Thomson scattering diagnostic, the CER diagnostic,
and ECH systems.

2.6.2.5. ROLE OF DIII-D IN ENABLING TECHNOLOGIES, CONTRIBUTIONS AND NEEDS. Progressin fusion
has been closely coupled to advances in enabling technology. Future success requires continued devel op-
ment of new tools. DIII-D has identified several areas where progress in science can be enabled by the
timely development of heating, fueling, wall conditioning, and plasma control technologies. Success in
advanced tokamak studies to date has been achieved using transient controls. Further progress needs
active control tools to maintain the desired profiles of current density and plasma pressure. DII-D has
identified fast wave heating and current drive for control of the central current drive, electron cyclotron
heating and current drive for central and off-axis profile control, inside launch pellet injection for central
fueling, divertor pumping for density control, coils for active nonaxisymmetric MHD mode control, and
active real-time plasma control. Key needs in each technology area are outlined below.

ECH Microwave Technology. The key enabling technology requirement for the DIII-D Program is the
development of reliable, long-pulse MW gyrotrons at 110 GHz. MW-level gyrotrons have been demon-
strated, but vacuum windows have limited the pulse length. Long pulses are essentia to control the current
density profiles due to the noninductive response of the plasma. The recent development of diamond win-
dows appears to offer the long sought solution, but it must be demonstrated on gyrotrons at high power.
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Improved launchers to alow fast tracking for MHD mode control are required. Improved mode purity of
the output mode and depressed collectors for improved efficiency are areas where work is needed.

ICRF Fast Wave Technology. Although the technology for ICRF/FW is relatively more mature,
improvements in antenna design (combline) and transmission line topography (TW) have been shown to
improve the power handling capability and the tolerance to load changes due to plasma changes (L—-H
transitions, ELMs, etc.). Typically ICRF/FW experiments operate at only 50% to 75% of the installed
power due to coupling difficulties. Further work is needed to capitalize on the combline antenna and trav-
eling wave configuration successes, along with efforts to understand the causes of breakdown in anten-
nas. High power qualification of the existing folded waveguide antenna would enable an IBW capability
on DIII-D for exploration of transport barrier control.

Fueling and Particle Control. In the particle control arena, divertor baffling and cryopumps have been
demonstrated in DI11-D and particle injector technology is quite mature. These technologies are installed
on DIII-D and will be optimized to demonstrate their effectiveness for high triangularity advanced toka-
mak discharges. Recent success with inside launch pellet injectors at ASDEX has stimulated an explo-
ration on DIII-D, so the ability to direct pellets around a curved trajectory is a key technology for imple-
menting this approach. A related technology need isliquid jets for disruption amelioration.

Plasma Control. A newly developing area is real-time plasma control. The active control of plasma pro-
files necessitates internal measurements with subsequent corrections applied by the heating, fueling, and
current drive systems as required. This process requires rapid computing and control response. Active con-
trol is aready employed in DIII-D and other tokamaks; for example, magnetic configuration control, and
edge position control for rf heating. As more sophisticated control is implemented, new approaches may be
required to provide the time response required.

Materials. DII-D utilizes the expertise which exists in the fusion materials community for advice in
the planned use of vanadium and tungsten in DI11-D.

2.6.2.6. DIII-D CONTRIBUTIONS TO THE PLANNING OF FUTURE FUSION EXPERIMENTS. DIiI-D has a
very versatile plasma shaping capability that allows it to study many confinement, transport, and stability
issues related to the dependence on plasma shape parameters such as size, elongation, and triangul arity.
This same versatility allows DIII-D to carry out comparison experiments coordinated with other toka-
maks which require the plasma shapes to be closely matched. Such experiments include the class of
experiments referred to as dimensionless parameter scaling of global energy confinement and local trans-
port coefficients. The proof-of-principal experiments for these type of experiments involved comparing
plasmas with identical dimensionless parameters including aspect ratio, elongation, and triangularity to
validate that the product Bt remained constant. Successful experiments of this type were carried out with
JET [Fig. 2.6-3(a)], C-Mod, and a special case of this type of experiment, with al dimensionless parame-
ters and engineering parameters matched, was performed with ASDEX—-Upgrade.
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Fig. 2.6-3. The DIII-D tokamak is capable of producing plasma shapes of other tokamaks. Shown are (a) JET
and (b) ITER.

Since today’s tokamaks can match all dimensionless parameters envisioned for a fusion reactor with the
exception of size, characterized by the normalized gyroradius p«, recent dimensionless parameter experi-
ments have primarily focused on determining the p« scaling in order to determine how to scale results from
current tokamaks to future devices such as ITER. Experiments of this type have been performed with JET in
order to extend the range in p« and have indicated gyro-Bohm-like transport for low g H—-maode discharges,
a regime in which ITER would like to operate. Other experiments of this type have been performed in
DlI-D with the ITER plasma shape [Fig. 2.6-3(b)] itself. These so-called ITER demonstration discharges
have been used to study critical ITER R&D issues such as dimensionless parameter scaling, stability, beta
limit, and disruption issues, and the impact of ELMs on plasma edge parameters.

More experiments in these areas are required to further our understanding of basic transport and to
better predict operation in ITER. One active area of current research in transport is the role of plasma
flows from sheared rotation in improving energy transport. Future dimensionless parameter scaling exper-
iments are needed where the plasma rotation profiles can be controlled so as to hold them fixed.
Experiments, to date, have not addressed this issue. Another area of need, particularly for projections to
ITER, isamodel for the plasma edge. Output from such a model serves as boundary conditions needed as
input to existing transport models for the plasma core. Further experiments with ITER demonstration dis-
chargesis required to develop models for plasma edge scaling. One key to al of these future experiments
isversatility and flexibility in controlling the plasma shape, a particular asset on DIlI-D.

The DIII-D tokamak has been one of the major contributors to the ITER Engineering Design
Activity. One of the DIII-D scientific objectives is to “Advance understanding of fusion plasma physics
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and contribute to the physics base of ITER through extensive experiment and theory iteration” in the fol-
lowing areas.

e MHD stahility.
e Plasmaturbulence and transport.
o« Wave-particle interactions.

o Divertor boundary physics.

This objective is achieved though a close interaction with the ITER JCT and the ITER Home Team.
Research topics, which have been identified as ITER Urgent Tasks, are given specific attention in the
DII1-D experimental planning process. Examples of ITER Urgent Physics R&D topics which have been
addressed in the past are as follows:. confinement scaling in the ITER shape (ITER demonstration dis-
charges), erosion studies of a graphite divertor target plate sample, radiative tests of al TER relevant long
divertor leg, and studies of beta stability limitsin ITER shaped ELMing H—-modes. In Table 2.6-3 are list-
ed the components of the DI11-D 1997 plan which address the ITER Urgent Physics R&D issues.

Planned future research activities which will support ITER include: studies of disruption
mitigation, radiative divertor research, continued additions to the ITER confinement database, and studies
of the scaling and physics of the L—-mode to H—mode transition.

In addition to experiments which directly address the ITER Urgent Physics R&D issues, the DIII-D
Advanced Tokamak Program’s goal is to advance the understanding of tokamak transport and stability
beyond the envelope of the present ITER design so that promising new directions can be taken for ITER
or the fusion device which will be subsequent to ITER.

In addition to DII1-D Program support, the GA Fusion Group supports I TER by providing secondees
to the JCT at all three sites, by carrying out U.S. ITER Industrial Consortium (USIIC) tasks, and by exe-
cution of DOE funded contracts. Table 2.6—4 summarizes these efforts.

2.6.2.7. DIlI-D PROGRAM SUPPORT TO THE GENERAL SCIENCE COMMUNITY

University Participation in DIlI-D. The active, on-site, participation of university scientistsis an impor-
tant part of the DIII-D Fusion Research Program. Throughout the years, many major universities have
taken part in the DII1-D Program. This participation has added an important breadth to our research, and
has provided a mechanism by which we have been able to quickly and cost-effectively involve scientists
with unique, specific experience and capabilities in our efforts. The experience which they gain by work-
ing with a major fusion research facility, in turn, enhances their ability to contribute to their home univer-
sity’s programs both in teaching and research.
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TABLE 2.6-3

Project Saff

DIII-D 1997 ExPeRIMENTS EMPHASIZED URGENT ITER PHysics R&D

Research Area

ITER Issues (ITER R&D No.)

DIII-D Experiment

Plasma termination
and halo currents

Halo current characterization and self-
consistent eddy currents (1.3)

Effects of massive deuterium injection (1.2)
Runaway electron currents (1.14)

VDE and halo current physics

Killer pellet and massive gas puff
Runaway electron suppression

Divertor detachment
and radiation loss
physics

Effect of divertor detachment on confinement
(2.2)

SOL plasmas and impurity flows (2.4)

Development of 2D fluid Monte Carlo divertor
codes (2.22)

Divertor geometry effects (2.20)

Divertor scalar, ELM, and edge/pedestal
database (2.7, 4.9)

Energy flow in detached divertors

Helium plasma campaign

Impurities in attached and detached divertor
Impurity entrainment with puff and pump
Radiation enhancement with puff and puff
Impurities in attached and detached divertor

Impurity entrainment with puff and pump
Divertor geometry and pumping campaign
ELM/pedestal versus density and trian.

Density limit physics

Physics of edge density limit, especially for
H-mode plasmas. Role of H - L transition. (2.5)

Improvements in penetration and fueling
efficiency resulting from inside pellet fueling

Density limit studies

(next year)

Finite-P3 effects

ITER D EMO discharges; role of rotation (6.1)

ECH stabilization of neoclassical islands (1.4S)
Tolerable ELMs (2.12)

Rotation effect in dimensionless scaling
Campaign: stability versus plasma shape
ECCD stabilization of neoclassical tearing
Campaign: stability versus plasma shape
ELM/pedestal versus density and trian.

H-mode power

Coordinated size scaling experiments in

Grad-B drift effect on L-H threshold

threshold different devices (3.1)
H-to-L threshold scalings
Test L-H transition theories
L-H trans. identity comp. with C-Mod
Threshold database (4.2) Grad-B drift effect on L-H threshold
H-to-L threshold scalings
Test L-H transition theories
H-mode core Nondimensional scaling experiments, effect of High-beta H-mode scaling to ignition
confinement finite 3 and flow shear (3.2)
Rotation effect on dimensionless scaling
Global thermal database (4.1) q scaling with fixed dimensionless parameter
Development of 1.5D local transport models; q scaling with fixed dimensionless parameter
profile database (4.4)
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TABLE 2.6-4

GENERAL ATomics ProvIDES ITER SupPORT IN ADDITION TO DIIl-D PROGRAM SUPPORT

Support Area Support Arrangement Status

RF Engineering Garching JCT Secondee Completed 2/95
Remote Maintenance Naka JCT Secondee Completed 12/96
Safety Naka JCT Secondee Completed 2/97
Design Integration Three San Diego JCT Secondees On-going
Physics Integration Two San Diego JCT Secondees On-going
Director of Engineering San Diego JCT Secondee On-going

Plant Systems Engineering San Diego JCT Secondee On-going
External Relations San Diego JCT Secondee On-going
Pumping and Fueling Garching JCT Secondee On-going
Cryogenic Systems Naka JCT Secondee On-going
Plasma and Field Control Naka JCT Secondee On-going
Superconducting Structures Naka JCT Secondee On-going
Divertor Design USIIC Task through Raytheon Completed 2/95
Blanket/Shield/First Wall Design USIIC Task through Raytheon Completed 2/95
ECRF System Costing USIIC Task through Raytheon Completed 6/95
ECH & Current Drive Modeling USIIC Task through Raytheon Completed 12/95
MHD Stability Analysis USIIC Task through Raytheon Completed 12/95
Power Supply Design USIIC Task through Raytheon Completed 12/96
Plasma Control USIIC Task through Raytheon On-going
Diagnostic Design USIIC Task through Raytheon On-going
Divertor Design USIIC Task through Raytheon On-going

ECRF Design USIIC Task through Raytheon On-going

First Wall/Blanket/Shield Design Subcontract from MDA Completed 11/96
Plasma Facing Components Subcontract from MDA On-going
Radiation Resistant Probes DOE Contract On-going

Opportunities for Training Future Faculty and Postdoctoral Fellows. GA and the DIII-D Program are
active participants in postdoctoral training programs. We participate in the DOE-sponsored Fusion Energy
Postdoctoral Research Program and the ORNL-sponsored Postdoctoral Research Associates Program, and
also sponsor a GA Postdoctoral Research Associates Program. All of these programs are administered by
the Oak Ridge Institute of Science and Engineering. The postdoctoral positions have durations which can
vary from one to four years. To date, approximately ten recent Ph.D. graduates have participated in the
DOE/GA experimental and theoretical fusion research under the sponsorship of these programs.
Scientists holding postdoctoral fellowships from the universities, mentioned in the previous section, have
also furthered their scientific training at the GA fusion facility.
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Opportunities for Training Ph.D. Students. Almost al of the universities, which are participating in the
DIl1-D Program, use the facility as a training ground for graduate students. Approximately 20 students
have performed research at the GA fusion facility, which has led to the award of an advanced degree. As
an example, the University of California at Berkeley has awarded six Ph.D.s for work related to the GA
DIl-D Program in recent years. Some students may be full-time at the DI1I-D site designing, installing,
and using diagnostic systems, or analyzing DIl1-D data. Others may work at their home university writ-
ing computer codes or developing theories which explain plasma phenomena which are observed on
DIlI-D. Table 2.6-5 shows alist of recent Ph.D. candidate students who have worked on DII1-D.

GA is dso actively involved in the National Undergraduate Fellowship Program in Plasma Physics
and Fusion Engineering which is administered by the Science Education program of the Princeton Plasma
Physics Laboratory. Each year, this program provides 25 summer internships to outstanding undergradu-
ate students of U.S. colleges and universities. Typically, GA hosts about four students each summer. From
the results of student evaluations, it is clear that GA has provided these students with a valuable learning
experience.

GA Educational Outreach Program. The Fusion Group maintains an Education Outreach Program for
middle and high school students throughout San Diego County. The program enables teachers and scien-
tists to work together closely to produce effective educational materials on fusion science and technology
for classroom use, and allows students unique opportunities to discuss science, engineering, and math
topics with professional scientists and engineers. Key deliverables from previous work include work-
books, a curricular chapter on the electromagnetic spectrum, a poster for classroom display, a videotape
on nuclear fusion energy production and DIII-D facility tours and tour stations. Workshops which cover
the curricular materials are provided to teachers and educators to enhance their fusion knowledge base.
Over the previous two years, more than 100 educators have attended our workshops, while others have
used the materials as a basis for teaching a unit on nuclear fusion. Future work will include the produc-
tion of an interactive CD—ROM on plasma science and fusion technology, expansion of the curriculum
notebook to include activities on radiation, ICF, plasma, and fusion related engineering, and significant
contributions to professional journals and classroom textbooks on plasma science and fusion technol ogy.
Classroom visits by scientists and engineers will also become part of the program.

A unique aspect of the Education Outreach Program is a three-hour DIII-D Tokamak Facility tour
given to student groups. The tour is the culminating activity in the Educational Outreach Program.
Students are given a brief overview of the on-going, worldwide efforts in harnessing nuclear fusion as an
energy source and are then given a multistation tour of the facility. At the different stations, small groups
of students participate in demonstrations and hands-on activities that cover general areas of science and
technology. The stations are titled “Plasma-the 4th State of Matter,” “The Electromagnetic Spectrum,”
“Engineering Analysis and CAD,” “Data Acquisition and Computers,” “Radiation, Radioactivity, and
Risk Assessment,” “Inertial Confinement Fusion,” and “DII1-D Model and Experimental Hall.” At each
station, scientists and engineers discuss topics and present demonstrations to reinforce the concepts pre-
sented. During the previous two years, more than 2000 students have toured the DI1I-D facility.
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TABLE 2.6-5
PAST AND PRESENT GRADUATE AND PosT-DoCTORAL STUDENTS AT DIII-D

Researcher Affiliation Topic
Students
S. Coda MIT CO, phase image interferometer
W. Howl UCSD MHD reconstruction
R. Stockdale Princeton U. Perturbative transport experiments
T. La Hecka UCLA Microwave reflectometry
C. Rettig UCLA Microturbulence studies
K.W. Kim UCLA Fast density profiles reflectometry
J.H. Lee UCLA Fast wave studies
D. Hua ucB ITG modes and energy confinements
D. Finkenthal ucB He transport
Q. Nguyen ucB UEDGE development
B. Modi ucB Turbulence modeling
R. Gatto ucB Heat pinch modeling
J. Fitzpatrick UCB TAE mode analysis
M. Perry Johns Hopkins Impurity transport
A. Zwicker Johns Hopkins Multi-layer mirror spectrometer
S. Janz U. Maryland ECE diagnostic bolometers
D. Content Johns Hopkins Bolometers and visible bremsstrahlung
H. Duong ucl Fast ion bursts
G. Sager U. lllinois Data analysis program
Chuang Ren U. Wisconsin Plasma rotation and wall stabilization
E. Carolipio ucl TAE mode studies
Postdoctorates
Ken Kupfer ORISE RF current drive
Jarad Squire ORISE X-ray diagnostic
Mickey Wade ORISE Helium transport
Rajesh Maingi ORISE Divertor physics
Jon Kinsey GA/ORISE Transport modeling
Max Austin U. Maryland ECE diagnostics
Dennis Whyte CCFM/Canada Divertor physics
P. Oshea MIT Phase contrast imaging
G. Garstka U. Maryland ECE diagnostics
R. Durst U. Wisconsin Beam emission spectroscopy
G. McKee U. Wisconsin Beam emission spectroscopy
T. Kurki-Suonio ucB Transport analysis
Alan Brizard ucB Transport analysis
R. Lehmer UCSD Divertor
A. Garafalo Columbia U. Wall stabilization
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2.6.3. THE DIII-D NATIONAL TEAM

The DII-D Research Program derives its strength from the diversity and capabilities of its national
and international collaborating institutions and associated individuals. The DIII-D National Team con-
sists of about 120 operating staff and 100 research scientists drawn from 9 U.S. National Laboratories, 19
foreign laboratories, 16 universities, and 5 industrial partnerships. The research staff ranges from under-
graduates to senior scientists, with over 30 years experience in fusion energy science. The staff has been
recognized for its outstanding research; the presently active staff contains 5 winners of the Excellence in
Plasma Physics Award and 32 Fellows of the American Physical Society. In addition, suggestions for
research and analysis of results are provided by many other institutions and individuals through normal
channels, scientific publication, conferences, and individual interactions. The institutions, which are cur-
rently directly collaborating on DIII-D, are given in Table 2.6-1. Over the past decade, the fraction of
collaborating physicists has increased from one-third to two-thirds of the total with the fraction of GA
physicists decreasing from the two-thirds to one-third. Approximately half of the GA physics effort is
associated with hardware building or operation, coordination, code building or maintenance, and similar
service support activities which are organized in Tables 2.6-6 to 2.6-9 under the fusion science categories
of stability, transport, wave particle interaction, and divertor and boundary physics. Many of these broad
and extensive collaborations are carried out under the aegis of the ITER Physics Experts activity, which
provide forums for international communication and coordination of tokamak research.

In addition to GA, there are six major collaborating institutions which have broad programmatic area
responsibilities on multiple topics and may carry management responsibilities. These collaborators join
with  GA to form the Executive Committee to guide the programs strategic and near-
term directions. The programmatic responsibilities of the major DIII-D collaborators are given in
Table 2.6-10.

University collaborations are an essential feature of the National DII1-D Program. The roles of these
university collaborations is indicated in Table 2.6-11. In addition, several other institutions have critical
rolesin the DIII-D Program isindicated in Table 2.6-12.

2.6.3.1. INSTITUTIONAL STRENGTHS OF MAJOR PARTICIPANTS. The major DIII-D Program participants
bring unique institutional strengths to the DI11-D Program. This multi-institutional character facilitates cou-
pling to core competencies at their home laboratories and universities to strengthen and provide a broader
technical base for the DII1-D Program.

As an industry committed to fusion development, GA strives to contribute to the development of
fusion energy while developing a supportive position through DI1I1-D that could allow participation in the
eventual commercialization of fusion. Accordingly, GA endeavors to develop technological and engineer-
ing expertise in tokamak design and operation. Industry has unique capabilities and GA brings these to
the DII1-D Fusion Program.
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TABLE 2.6-6
DllI-D CoLLABORATIONS RELATED TO STABILITY AND DISRUPTION PHYSICS
DIl-D Key
Topic Contact Collaborating Institution Collaborator
Equilibrium reconstruction (EFIT) L. Lao JET D. O'Brien
L. Lao JAERI/JT-60U T. Fujita
L. Lao MIT/Alcator C-Mod S. Wolfe
L. Lao Textor P. duMortier
L. Lao Culham/START L. Appel
L. Lao Culham/COMPASS-D D. Gates
L. Lao KSTAR B.J. Lee
L. Lao PPPL/NSTX S. Sabbagh
L. Lao Univ. of Wisconsin/PEGASUS S. Kruger
L. Lao ITER-Garching E. Solano
Negative central shear plasmas E. Strait JET C. Gormezano
T. Taylor JAERI/JT-60U Y. Kamada
High ¢; stability L. Lao Columbia University S. Sabbagh
Dependence of stability on plasma shape T. Taylor JAERI/JT-60U Y. Kamada
TAE mode studies W. Heidbrink JET A. Fasoli
Kinetic stability L. Lao PPPL G. Rewoldt
M. Chu UC-Irvine L. Chen
Gyro-kinetic simulations L.Lao Cyclone working group K. Bolton
Stability of internal modes L. Lao PPPL J. Manickam
Resistive stability M. Chu CRPP-Lausanne A. Pletzer
L. Lao PPPL D. Monticello,
A. Reimann
M. Chu Chalmers University-Gothenburg A. Bondeson
R. Miller IFS F. Waelbroeck
Magnetic reconnection R. La Haye Univ. of lowa A. Bhattacharjee
Neoclassical tearing modes R. La Haye Univ. of Wisconsin J. Callen
R. La Haye Culham H. Wilson
R. La Haye CRPP-Lausanne 0. Sauter
R. La Haye MIT/Alcator C-Mod S. Wolfe
Peeling mode stability R. Miller Culham H. Wilson
Nonlinear resistive MHD simulation R. La Haye Moscow State Univ. A. Popov
Resistive MHD code development A. Turnbull Keldysh Institute S. Galkine
Nonlinear resistive MHD code M. Chu NIMROD group D. Schnack,
A. Glasser
Realistic wall model for MHD stability M. Chance PPPL R. Miller
MHD mode analysis T. Taylor Qrincon Corp. J.S. Kim
Magnetic error fields, locked modes R. La Haye HBT-EP/Columbia Univ. G. Navratil
R.LaHaye IFS R. Fitzpatrick
R. La Haye Culham T. Hender
R. La Haye JET A. Santagiustina
Active mode control R. La Haye Columbia University G. Navratil
R. La Haye IFS R. Fitzpatrick
R. La Haye PPPL M. Okabayashi
Wall stabilization E. Strait Columbia University G. Navratil,
A. Garofalo
Disruption database A. Kellman PPPL A. Reimann
Runaway electrons A. Kellman UC-San Diego S. Luckhardt
Disruption simulation D. Humphreys TRINITI R. Khayrutdinov
Disruption analysis and visualization E. Strait TRINITI |. Semenov
MSE measurements B. Rice ASDEX-U R. Wolfe
B. Rice JET N. Hawkes
B. Rice JAERI/JT-60U T. Fujita
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TABLE 2.6—-7
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Collaborating Key
Topic DIlI-D Contact Institution Collaborator
Reflectometry, FIR scattering K. Burrell/ UCLA E. Doyle(@)
ECE fluctuations R. Groebner C. Rettig(@)
L-H and core barrier physics T. Rhodes(@)
Leader of UCLA effort; member of DIlI-D W.A. Peebles
Executive Committee
Midplane and X—point Langmuir probes K. Burrell/ ucSD J. Boedo(@)
L—H transition physics R. Groebner R. Lehmer(@)
R. Moyer(@)
Theory of transport barrier formation and Many people P. Diamond
fluctuation suppression
Beam emission spectroscopy; transport K. Burrell U. Wisc. G. McKee(@)
barrier physics R. Fonck
Phase contrast imaging K. Burrell MIT P. 0'Shea(®
Theory of ExB shear decorrelation K. Burrell PPPL T.S. Hahm
Transport barrier physics, CER analysis K. Burrell/ E. Synakowski
R. Groebner
Leader of working group on testing theory- D. Schissel E. Fredrickson(@)
based models
Dimensionless scaling T. Luce S. Scott
S. Batha
D. Mikkelson
Neutral effect on L—H transition R. Groebner/ ORNL B. Carreras
Core transport barrier physics K. Burrell L. Owen
Helium and impurity particle transport Many people M. Wade(@
Test of theory-based transport models D. Schissel U. Wisc. M. Kissick
J. Callen
Comparison of JT-60U and DIII-D core K. Burrell JT-60U Y. Koide
transport barriers
Dimensionless scaling T. Luce/C. Petty JET G. Cordey
B. Balet
Dimensionless scaling T. Luce/C. Petty MIT M. Greenwald
S. Wolfe
Dimensionless scaling T. Luce ITER-JCT R. Perkins
Test of theory-based transport models D. Schissel U. Texas R. Bravanec

2622

(@)on-site personnel.
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RECENT COLLABORATIONS RELATED TO DIII-D WORK (FORMAL AND INFORMAL)
IN THE WAVE/PARTICLE TOPICAL AREA

Collaborating Key
Topic DIlI-D Contact Institution Collaborator

ICRF, ECH R. Prater ORNL M. Murakami,

F. Jaeger
ICRF technology J. deGrassie F.W. Baity
ECH, ICRF R.Prater, J. deGrassie PPPL S. Bernabei,

J. Rogers, J. Hosea
ICRF technology W. Cary N. Greenough
ECE R. Prater U. Maryland G. Garstka, R. Ellis
ECE R. Prater U. Texas M. Austin, G. Cima
ICRF, ECH physics R. Freeman MIT M. Porkolab
ECH technology R. Freeman R. Temkin
ICRF R. Pinsker Y. Takase
ECH J. Lohr, R. Prater FTU/ANEA M. Zerbini
ECH R. Prater Tore Supra G. Giruzzi
ECH R. Callis JT-60U K.Takahashi,

K. Kikuchi
FWCD, ICRF R. Pinsker LHD R. Kumazawa
FWCD C.Petty,R.Pinsker JFT-2M T. Ogawa
ICRF technology J. deGrassie Asdex-U F.Wesner
ICRF technology W. Cary F. Braun
ECH modeling Y.R. LinLiu TdeV G. Leclair
ECH R. Prater Y. Demers
CD physics P. Politzer U. Wisconsin C. Forest
ECH technology R. Callis R. Vernon
NTM stabilization Y.R. LinLiu J. Callen, C. Hegna
ICRF physics J. deGrassie UCsD TK. Mau
ECH physics J. Lohr T-10 K. Razumova
X-ray diagnostic J. Lohr V. Trukhin
QED physics T. Luce LLNL P. Biersdorfer
RF modeling Y.R. LinLiu TCV O. Sauter
RF modeling R. Prater CompX R. Harvey
ICRF fast ions C. Petty U.C. Irvine B. Heidbrink
RF/transport R. Pinsker TTF B. Carreras,

J. Callen
ECCD, NTM stabilization R. Prater, R. La Haye ITER JCT R. Perkins
ECH technology R. Freeman IAP A. Litvak
ECH technology D. Remsen KFA M. Thumm
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TABLE 2.6-9
DIlI-D CoLLABORATIONS RELATED TO DIVERTOR AND BOUNDARY PHYSICS
Collaborating Key
Topic DIlI-D Contact Institution Collaborator

Divertor physics R. Stambaugh LLNL S. Allen
Detached plasmas T. Leonard LLNL M. Fenstermacher
Data acquisition D. Schissel LLNL T. Casper
Heat flux T. Leonard LLNL C. Lasnier
Theory G. Staebler LLNL W. Nevins
Diagnostic engineering R. Snider LLNL D. Nilson
Modeling R. Stambaugh LLNL G. Porter
Modeling — UEDGE M. Mahdavi LLNL M. Rensink
Modeling P. West Dickinson College M. Wolfe
Theory G. Staebler LLNL R. Cohen
Pellet injection M.A. Mahdavi ORNL L. Baylor
Neutrals G. Jackson ORNL R. Colchin
Neutral modeling M.A. Mahdavi ORNL L. Owens
Impurity modeling P. West ORNL J. Hogan
Helium P. West ORNL D. Hillis
Spectroscopy P. West ORNL R. Isler
Pellet injector R. Snider ORNL T. Jernigan
Density limits M.A. Mahdavi ORNL R. Maingi
Divertor physics R. Stambaugh ORNL P. Mioduszewski
Impurity transport P. West ORNL M. Wade
Spectroscopy P. West PPPL A. Ramsey
Langmuir probes M.A. Mahdavi SNLA J. Watkins
Surface physics R. Stambaugh SNLA M. Ulrickson
Surface erosion C. Wong SNLL R. Bastasz
Modeling M.A. Mahdavi INEL D. Knoll
Langmuir probe T. Leonard UCSD R. Lehmer
Turbulence K. Burrell ucsb R. Moyer
Plasma flows P. West uCsD J. Boedo
Surface erosion C. Wong uCsD D. Whyte
Edge density K. Burrell UCLA E. Doyle
Divertor physics R. Stambaugh MIT B. Lipschultz
Modeling G. Staebler MIT S, Krashenninikov
Recombination T. Leonard MIT J. Terry
Spectroscopy P. West Hampton U. N. Jaluka
Modeling T. Evans Hampton U. A. Punjabi
Divertor bias G. Staebler Tsukuba U. T. Tamano
Spectroscopy N. Brooks Troitsk S. Tugarinov
Surface physics P. West Troitsk |. Opimach
Materials P. West Troitsk 0. Buzhinski
Erosion P. West KFA V. Phillips
ITER experts R. Stambaugh JET G. Vlases
Divertor physics R. Stambaugh JET G. Matthews
Bolometry T. Leonard JAERI S. Konoshima
New divertors R. Stambaugh JAERI N. Hosogane
ITER experts R. Stambaugh JAERI M. Shimada
Closed divertor T. Leonard JAERI S. Sakarai
IR measurements T. Petrie JAERI K. Itami
ELMs T. Leonard IPP Garching H. Bosch
ITER experts R. Stambaugh IPP Garching J. Neuhauser
Modeling M.A. Mahdavi IPP Garching R. Schneider
Tangential TV P. West CCFM G. Pacher
Theory G. Staebler Tore Supra Ph. Ghendrih
Modeling P. West U. Toronto P. Stangeby
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TaBLE 2.6-10

ProGRAMMATIC RESPONSIBILITIES OF MAJOR DIII-D U.S. COLLABORATORS

LLNL
+ Lead role in edge and divertor physics,
diagnostics, and modeling
¢ Leads radiative divertor program
¢ Active role in advanced tokamak with
current profile measurement (MSE)
+ Operates remote experimental station

ORNL
¢ Leads helium transport studies
¢ Leads pellet injection program
+ Active role in divertor program
* Active role in AT with pellet and FWCD ICRF
hardware and modeling

UCLA
» Leads fluctuation studies
« Divertor diagnostics

PPPL
+ Disruption studies
+ Advanced tokamak studies
¢+ ICRF support and profile control studies
¢ Diagnostics
+ Tokamak operations and data analysis software
development

UCsb
¢ Active role in divertor program
« Participates in disruption studies
+ | —H transition physics

SNL
* Active role in divertor program
*+ Plasma wall characterization

TaBLE 2.6-11

PROGRAMMATIC ROLES OF DIII-D UNIVERSITY COLLABORATORS (1997)

Cal Tech

+ Microwave waveguide components
Columbia U.

* High beta NCS

¢+ Wall stabilization
Hampton U.

* UV Imaging Diagnostics
Johns Hopkin U.

+ Spectroscopic diagnostic development
Lehigh U.

+ Transport modeling
MIT

+ Fast wave current drive experiments

+ Phase contrast imaging long wavelength

fluctuation diagnostic

Moscow State U.

* MHD code development and modeling
UC Berkeley

+ CORSICA transport modeling (LLNL)
UC Irvine

+Neutron and fusion reaction and charge

exchange diagnostics
¢ Fastion confinement

UCLA
 Fluctuation diagnostics and H-mode physics
* Reflectometer densitv profile
* Heterodyne ECE — Tg
+ Divertor reflectometer
+ ICRF wave physics
UCsD
+ Advanced divertor and fast edge probes
+ Disruption and PMI studies
+ H-mode physics
U. Maryland
+ Vertical and horizontal ECE measurements
U. Texas
 Transport experiments and modeling
* Fine spatialitemporal scale ECE temperature
measurements
¢ BES turbulence studies
U. Washington
« Divertor bias and helicity
U. Wisconsin
* Neoclassical MHD
BES fluctuation diagnostic
o Pegasus
o MST
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TABLE 2.6-12
ProGRAMMATIC ROLES OF OTHER COLLABORATIONS

ANL

Divertor erosion

Vanadium materials properties
Cadarache (France)

Coordinated experiments with Tore Supra
CompX

Fokker-Planck modeling
CPI (Varian)

Gyrotron operation
Gycom

Gyrotron operation
INEL

Reliability studies
IPP (Germany)

Coordinated experiments with ASDEX-U
JAERI (Japan)

Integrated physics and control of high per-

formance steady state tokamaks
JET (EV)

Coordinated experiments with JET
KAIST (Korea)

Divertor electron energy analyzer
Keldysh Institute (Russia)

MHD modeling and disruption studies

KFA (Germany)
Plasma wall interaction studies
Academia Sinica (China)
Scientist exchanges
Kurchatov Institute (Russia)
Hard x—ray diagnostic instrument
Transport theory
LANL
MHD and UEDGE theory and modeling
MIT
Coordinated experiments with C-Mod
Orincon
Disruption neural net
PNL
Vanadium material properties
PPPL
NSTX working groups
KSTAR
Southwestern Institute (China)
Scientist exchanges
Troitsk (Russia)
Disruption modeling
Tsukuba U. (Japan)
Soft x-ray diagnostic detectors

National laboratories strive to bring their multidisciplinary capabilities to bear on critical areas of fusion
physics and enabling technologies with universities with fusion and plasma science expertise bring unique
academic capabilities to bear on critical areas of fusion science to deepen the fusion knowledge base.
DII-D is an international class fusion facility, ideal for training students and postdoctoral researchers. As
members of the DII1-D Program, collaborating institutions retain their institutional identity.

General Atomics Institutional Strengths. GA is one of the world's largest privately owned centers for
research and development in diversified energy and defense projects, conducting its research and devel-
opment on a 120-acre sitein La Jolla, California. It is the primary developer of gas-cooled nuclear power
reactor technology in the U.S. and carries out the world’s largest and most successful Fusion Program in
private industry. Other GA R& D includes aeronautic defense systems, accelerator systems, nuclear space
power, and advanced materials. Jointly with the University of California, San Diego, GA operates the San

Diego Supercomputer Center for NSF.
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GA’s fusion experience began in 1957 under private GA funding and funding from the Texas Atomic
Energy Research Foundation. Since that time, GA has designed, built, and operated numerous experimen-
tal devices including pinches, multipoles, and the Doublet series of tokamaks. In recent years, emphasis
of the GA Fusion Program has been the development of toroidal magnetic confinement systems. GA has
designed and built a series of increasingly sophisticated fusion machines culminating in the present
DIlI-D. The GA Fusion Group has the personnel and equipment required for research and development
in al forms of magnetically confined fusion, including the full range of disciplines and technologies
applicable to the proposed DIl1-D Fusion Research Program.

The GA DIII-D team has a proven track record in fusion engineering, operations, and physics. Areas
of exceptional GA engineering strength include divertor, microwave, power conversion, plasma control,
plasma diagnostics, and vacuum systems. GA has an experienced multidisciplinary team responsible for
operation of the DIII-D facility which includes: (1) tokamak magnet and vacuum systems with associat-
ed power and cryogenic systems; (2) neutral beam, radio frequency and microwave plasma heating sys-
tems; (3) plasma diagnostic instrumentation construction and operation; and (4) data acquisition, storage,
and retrieval. The GA physics team includes experimentalists, diagnosticians, and theorists with areas of
strength including advanced tokamak physics, plasma control, physics high beta MHD physics, H-mode
physics, transport analysis and modeling, divertor physics development, ECH and rf heating and current
drive, theory, and diagnostic development. Collaborating institutions provide engineering operations and
physics expertise in areas in which they have institutional strengths to complement those of GA.

The DIII-D National Facility is a self-contained and integrated plant designed to provide all the
equipment and services necessary to operate the DII1-D tokamak. It includes alarge building to house the
DI1I-D device, the control room, offices, support shops, and auxiliary equipment. There also is a diagnos-
tic laboratory and other buildings. The hardware attached to this facility includes motor generators and
utility power, power converters and regulators, computer control and data acquisition systems, vacuum
systems, and cooling and cryogenic systems.

Since the beginning of its Fusion Program in 1957, GA has invested corporate funds in the develop-
ment of theoretical and experimental understanding of fusion plasmas and the requisite fusion technolo-
gies. It is worth noting that GA invests over a million dollars annually of IR&D funds in fusion science
and technology programs that benefit the U.S. Fusion Program and the proposed DIl1-D Fusion Research
Program.

Sandia National Laboratories Institutional Strengths. Sandia has served for more than 50 years as one
of the major national defense R&D labs, starting in 1945 in Albuquerque, New Mexico, as part of the
Manhattan Project, which built the first nuclear weapons. Today, Sandia has two primary facilities. one
in Albuguergue and one in Livermore, California. Sandia employs about 7500 people, are funded primari-
ly by the U.S. DOE, and work closely with many U.S. government and industry groups to make contribu-
tions to preserve the nation’s security. Sandia constantly explores new opportunities to team with govern-
ment, industry, and university partnersin this mission.
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The Energy and Environment Sector contributes effective science and engineering solutions that
improve national energy security and the quality of our environment. Sandia’s current responsibilities
include energy research, applied energy (fossil energy and renewable energy), nuclear energy, nuclear
waste management, and environmental programs. Sandia conducts many projects supported through
DOE's Office of Energy Research that contribute to DOE’s science and technology mission. These pro-
jects include established activities in the basic energy sciences such as materials science, chemical
sciences, geosciences, scientific computing, and magnetic fusion energy.

The goal of Sandia's Magnetic Fusion Energy Program is to develop a technology base to support the
design of in-vessel components that will perform satisfactorily in fusion plasma environments. To achieve
this goal, Sandia studies the interactions of plasmas and materials, the behavior of materials and compo-
nents exposed to high heat fluxes, and the interfaces of plasma and fusion reactor walls. The components
developed by Sandia have been tested in tokamaks both in the U.S. and internationally. It has fabricated a
full toroidal belt Advanced Limiter Test (ALT—II) system for the TEXTOR tokamak in Germany, and an
actively cooled pump limiter on the Tore Supra tokamak in France that is capable of steady state opera-
tion at 30 MW/m?2. Sandia also has extensive expertise and diagnostics for materials studies. Plasma edge
studies using diagnostics designed for high heat flux are being conducted in the DI11-D tokamak to assess
the plasma boundary layer. Models have been developed to predict plasma conditions and component
behavior for the next generation of devices such asITER.

Princeton Plasma Physics Laboratory’s Institutional Strengths. The PPPL is a collaborative national
center for plasma and fusion science, devoted to innovation and scientific understanding leading to an
attractive energy source. An associated mission is to conduct frontier research on the physics of plasmas,
exploit this research for diverse applications, and provide the highest quality education in plasma science.

PPPL is the only single purpose laboratory funded by the U.S. DOE for the development of magnetic
confinement fusion and for research in the underlying discipline of plasma science. The laboratory has a
highly skilled work force and extensive capabilities for the experimental and theoretical study of fusion
plasmas, and for the integrated design, fabrication, and operation of experimental plasma facilities includ-
ing magnets, power supplies, plasma heating, and diagnostics systems. Management by Princeton
University provides the institutional framework for a broad laboratory based program of education in
plasma physics and related science and technology.

The core competencies of the PPPL work force that enable the Laboratory to achieve its objectives
are listed below under the categories of plasma science and technology, engineering, and education.

Plasma Science and Technology
o Experimental analysis of stability and confinement in fusion plasmas.
+ Plasmatheory for fusion and other applications.

o Computational physics and numerical simulation of plasma processes.
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Physics design of experimental plasma confinement facilities.

Physics and technology of plasma heating and current-drive, especially involving radio-
frequency techniques.

Physics and technology of plasma diagnostics and instrumentation.

Physics and technology of plasma applications to advance industrial technologies.

Engineering

Engineering design and analysis of experimental plasma confinement facilities including magnet-
ics, neutronics, and thermal and structural analysis.

Systems integration and construction management for experimental plasma confinement facili-
ties.

Operation of experimental plasma confinement facilities.
Mechanical engineering, including structures, vacuum, cryogenic, and tritium systems.
Computer engineering, including data-acquisition, instrumentation, and controls systems.

Electrical/electronic/electro-optic engineering, including power conversion, diagnostic, and
radio-frequency systems.

Environmental, safety, and health aspects of the operation and decommissioning of activated
experimental fusion devices, including tritium operations.

Education

Provision of faculty for an integrated program of courses and research supervision for graduate
students in plasma physics and related science and technologies.

Implementation of a broad, Laboratory-based program of science education for the community at
large, including undergraduate and pre-college science students and science and mathematics
teachersat al levels.

University of California, Los Angeles’ Institutional Strengths. UCLA, where the internet was born, is
one of the worlds most outstanding and diverse public universities, and has been aleader in plasmafusion
research and development for over 30 years. In both experimental and theoretical research, UCLA has
been a pioneer. For example, computer simulation of plasmas, plasma diagnosis in the far-infrared spec-
tral region, Taylor discharge cleaning, and biased H-mode in tokamaks are just a few examples of the
many outstanding contributions made by UCLA faculty, research staff, and students over the years.
UCLA plays a major role within the DI1I-D Program in the education of students in plasma physics,
fusion science, and millimeter/FIR technology. Over the past nine years four outstanding UCLA Ph.D
Theses have been generated through participation in the DIII-D Program. Two of the these directly led to
Invited Talks for the students at the APS Plasma Physics Divisional Meetings.
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UCLA's primary scientific contributions, to date, in the DIII-D National Program have been in the
areas of unraveling the mysteries of anomalous transport and identifying the roles of microturbulence and
ExB sheared turbulent flow. It has played the leading collaborative role in the investigation of microturbu-
lence on DIII-D. To this end it has brought to DIII-D an unrivaled capability in the area of millimeter
wave and far-infrared plasma diagnosis and technology. UCLA has developed, operated, and maintained
millimeter-wave reflectometry and far-infrared scattering systems to determine turbulent correlation
lengths, monitor the evolution of turbulence, determine electron density profiles, and monitor ICRF waves
internal to the plasma. Systems have been developed for the boundary region, including the divertor, as
well as deep into the core of high performance DIII-D plasmas.

The UCLA Advanced Diagnostic Development Group has a strong permanent presence at DIII-D,
but is also affiliated with the Electrical Engineering Department and the Institute of Plasma and Fusion
Research at UCLA. This affords close interaction with a number of outstanding UCLA faculty and
research staff, including such pioneers as Frank Chen, John Dawson, Chan Joshi, Walter Gekelman, and
Bob Taylor. Some of the facilities at UCLA that directly benefit the DIII-D National Facility are
described below.

The Tokamak Fusion Laboratory directed by Dr. Robert Taylor. This laboratory currently houses the
LCT-1 tokamak and a sector of the approved “Electric Tokamak” — the LCT-2 device. Drs. Taylor and
Peebles have a long-standing record of collaboration and joint publications. This will continue and flourish
within the planned LCT-2 Physics Program, which will be housed in a new Science and Technology
Building at UCLA . The size (R~ 5m, a~ 1 m) and flexibility will allow low-cost, advanced diagnostic
development to be performed that is relevant to LCT—2, ITER and DIII-D.

The Large Plasma Device laboratory directed by Prof. Walter Gekelman (Physics Department). Thislarge
(10 m long, 50 cm diameter) magnetized, linear plasma device is housed within the Ingtitute of Plasma &
Fusion Research. Strong collaboration with the LAPD Group is ongoing and involves development of new
diagnostic systemsrelated, for example, to internal magnetic field measurement.

The Center for High-Frequency Electronics directed by Prof. Chan Joshi is within the Electrical
Engineering Department. The Center is a state-of-the-art instrumentation facility that is available to mem-
bers of the department. Millimeter-wave test equipment is available in a frequency range from 10 to 300
GHz. In addition, equipment can be borrowed from the center thereby allowing prototype experiments to
be performed without requiring the purchase of expensive equipment. This has significantly enhanced the
UCLA capabilities at DIII-D.

The Nano-Electronics Laboratory directed by Prof. E. Yablanovich is a state-of-the-art microelectronics
facility primarily for graduate research. The facility supports research on the nanometer scale by providing
access to clean rooms and to solid-state processing equipment. Accessis based on alow monthly fee com-
bined with hourly charges for specific equipment. Again this has leveraged UCLA's capabilities in devel-
opment of new millimeter-wave diagnostic systems.
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The School of Engineering Machine Shop under the direction of Steve Grubweiser has extensive capa
bilities. Electric discharge machining (EDM) alows for fabrication of various waveguide components such
as waveguide tapers, corner cube mixers, spacers, etc. Computer controlled mills and lathes are utilized in
the fabrication of dichroic lenses, quasi-optical lenses and mirrors and myriads of other components.

University of California, San Diego’s Institutional Strengths. The UCSD Fusion Energy Research
Program was founded in 1994 as an interdepartmental program within the School of Engineering with
affiliates in the Department of Physics. The program is dedicated to research in the fusion energy sciences
including plasma physics, boundary plasma flows and turbulence, plasma-materials interactions, fusion
technology, and power plant design and engineering. Approximately forty faculty, researchers, and students
are currently affiliated with the UCSD Fusion Program.

The Fusion Program is organized into three research divisions: (1) Experimental Programs including
the on-campus PI SCES plasma and materials experiments and the off campus collaboration programs with
the DIII-D tokamak group and the TEXTOR tokamak experiment at KFA Karlsruhe; (2) Fusion Power
Plant Studies including team leadership for a national program involving participation from severa nation-
al laboratories, universities, and industrial partners; and (3) U.S. ITER Home Team, and UCSD site.
ITER isan international effort to construct along-pulse burning plasma experiment. The U.S. Home Team
has a major role in the ITER technology R&D programs for the Central Solenoid Model Coil and the
Divertor Cassette and supporting roles for other ITER R&D activities.

The Fusion Experimental Program facilities include on-campus PISCES A and B experiments which
provide steady-state plasma simulation of the boundary regions of a fusion reactor, with maximum densi-
ties in the range of 1019-1020 m3. These facilities serve as atest bed for validating physical models of
boundary plasma flows, turbulence, atomic processes, and sheath phenomena. These facilities are particu-
larly useful in studies of plasma-materias interactions where steady-state particle and heat flux conditions
comparable to ITER or reactor conditions are generated. These plasma-materials experiments are part of a
coordinated international research program to investigate candidate materials for use in ITER including
beryllium, tungsten and carbon materials.

USCD researchers and students carry out collaborative experiments in major large-scale off-campus
fusion facilities. These include boundary and divertor plasma physics, fast reciprocating probe measure-
ments of boundary plasmas and turbulence, materials, and disruption studies at the GA DIl1-D tokamak, and
boundary control and flow measurements on the Forschungszentrum Julich TEXTOR tokamak.

Lawrence Livermore National Laboratory’s Institutional Strengths. LLNL is a multi-disciplinary insti-
tution with highly skilled physicists, engineers, and technical staff working in a matrix organization.
LLNL has worked in magnet fusion since the early 1950s; starting with the mirror program and then
moving to the MTX Tokamak program and presently the DII1-D collaboration. LLNL is currently starting
anew spheromak experiment.
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The LLNL Magnetic Fusion Energy Program has overall goals in tokamak improvement, alternate con-
cept devices, and increased reliance on computational models. It has a separately-funded fusion theory divi-
sion that looks at both analytical and computational models of a broad range of fusion topics. The UEDGE
(edge) and CORSICA (core) computer models have been developed in this division. It also has called upon
other strength areas within LLNL, including computational support (including LLNL hardware), atomic
physics cal culations and spectroscopic measurements, and optics design (from the laser program).

The LLNL collaboration uses a task-oriented approach, with direct funding from DOE. Yearly, it
agrees on a set of useful tasks and these are implemented, budget permitting. The breadth of LLNL
allows us to bring a “full service” collaboration to DIII-D. It has physicists, engineers, and technicians
on-site in San Diego. (Over half of our staff are located in San Diego.) Difficult machining and assembly
can be done at LLNL when necessary. It aso has a computational staff that travel to San Diego as neces-
sary, and has developed a Remote Experimental Environment. Experiments have been operated on the
C-Mod tokamak at MIT and the DIII-D machine from LLNL. These are al experienced people who
have a demonstrated history of diagnostics, analysis, and modeling of fusion plasmas.

LLNL has supplied a large number of diagnostic instruments to the DIlI-D experiment, including:
Motiona Stark Analysis (arguably the best system in the world), Divertor Thomson Scattering (only sys-
tem in the world), a 2-D Bolometer with tomographic reconstruction, 2-D visible measurements with
tomographic reconstruction, infrared measurements of divertor and wall heat flux, and divertor ultraviol et
spectroscopy(absolutely calibrated). It has used these instruments, along with the UEDGE model, to
develop a physics picture of the divertor. LLNL is presently predicting the operation of future divertors
for DINI-D with UEDGE. In the advanced tokamak area, it has used the MSE diagnostic to measure J(r)
and E(r) in the plasma, and to model these measurements with the CORSICA model. LLNL is currently
developing future operational scenariosfor DIII-D with the planned machine upgrades.

Inall, LLNL has used its strong institutional strengths, along with the particular strengths of the MFE
staff to study important physics on fusion machines. The task-oriented style has allowed very close cou-
pling with the needs of the DIl1-D Program, and also allows LLNL to focus on key physicstopics.

Oak Ridge National Laboratory’s Institutional Strengths. ORNL is one of the largest multi-purpose
national laboratories in the United States; it has a history of more than 50 years of broad-based R&D.
Today, ORNL is managed for the DOE by the Lockheed Martin Corporation. ORNL's core competencies
are characterized by an integration of physical, chemical, and materials sciences; biological, environmen-
tal, and social sciences; and computational sciences and informatics. A distinguishing strength of the
national laboratories is the ability to integrate broad technical foundations to develop and sustain core
competencies in support of national R&D goals. The ORNL core competencies relevant to the Fusion
Program are: energy production and end-use technologies; advanced materials synthesis, processing, and
characterization; neutron-based science and technology; computational science and advanced computing;
and instrumentation, manufacturing, and control technology. The DOE’s Office of Energy Research isthe
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largest single sponsor of research at ORNL. It supports programs in magnetic fusion energy, high-energy
and nuclear physics, and biomedical and environmental research.

The ORNL Fusion Program is distinguished by the breadth of its components subprograms in
physics, technology, and engineering, and by extensive collaboration, both nationally and internationally.
ORNL'’s fusion experience began in 1957. Since then, ORNL has had an active Fusion Research Program
with experimental devices such as tokamaks (ORMAK, ISX-A, and ISX-B), Stellarators (ATF), and mir-
rors (DCX and EImo Bumpy Torus); plasma and fusion technology development (NBI, rf launchers, pel-
let injectors, superconducting magnets); neutron-interactive materials development (HFIR); atomic
physics for fusion research, and fusion engineering and design (FEDC).

Presently, ORNL supports the goals of the national fusion research through topical programs in the
following areas:
o Experimental and theoretical studies aimed at understanding the science of fusion plasmas.

+ Development of plasma technologies for existing and future experiments (pellet injectors and rf
launchers).

o Engineering design of fusion components and devices.

o Thedevelopment of radiation-resistant and low-activation materials.

Fusion research at ORNL is carried out in several ORNL divisions (Fusion Energy, Physics, Metals
and Ceramics) and is organized by the following program elements:

Confinement. Addressing toroidal confinement issues through collaborations on experimental devices
in the areas of plasma boundary physics, pellet fueling, wave-plasma interactions, confinement and stabili-
ty, and alternate concept development.

Spherical Torus. Exploring compact, stable low-field plasma configurations characterized by good
confinement, high plasma beta levels, and a self-driven current fraction of the order unity.

Theory. Emphasizing understanding of plasma confinement in tokamaks and stellarators, and on the
development of aternative toroidal confinement concepts.

Atomic Physics. Focusing on experimental and theoretical studies of inelastic collision processes
involving atomic and molecular fusion plasma impurity ions.

Plasma Technologies. Developing and applying (1) advanced fueling systems for magnetic fusion
with the long-range goal to develop ultra-long to steady state pellet injection systems for fusion devices;
(2) rf systems for heating and current drive for present and future machines that are cost-effective and
compatible with operation in fusion power plants.
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Materials Program. Aiming at the development of structural materials, ceramic, and first-wall and
high-heat-flux materials for fusion applications.

All elements of the ORNL Fusion Program have active collaborations on the major fusion
facilities of the national and world fusion program, such as DIII-D, NSTX, JET, Tore Supra, ASDEX-
Upgrade, and TEXTOR in Europe, as well as on LHD and JT-60U in Japan. The expertise gained in
these collaborations constitutes a very cost-effective extension of the achievements within the U.S.
Fusion Program and greatly contributes to the progress of our domestic fusion machines such as the
DII1-D tokamak

2.6.4. DIlI-D NATIONAL PROGRAM GOVERNANCE

2.6.4.1. DIlI-D NATIONAL PROGRAM GOVERNANCE STRUCTURE. As the collaborations expanded, a sys-
tem of governance has also developed. The primary governing body isthe DEC, which advises the DI1I-D
program director on matters of program planning, direction, task priorities, and budgets. The committee is
comprised of the DIII-D program director, division directors, and the program leaders from the major
collaborating institutions selected by their respective Institutional Leadership. A multi-institutional
Research Planning Committee develops and reviews the Annual Experimental Plan and reviews, approves,
and schedules experiments. A DIII-D Advisory Committee consisting of technical experts from other
national and international fusion programs provides advice at least annually to the DIlII-D Program and
Executive Committee on Experimental Plans and other major programmatic issues. This system of gover-
nance is working well. The plan for the period 1998-2003 envisions expanding the collaboration along its
present lines.

The DHI-D Program management organization structure is illustrated in Fig. 2.6-4. The DIII-D
Program is implemented through a line management organization structure which includes GA and collab-
orators. The program is implemented through four research divisions (Operations, Core Physics, Boundary
Physics and Technology, and RF Physics and Technology), headed by division directors. The research divi-
sions include GA employees and employees of other laboratories, universities, and industries. Coordinators
(group leaders) and task leaders (responsible for specific tasks) are drawn from GA or collaborators. By
mutual agreement, each collaborator is a member of one of the DIII-D divisions. On-going issues of insti-
tutional roles and relationships in the DIII-D Program are resolved between GA and collaborating
Institutional Leadership. Program execution flows through the DII1-D Program management.

GA has contractual responsibility to the DOE for operation of the DI1I-D, and DOE retains the final
approval authority on al modifications to the machine that would affect its operations. The DIII-D pro-
gram director is a GA employee. In carrying out its responsibility, GA strives to accommodate collabora-
tors interests and concerns. Proposals for research on the device, modifications, or implementation are
discussed by the DI1I-D Executive Committee and approved by the DI11-D program director prior to pre-
sentation to the community or submittal to the DOE for approval.
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Fig. 2.6-4. The DIII-D program is implemented through a line management organization which
includes collaborators and four GA research divisions (December 1997).

The DIII-D Executive Committee. The principal governing body isthe DEC. It advises the DIII-D pro-
gram director on matters of program planning, direction, task priorities, and budgets. It oversees the
activities of the Research Planning Committee. It oversees major modifications to the core tokamak facil-
ity and auxiliary systems. Proposals for new collaborations are brought to the DEC for recommendation
to the director. The committee is comprised of the DIII-D program director, division directors, and the
program leaders from major collaborating institutions selected by their respective Institutional
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Leadership. Members are appointed by the DIII-D director. The DEC provides advice to the DII-D
director on changesin its own membership. The current membershipis:

MEMBERSHIP OF THE DIII-D Executive COMMITTEE
DEeCeEmBER 97

Institution

Member

General Atomics

Lawrence Livermore National Laboratory
Princeton Plasma Physics Laboratory
Oak Ridge National Laboratory

Sandia National Laboratory

University of California at Los Angeles
University of California at San Diego

Tom Simonen
Vincent Chan
Dick Freeman
Jim Luxon

Ron Stambaugh

Keith Thomassen
Ned Sauthoff

Peter Mioduszewski
Mike Ulrickson
Tony Peebles

Stan Luckhardt

The Research Planning Committee. A DIlI-D Research Planning Committee develops and reviews the
Annua Experimental Plan, reviews and approves mini-proposals, and participates in scheduling experi-
ments. The Research Planning Committee consists of DIII-D Program researchers from GA and collabo-
rating institutions. The chairman is appointed by the DIII-D director upon the advice of the DIII-D
Executive Committee and is also responsible for the weekly and daily scheduling and rescheduling of
experiments.

The DIII-D Advisory Committee. A DIII-D Advisory Committee is selected by the GA senior vice presi-
dent in consultation with the DIII-D program director and the Executive Committee. The committee con-
sists of technical experts from other national and international fusion programs to provide external peer
review of the DI1I-D Program and Experimental Plans. Written comments are provided to the DI11-D direc-
tor with copies to the DOE and Institutional Leadership. Each year, approximately one-third of the member-
ship will be new. The committee meetsin January or February and usually also in the summer.

2.6.4.2. RESEARCH PROGRAM PLANNING

The Long Range Plan. The DIII-D Program operates with a Long Range Plan (typicaly five or more
years), which is updated annually. Collaborating institutions participate in developing the strategy and
implementation of these plans and setting priorities. This plan is reviewed by the Executive Committee,
approved by the DIII-D director, assessed by the DIII-D Program Advisory Committee, and approved by
DOE. It isthe foundation for annual experiment plans and annual Field Work Proposals submitted to DOE.
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The Annual Experimental Planning Process. The DI1I-D Program operates with an Experimental Plan
for each calendar year. Guidelines for the experimental plan are formulated by the DIII-D Executive
Committee. The DIII-D Research Planning Committee (RPC) develops and reviews the Annual
Experimental Plan. Topical Area Leaders are selected to collect research suggestions in their topical areas.
Brainstorming sessions open to the entire research staff are held; proponents present their ideas. The topi-
cal area groups refine and collect those ideas. The RPC presents a strawman proposal of experiments to
the DEC for ratification. After DEC approval, the RPC then reviews and approves the mini-proposals that
implement that plan day-by-day and schedules the experiments. The plan is assessed by the DIII-D
Advisory Committee. Progress and changes are tracked at Quarterly DOE Reviews.

Mini-Proposals. Mini-proposals are required before any experiment is performed. Mini-
proposals are generated by DIII-D Program participant(s) or other sources. The mini-proposal is a brief
description of the purpose, theoretical basis, background and consequences of the proposed experiments
and specify required resources, shot plan, and hardware requirements. The mini-proposals are reviewed,
approved, and prioritized by the Research Planning Committee. Typically, not all approved mini-propos-
als can be accommodated in the research schedule.

2.6.4.3. MANAGEMENT OF THE COLLABORATIVE NATIONAL TEAM

General Principles of Collaboration. The following principles serve as guidelines for conducting insti-
tutional collaboration on the DI1I-D Program:

1. Advancement of the DIII-D Program is held by all participating institutions to be essential for
advancement of U.S. fusion energy science and to be in the interests of all DIII-D
program participants.

2. Collaborators will accord high priority to their DII-D commitments, both in the use of resources
and in the assignment of personnel. GA will recognize that some collaborating personnel
assigned to DIII-D activities may have additional responsibilitiesin their home programs.

3. Insupport of the DIII-D Program objectives, collaborators will be accorded lead responsibilities
in defined areas and participation in other areas as spelled out in institutional MOU. “Lead
responsibility” does not imply sole responsibility. In those areas where it does not hold a lead, a
party may elect to retain a significant minority participation sufficient to develop and sustain
expertise in the area. These lead or support roles will be based on consensus assessments of capa-
bility and party needs by the program leadership and the DII1-D Executive Committee.
Individuals or groups which wish to collaborate on DII-D should negotiate with the institution
who has lead task responsibility. Cases of disagreement should be called to the attention of the
director and Executive Committee. Institutions having lead responsibility for atask are not to dele-
gate responsibility to another party without approval of the director.
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10.

GA will have sole responsibility for operating the DI1I-D tokamak. If a collaborator has alead role
involving an auxiliary hardware system on DIII-D, they may undertake the responsibility to oper-
ate that system. The scope of the collaborators responsibility in design, construction, and operation
of systemswill be defined in the individual MOU between GA and collaborating institutions.

In order that the DIII-D Program accomplishes its programmatic objectives and the individual
researchers have the opportunity to pursue rewarding research, it is generally expected the partic-
ipants will spend roughly half of their time carrying out program-related support tasks (e.g., oper-
ating a diagnostic or acting as a physics operator) and spend the other half of their time pursuing
an agreed-upon research program.

All data, raw or analyzed, will be considered the property of the DIII-D Program and will be
accessible to others in the program. The rights of first authorship will be respected. It is expected
that GA and collaborators operating diagnostics or doing specialized analysis will provide data
into defined DIII-D databases on a routine basis and to other members of the program when
requested.

Subject to DOE’s technical data rights and patent rights, all data and results from the
DIlI-D Program will be freely shared and acknowledged between the collaborating parties. In
general, all publications or reports must go through the standard GA DIII-D review cycle.
However, in the case that the work reported on is principally done by collaborating personnel
using collaborators equipment and codes, the publication or report may be submitted through the
collaborating institution’s review process. In such cases, a copy must be provided for timely cour-
tesy review by the responsible DIII-D research area coordinator and division director. DIII-D
division directors will make the determination of the appropriate review channel. Publications
and reports will clearly identify that the work was done on the DI11-D tokamak and acknowledge
DOE funding support.

DOE data and patent rights as specified in GA's contract with DOE will take precedence in al
work done on or derived from DIII-D.

All GA data, which GA identifies as proprietary, will be protected by individual collaborators and
collaborators’ institutions.

Collaborating institutions are expected to participate in all DII1-D related DOE and
community reviews.

Institutional Agreements. MOUs are written between GA and major collaborators. MOUSs generally
cover the historical background that has led to the collaboration, the ingtitutional goals and requirements
of both parties for participating in the collaboration, the principles and agreed upon procedures for the
collaboration, and a definition of lead and participatory roles for the collaborator. The MOU is signed by
the program leaders of GA and the collaborating institution. Presently, MOUSs exist between GA and
LLNL, UCLA, and ORNL.
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Project Approval Process. - Project Management Plans are developed for facility modifications or
upgrades approved by the DEC. DIII-D participants, as well as outside technical specialists, may review
project plans and provide advice. Progress, costs, and schedules for special projects are reported at DOE
Quarterly Reviews. Both GA and collaborator DIII-D Program tasks will be summarized in common
master schedules and milestones.

A manual describing the work procedures for DIII-D tasks and projects is available for all
DIl-D personnel and collaborators. It describes a sequence of procedures (93:01 through 93:03) which
establish a uniform approach to developing and maintaining new capabilities at DI11-D including design-
ing, engineering, fabricating, installing, and maintaining hardware and equipment on the DI11-D tokamak
or any of its related systems. Procedures are also included to guide the performance of work in the
machine pit and within the facility. Procedure 93:01, “Initiation and Approval of
DIlI-D Project or Task Proposals,” describes the process for gaining approval of new tasks at DIII-D.
Procedure 93:02, “ Implementation and Completion of DIII-D Projects and Tasks,” and others following,
cover the whole span of engineering development from the inception of an idea through the different
approval cyclesto the point where the product is operational .

A summary of these work procedures is available on the DIII-D Web site at
http:://fusion.gat.com/DI11-D/infoguide.

Budget Planning. Budgets for program tasks are generated by all tasks managers working with the
DI11-D Planning and Control Group and submitted to the DII1-D program director for distribution to the
Executive Committee and the DOE. Task priorities are set by the DII1-D program director in consultation
with the DIII-D Executive Committee and in accordance with GA's contractual requirements with the
DOE. Resource disbursements are made with input from collaborating DIII-D program leaders. The
Executive Committee will also recommend on priorities of collaborators budgets. Disagreements will be
arbitrated by DOE when they cannot be resolved by the Institutional Leadership.

Reporting. GA will submit all required plans and reports identified in its contract with the DOE. Each
year, GA will prepare a“DIII-D Long Range Plan” that charts the major goals and milestones of the pro-
gram. This plan will be developed with input from and consultation with major collaborators to ensure the
program has a clear, consistent focus. This plan will be updated annually following DOE/OFE guidelines.

GA will also prepare a DIII-D Experimental Plan each year that details all planned experiments for
that year including those to be performed by collaborators. It will be reviewed quarterly in conjunction
with the DOE-OAK Quarterly Contract Review and updated as needed. The Plan will be prepared by the
DHI-D Research Planning Committee, which includes representatives from the major collaborators as
well as GA. Before submission to DOE for approval, it will be reviewed by the Executive Committee and
approved by the director.
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Technical program reports will be submitted quarterly as part of the DOE-OAK Quarterly Review or
as needed. An Annual Technical Report and Final Contract Technical Report will also be submitted. An
overall Management Plan will be submitted after contract award. At the beginning of the contract and on
a quarterly basis thereafter, GA will submit management status and summary reports. Annually, GA will
submit a milestone schedule plan, cost plan, and milestone schedul e status report.
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3. OTHER PERTINENT INFORMATION

3.1. DEVELOPMENT PROCESS OF THE DIII-D FIVE-YEAR

NATIONAL PROGRAM PLAN

The DII-D Five-Year Program Plan was developed by the national collaborative team that operates,

plans, and carries out research using the DIII1-D facility.

A brainstorming session of the entire collaborative team was held in February 1997. |deas were gath-
ered for research elements and hardware elements of the DIII1-D Five-Year Plan. The list of proposed ele-
ments was reviewed, prioritized, and edited by the DEC in March 1997. The DEC set up multi-institu-
tional working groups to develop the proposed ideas in order to assess their technical merit and to esti-
mate a cost. Reports from those working groups were the basis of writing the first draft of the DIII-D

Five-Year Plan.

The draft plan was reviewed at the DI11-D National Summer Workshop in July 1997. Broad commu-
nity input on the plan was obtained. In response to that input, many changes to the plan were made. Those

changes are summarized in Table 3-1.

TABLE 3-1
CHANGES IN FIVE-YEAR PLAN
SINCE JULY 1997
(BASED ON JULY 1997 NATIONAL WORKSHOP)
Available
Old Date New Date
Delay 2 major installation periods by 6 months Late (1999, 2001)
1. ECHArea
Accelerate 6 MW by 6 months 2001 End 2000
Plan 10 MW system End 2003
2. Fast Wave Area
Delay 2 MW upgrade (to 8 MW total) Mid 1999 Early 2002
Delay combline antenna for MCCD Mid 1999 Early 2002
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CHANGES IN FIVE-YEAR PLAN
SINCE JULY 1997
(BASED ON SUMMER 1997 NATIONAL WORKSHOP) (Conr))

Available
Old Date New Date
3. Divertor Area
Delay full (lower) RDP Early 1999 Early 2002
Complete upper private flux baffle Early 1999 Early 2000
Vanadium program canceled Early 1999
Further divertor mod (e.g., 43 cm slot)
not costed 2001 >2004
4. Non-Axisymmetric Coils
Plan for external coils 2002 Early 2002
Postpone internal coils >2004
5. Counter Beamline
Delay Early 2001 Early 2002
6. Ten Second Pulse
Delay Late 1999 Late 2003
7. Diagnostics
Delay diagnostic
Neutral beam 2002 >2004
Central Thomson has a committed plan Uncertain 1999
8. Plasma Fueling
— Liquid jet for disruption mitigation Proposed to 1&T
— Compact toroid fueling >2004

The revised plan was reviewed in February 34, 1998, by the DIII-D Advisory Committee (DAC)

with the following comments.

32

“1. New 5-Year Plan

The DAC compliments the DIII-D Team on the high quality and comprehensive DIII-D Five-
Year Program Plan (GA-C22631, January 1998). The plan presents a well-conceived vision and
strategy along with clear research goals and priorities on facility upgrades and improvements.
The discussion of the fusion energy science in the DIlI-D Program is particularly strong. The
plan is placed in the context of DIII-D’s role in the national program and describes how DIII-D
can be a strong contributor to various pathways of the future. In particular, the DAC endorses
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the stated DII1-D Program Mission Goal: To establish the scientific basis for the optimization
of the tokamak approach to fusion energy production.

The DAC notes that the plan appropriately describes the “upper envelope” of potential experi-
mental programs and upgrades over the next five years. Achieving the stated goals and deliver-
ables will depend, of course, on the availability of adequate annual funding and research
progress.

The DAC offers three specific recommendations for further improving the plan:

A. Therole of DIII-D in the context of the overall international program on ATs should be
expanded to more clearly describe DIl1-D’s emphasis and role while acknowledging that a
world-wide effort involving several tokamak experiments is heeded to realize the promise
of improved tokamak performance.

B. ' The plan’'s approach to the issue of disruptions, the mitigation of which is essential to the
viability of the tokamak concept as a fusion energy source, should be given more visibili-
ty. The overall approach and philosophy to the disruption issue in ATs should be described
aswell as specific, proposed experiments.

C. The anticipated contributions and connections of the DIII-D Research Program to general
plasma science and alternate confinement research should be explicitly developed and
brought out in the plan — to make clear the core role of DIII-D research in developing the
science of high temperature plasmas that are toroidally magnetically confined.

The DAC also endorses the overall proposed facility upgrades (see next section for further dis-
cussion) with emphasis on providing up to 10 MW of ECH power by 2003, incorporating a dou-
ble-null divertor by 2001 and providing wall stabilizing coils. While the DAC was not given a
detailed specification of what the 3 (present level), 6 and 10 MW levels of ECH power could do,
roughly speaking these levels correspond to perturbative, limited control, and full parameter
ECH and ECCD experiments, respectively. The DAC particularly likes the approach of incor-
porating further experimental and modeling results in a staged approach to making key deci-
sions, such as the anticipated decision to upgrade ECH to the 10 MW level in a couple of
years — after 3 and some 6 MW experienceis available.”

In response to the three specific recommendations for further improving the plan, we have taken the
following actions:
A. International Context of Advanced Tokamak Research on DIl1-D

1. Enlarged the discussion of this issue in Section 1.4, including reference to Chapter 4,
Pathways to the Future, which contains an extensive discussion of how DIII-D results are
and will be relevant to future major device stepsin the national and international program.

2. Added to Section 6.2.4, Rale of DIII-D in the International Fusion Program, an extensive
discussion of international collaboration specifically on AT issues between DIII-D and
foreign machines.
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B. Disruption Research

1. Strengthened the discussion of DIII-D Disruption Studies in the subsection on Stability in
Section 2.3.1.

2. Added a subsection on Disruption Avoidance and Mitigation to Section 2.3.2 Developing
Tools and Techniques.

3. Strengthened Section 2.3.3 Theory Objectives.
4.  Added emphasis to the introduction to Section 3.2 Stability Science.

5.  Strengthened Section 3.2.5 Disruption Avoidance and Mitigation.
C. General Science and Alter nate Concepts Connections

1. Strengthened Section 6.2.2 Linkages of DIII-D to Other U.S. Experiments, which con-
tains a discussion of explicit linkages of the DIlII-D Program to seven other U.S. experi-
ments, including some alternates, by adding an additional discussion of scientific issues
shared by DII1-D Research and Alternate Concept Research.

2. Strengthened Section 6.2.7 DI11-D Program Support to the General Science Community.”
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3.2. HISTORY AND ACCOMPLISHMENTS OF THE DIlI-D PROGRAM

The DIII-D tokamak program at GA has made many major scientific contributions to the worldwide
fusion effort. The DII1-D Program pioneered plasma shaping and profile control as a means of improving
performance, leading to second stable high beta core plasmas in DIII-D. Confinement has improved,
particularly in discharges with optimized magnetic shear, with the energy confinement time reaching four
times that of the standard ITER-89P scaling. Pioneering programs in electron cyclotron and fast wave
heating and current drive have made progress in developing and demonstrating the under standing neces-
sary to sustain the conditions of optimized shear. New and effective divertor geometries were devised,
leading to the divertor configurations widely used today and projected to I TER. The program continues to
advance on a broad front, with major contributions in transport, stability, divertor physics, and in RF
heating and current drive. The hallmark of the DII1-D Research Program is the integration of these sci-
ence research topicsinto a program aimed at optimization of the AT.

3.2.1. ORIGIN OF THE PROGRAM

The GA Tokamak Program has a history of creative concept development. The program began in
1968 with the Doublet | device, the first tokamak with a highly noncircular cross section, using solid cop-
per walls to shape the plasma. Experiments on this device showed the doublet configuration to be mag-
netically and dynamically stable. These successes led in 1971 to the larger Doublet 11 device, also with
solid copper walls. This device was reconfigured in 1974 to use external coils to replace the copper walls.
The new device was named Doublet I1A, and it pioneered the use of external coils to shape a wide range
of highly noncircular plasmas and maintain them in nondecaying magnetic configurations.

The success of these experiments led to construction of the Doublet |11 device, completed in 1978. In
the first years of operation, it was the largest operating tokamak in the world and attained the highest cur-
rent levels recorded at that time (2.2 MA). Experiments with a broad range of plasma configurations
demonstrated the importance of elongation and shape control. Dee-shaped plasmas proved easiest to form
and were projected to reach b values adequate for viable power plants. Diverted dee-shaped plasmas were
also effective in achieving reduced impurity levels and enhanced confinement.

These successes led to the reconstruction of the Doublet 111 tokamak into a large dee-shaped cross sec-
tion capable of a wide range of plasma shapes and divertor configurations. The device was renamed
DII-D in 1986. DIII-D rapidly reached currents of over 3 MA and achieved superior levels of confine-
ment and b. Understanding of plasma stability, transport, divertor and current drive physics was devel oped.

The DIII-D Program has contributed outstanding results in most major areas of tokamak physics
including: confinement, stability, boundary physics and technology, rf heating and current drive, and
tokamak operations. This progress is typified by the evolution of the fusion triple product ntT. Over the
last ten years, the performance has doubled every two years, reaching 7 x 1020 keV-g/m3. In the following
sections, we summarize the scientific progress relative to our previous five-year plan.
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3.2.2. ACCOMPLISHMENTS OF THE 1993 FIVE-YEAR DIII-D PLAN AND CONTEXT FOR
THE 1998 FIVE-YEAR PLAN

3.2.2.1. THE DIII-D 1993 PROGRAM MISSION. The 1993 Mission of the DIII-D Tokamak Research
Program was: “to provide data needed by next-generation tokamaks such as the International
Thermonuclear Experimental Reactor (ITER) and the Tokamak Physics Experiment (TPX) and to develop
a conceptual physics blueprint for a commercially attractive electrical demonstration plant (DEMO) that
would open a path to fusion power commercialization.” In the intervening five years, the DIl11-D Program
has successfully carried out that mission within the context of the changing U.S. Fusion Energy Sciences
Program.

DI11-D has been a major supplier of physics R&D data to the ITER Program and, before its
cancellation, to the TPX Program. The TPX design incorporated a number of DIII-D features so the
physics demonstration to the 10 s level now rests with DII1-D. Experimentsfor very long pulses remain to
be carried by the Korean KSTAR and ITER superconducting tokamaks. While the U.S. fusion program
strategy no longer calls for DEMO operation by 2025, the DII1-D Program devel ops the scientific basis for
fusion energy through integrating fusion science elements in coherent scenarios aimed at improving the
tokamak concept. We call this an AT Program. In this context, the 1998 DIII-D Program mission is “to
establish the scientific basis for the optimization of the tokamak approach to fusion energy production.”

Fusion science and concept improvement are two of the elements of the new U.S. Fusion Program
strategy, with international exploration of burning plasmas through ITER R&D being the third element.
The DIII-D Program contributes to each of these three national strategic elements.

3.2.2.2. ACCOMPLISHMENTS OF THE DIII-D 1993 OBJECTIVES AND GOALS. The 1993 DIII-D Program
objective wasto “carry out an integrated long-pul se demonstration of a well-confined high-b plasma with
noninductive current drive in an advanced plasma and divertor configuration.” The quantitative goal was
to sustain a 2 MA plasma with 5% b for 10 s. The accomplishment of these objectives required upgrades
to the rf, microwave, divertor, and tokamak. These upgrades were only approximately 25% implemented
during the past five years due to DOE funding limitations (see Table 3-2).

Lacking the needed upgrade capabilities, the quantitative goals were impossible to achieve.
Nevertheless, with the existing capability, transient experiments were successfully carried out to investi-
gate and advance understanding of a wide range of fusion science issues. Based on these experiment
results, the 1998 plan will continue to implement:

o Complete the RDP top divertor upgrade in 1999 and complete modification of the bottom diver-
tor in 2001.

36 General Atomics Report GA-A22950



Project Saff THE DIH-D FIvE-YEAR PROGRAM PLAN 19992003

TABLE 3-2
CoMPARISON OF 1993 UPGRADE PLAN WITH ACTUAL UPGRADES IMPLEMENTED

1993 Upgrade Plan 1998 Status
Projected Projected Actual Actual
1993 Projected 1998 Expenditure 1998 Expenditures
Upgrade Capability Capability ($M) Capability ($M)
Radiative divertor ADP Double-null RDP 16.1 Single-null RDP 8.5
ECRF power 0 10 MW 28.2 2 MW 3.0
ICRF power 2 MW 8 MW 17.3 6 MW 9.7
10 s tokamak 2-5s 10s 16.5 2-5s 0.0
Total ($M) 78.1 21.2

e Two MW-level 110 GHz gyrotrons are now operational for 1-2 s pulses, a Gycom and a CPl
(Varian) gyrotron. In addition, diamond windows have now been developed to extend the gyro-
trons' pulse length to 10 s. By the end of 1998, we expect to have a 10 s gyrotron operational. In
the next five-year period, we plan to increase the gyrotron power to 610 MW for off-axis current
drive to accomplish the integrated program objectives.

o ICRF results, with three transmitters (6 MW system), indicates that the on-axis current drive effi-
ciency increases at higher electron temperature as had been projected. A fourth transmitter, an
available FMIT unit, will be modified by PPPL in the next five-year period.

o Upgrading the tokamak and auxiliary system pulse length to 10 s has not been initiated. This
awaits completion of the ECRF and radiative divertor upgrades.

With completion of these upgrades, as well as active MHD and transport barrier control, in the next
five-year period we expect to complete the original integrated AT Program objective. This integrated pro-
gram will demonstrate and advance fusion science understanding of transport, stability, particle-wall
interaction, and current drive. These previously implicit fusion science research topics are now explicit
objectivesin the new five-year plan.

3.2.2.3. SCIENTIFIC ACCOMPLISHMENTS OF THE PAST FIVE YEARS. The 1993 DIII-D Scientific
Program was organized under two themes: AT and Divertor Development and Research Programs which
were connected through an ultimate theme: Integrated AT Research.

AT Research. The 1993 AT Program Plan had three major research goals. “ (1) to develop physics
understanding of the formation and sustainment of AT configurations; (2) to establish experimental vali-
dation of the physics of active rf current drive and efficiency optimization; and (3) to combine these two
to provide a demonstration of optimized, long-pulse AT operation with simultaneous improved confine-
ment, enhanced stability, and fully noninductive current drive at high b.” These 1993 program goals were
proposed to be accomplished through a number of studies to accomplish the objectives outlined in
Table 3-3. Excellent progress was accomplished on all these objectives, except for the long pulse studies
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requiring the future high power microwaves upgrade system. As characteristic of research, results of these
studies opened unexpected new opportunities and deeper scientific questions to be investigated in the
future. Overal, the scientific progress was more or less as envisioned while the ITER support was more
than envisioned in 1993.

TABLE 3-3
AN ASSESSMENT OF PROGRESS ON THE 1993 ADVANCED TOKAMAK RESEARCH GOALS
[A check (O) indicates progress as anticipated, a minus (=) indicates less progress
than anticipated, and a plus (+) indicates more progress than anticipated]

Goal Progress
+  Develop understanding of Advanced Tokamak regimes O
+  Validate noninductive current drive (bootstrap ultilized, fastwave 0

to 0.3 MA, electron cyclotron by 1998)

«  Actively control, optimize, and demonstrate Advanced Tokamak regimes
— Short pulse
— Long pulse

+  Stability and transport theory/experimental interaction
+  Disruption studies

+  Rotation effects with C—coil

+  Develop advanced (digital) plasma control

«  Provide ITER physics simulation

+ OO0 O0Oo ™

The first two goals were successfully addressed in the past five years of DIII-D research. The under-
standing of AT configurations was developed through experiments exploring the dependency of plasma sta-
bility and confinement on plasma shape and profiles. These studies utilized second stability regime experi-
ments, NCS, and ExB shear flow improvements to confinement. Noninductive FWCD experiments supple-
mented by ECRF and bootstrap current were carried out. The efficiency of FWCD was found to approach
the theoretically expected values which scale to attractive power plant scenarios when combined with opti-
mized bootstrap current. During this five-year period, the need for off-axis electron cyclotron current drive
to sustain NCS configurations arose and began to be rigorously pursued, abeit with the limited ECH
upgrade capability mentioned earlier. The third, and ultimate objective, the goal to demonstrate long pulse
AT operation at high beta awaits installation of additional ECH power for off-axis current drive. The avail-
ability of 6 to 10 MW of ECH power upgrade, together with completing the divertor and long-pulse
upgrades, in the next five-year period will enable accomplishment of this integrated AT goal.

A major breakthrough of the past five-year research was the achievement of a neoclassical energy
confinement in NCS plasma was one of five integrated AT scenarios proposed for investigation during the
past five-year period (it was then dubbed the second stable core scenario with off-axis current drive and
sheared plasma rotation). Although limited in our ability to actively control and sustain current profile,
rotation, and plasma density, we, as well as other world tokamaks (JET, TFTR, Tore Supra, JT-60U),
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have been able to establish transport barriers and achieve neoclassical levels of confinement. In the next
five-year period, experiments to optimize and sustain NCS

Divertor Development and Research. The 1993 Divertor Development and Research Program was to
develop and implement a divertor design that solves the “divertor problem.” Solving the divertor problem
meant providing significant dispersal of plasma energy flow prior to it reaching the divertor surface to
ease divertor heat removal and reduce surface erosion from excessively hot impinging plasma. The focus
of these studies was to provide an ITER physics basis in coordination with other world tokamaks. The
1993 program was to be initially carried out with the lower advanced divertor and then with a radiative
divertor upgrade. This program of experiments with divertor configuration modifications was to be sup-
ported by improved diagnostic measurements, modeling, and database benchmarking with other toka-
maks. Asindicated in Table 3-2, only partial implementation of the radiative divertor upgrade was realiz-
able in the past five-year period due to severely constrained funding. Nevertheless, understanding and
demonstrated achievements have exceeded those anticipated in 1993. This was accomplished with the
help of a higher than planned effort in diagnostic and modeling improvements.

In 1993, the general idea of solving the divertor problem through radiation and recombination was
being pursued. However, comprehensive understanding through experimental measurements and model-
ing was missing. DII1-D Thomson scattering measurements of low divertor electron temperatures and
Alcator C-Mod spectroscopic measurements of atomic recombination have provided documentation of
divertor physical processes which can now be modeled by divertor codes. Other world tokamaks have
also provided key discoveries and confirmatory results. In the next five-year period, the divertor and AT
research will be more closely coupled and integrated together.

The 1993 Divertor Development and Research Plan laid out expected levels of resolution of divertor
issues and identified program goals to be pursued. The expected levels for resolution of divertor issuesis
reproduced in Table 34 with a check (3) by those issues which have been resolved during the past five
years to the expected level. Six of the issues have been resolved to the expected level, athough erosion
mitigation was not investigated due to concentration on the other issues. Accomplishments of the Divertor
Program goals and guidelines are indicated in Table 3-5. Overall, divertor science progress exceeded that
envisioned due to better than expected experiment and theory understanding of divertor recombination
physics. Implementation of the radiative divertor upgrade was less than envisioned (due to budgetary con-
straints, see Table 3-4). As a consequence the DIII-D ITER divertor physics support provided more
physics understanding, but less than the desired information on the effects of changing divertor geometry
and baffling.

Integrated AT Research. The aim of the 1993 DIil1-D Program was to provide an integrated demon-
stration of the AT. With alimited 5 to 10-s pulse length, DII1-D is tackling the TPX mission. As described
above, advances in confinement, stability, current drive, and divertor physics has been outstanding. The
integration of these elementsis now akey focus of our research.

o Using current profile control and plasma rotation to control transport rates.

o Using internal transport barriers to control pressure profilesto optimize beta.
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TABLE 3-4
AN ASSESSMENT OF RESOLUTION OF 1993
DIVERTOR RESEARCH PROGRAM FUNCTIONS/NEEDS ISSUES
(D = DEMONSTRATED, | = INVESTIGATED)

[A check ([O) indicates resolution at the expected level
and aminus (-) indicates less progress than anticipated)]

Divertor Development Phase

Advanced Radiative
Issue Divertor Divertor
Power Dispersal | O D O
Density Control D O D O
Impurity Control | O D O
Helium Exhaust D O D O
Divertor Physics | O | O
Model Validation I O D O
Erosion Mitigation [ [

TaBLE 3-5

AN ASSESSMENT OF ACCOMPLISHMENTS OF 1993 DIVERTOR PROGRAM GOALS AND GUIDELINES

[A check (O) indicates that the goal or guideline was pursued and accomplished as
expected and aminus (-) indicates less progress than anticipated]

Project Saff

Demonstrate radiative divertor power dispersal to lower the peak heat flux to ~1 MW/m2, from
ITER levels of ~5 to 10 MW/m2,

Implement divertor configuration consistent with the overall AT mission of DIlI-D and the tokamak
physics experiment (TPX).

Provide research flexibility to settle the questions of single- versus double-null, pumping of the inner and
outer divertor legs, and more detailed geometric issues.

Implement the testing of AD concepts as part of the AT mission of DIII-D.

Demonstrate density control in enhanced confinement regimes.

Demonstrate impurity retention and entrainment in the divertor.

Demonstrate sufficient helium exhaust for a reactor.

Provide a validated model of divertor performance that can be used to design future machines.

Oojfojo|lo|md

Ol |||+

Show erosion reduction by power dispersal.

. Engineer all divertor systems in all phases to be fully compatible with tokamak requirements,

e.g,. temperature ranges, thermal expansion and contraction, halo currents, disruption forces,
arcing hazards, etc.
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e Using pressure profiles to optimally position bootstrap-driven currents for maximizing confinement
and stability.

o Using divertor radiation and recombination to enable high core electron temperature for efficient
current drive.

To quantify our progress, we use four measures. The first are commonly used normalized indicators:
« Plasmaconfinement quality measured by the H-mode quality factor, H = Tg/T|Tgr_gop-

o Plasma stability measured by normalized beta, B = B/(1/aB).

« Bootstrap current fraction, Igg/l,.

«  Divertor power dispersal, the power reduction factor for power striking the divertor plates.

Integrated demonstration is then characterized by sustaining these four indicators for long durations.
Table 3-6 provides a summary of the DIII-D Program progress over the past five-year period indicating
that the program has moved from now standard H—mode tokamak performance toward those of an AT.
The pulse length is limited by our inability, without off-axis EC current drive, to sustain the optimum
NCS current profile. Independently (not simultaneously), DI1I-D has achieved each of the AT parameter
goals. This first measure of integrated performance represents major accomplishments given the limited
upgrade capabilities available during this time period.

TABLE 3-6
INTEGRATED ADVANCED TOKAMAK
PARAMETER GOALS AND ACHIEVEMENTS

Simultaneous Operation
1993 Status 1993 Target for 1998 1997 Achievement

Confinement, H 2 4 3
Stability, By 2 6 4
Bootstrap Current fraction, fgg 0.3 0.5 0.7
Divertor Power Dispersal factor 2 10 2
Pulse Length, s 10 1 1

A second measure of integrated performance is the fusion triple product; ni tE Ti. This product is
composed of the central fusion fuel ion density, the global energy confinement time and the central fusion
fuel ion temperature. Over the past five years, the DIII-D fusion triple product has increased four fold.
This progress over the history of the DIII-D facility, shown in Fig. 3-1, is comparable to that of rapidly
advancing activities such as the semiconductor computer industry. In the next five-year period, we do not
intend extensive dedicated campaigns to push the triple product higher since these are very extreme hot ion
conditions for a moderate size tokamak such as DI11-D. Instead, future research will concentrate on plasma
regimes with near equal ion and electron temperature as characteristic of future fusion power plants.
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Fig. 3-1. Scientific progress: DIII-D fusion performance has doubled every two years.

A third measure of integrated fusion performance is by direct measurement of the fusion power pro-
duced normalized to the required plasma heating power. In the past five years, significant progress has
been made through strongly shaped double-null plasmas, NCS plasma current profile, and broad plasma
pressure profile. In thisway, 28 kW of D-D fusion output power was produced in DIlI-D with 18 MW of
neutral beam input power. The D-D fusion gain was QD-D = 0.0015. For an optimum D-T fuel mixture,

this is equivalent to aD-T fusion gain of Q2" = 0.3. Compared to five years ago, this s an increase of
afactor four.

3.2.3. DIlI-D SCIENTIFIC PROGRESS AND ACCOMPLISHMENTS

3.2.3.1. PLASMA STABILITY AND HIGH-BETA PHYSICS. The DIII-D Program has made remarkable
progress in understanding the nature of the 3 limit in tokamaks and in achieving higher values of the plas-
ma (3. Understanding of the stability of elongated discharges has led to operation with double-null dis-
charges with high values of I/aB and the achievement of 3 = 13%. The associated development of
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detailed theoretical understanding, demonstrates that 3 values needed for power plant operation are credi-
ble and achievable. Accurate equilibrium calculations have demonstrated that regions of the plasma reach
into the second-stable region. Understanding the role of the current profile in establishing 3 limits has led
to the recognition that the limiting 3 value could be raised with properly optimized plasma profiles.

At high values of beta, self-driven neoclassical bootstrap currents become a significant contribution to
the overal plasma current. This is beneficia for obtaining steady state discharges, but it can also lead to
MHD instability. This coupling between the self-driven current and the plasma pressure, which establishes
the stability limits, isreferred to as neoclassical MHD. If finite size island structures form, the plasma pres-
sure gradients flatten within the islands which causes the bootstrap current to weaken and the island to
expand. This process has been shown to establish beta limits in plasmas in DIHI-D and other tokamaks.
Recent DIlI-D experiments have compared this instability to theoretical models, and means of stahilizing
the modes using localized currents driven by electron cyclotron current drive are being devel oped.

Important progress also has been made in understanding locked modes. These occur when rotating
magnetic modes lock (to a stationary, local magnetic field asymmetry). This often leads to a disruption.
Locked modes lead to limitation of the operating space. Particularly, they restrict operation with the low-
density target plasmas that are crucia for obtaining efficient rf current drive and VH—mode confinement.
Experimentally, it has been shown that an external perturbation can be added to the tokamak field config-
uration to minimizeintrinsic local asymmetries and, thus, substantially increase the operating space.

3.2.3.2. PLASMA CONFINEMENT PHYSICS. Early operation of the DIII-D device led to the routine attain-
ment of the high confinement regime, or H—-mode. DIlI-D H-mode results show a strong increase in
energy confinement tg with plasma current, consistent with worldwide tokamak results. DI11-D has made
significant contributions toward understanding the physics of the transition from L—mode to H-mode.
Improvements made in the DII1-D charge exchange recombination spectroscopy system provided impor-
tant data on the change in the edge radia electric field across the transition. By measuring edge pol oidal
and toroidal rotation, temperature, and density of various plasmaions, our experimental data showed that
the radial electric field changes just before the start of the transition, and that density fluctuations change
right at the start of the transition in alocalized layer where the radial electric field also changed. Thisis
also the region where gradients of plasma density and temperature steepen after the transition indicating a
decrease in local transport. Theory predicts that the increased shear in the ExB drift velocity leads to this
transport reduction. A similar effect explains the VH-mode, with a broader region of ExB shear extend-
ing further into the plasma.

In the last several years, further confinement improvement has been obtained in the core of DIII-D
plasmas by optimizing the magnetic and ExB shear. The initial signs of the improvement were the cre-
ation of obvious core transport barriers in discharges where manipulation of the current density profile
had resulted in suppression of sawteeth. Core barriers have been formed in discharges with both positive
and negative magnetic shear. The key factor in all these plasmas appears to be the same ExB decorrela-
tion of turbulence that is operationa in the plasma edge in H-mode and VVH-mode. By optimizing the
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plasma pressure profile with suitably timed L-to-H transitions, we have created plasmas where the whole
discharge has low transport. For example, ion thermal diffusivity at or below the standard neoclassical
level has been attained across the whole plasma. Such plasmas have a DII-D record triple product ntT =
7 x 1020 m—3 s keV. These discharges demonstrate that control of plasma current and pressure profiles can
lead to significant confinement improvement over standard H—-mode.

As part of the work on confinement improvement, a significant amount of work has been done on
basic studies of local transport. These include assessment of local transport coefficients through power
balance and perturbative approaches and comparison of coefficients for dimensionally similar discharges
and off-axis heating experiments where the possible existence of a heat pinch term isindicated in experi-
ments using either ECH or NBI. One of the key problems in thermal transport analysis is separation of
the electron and ion thermal transport. The individual values are rendered uncertain by the uncertainty in
the electron-ion power transfer term, which can depend on the difference of large numbers. The ability to
separately heat the ions (with NBI) and the electron (with fast wave and ECH) has allowed us to reduce
this uncertainty in discharges with combined heating because plasma can be made in which the uncertain
power transfer term is actually a small component of the heat input to either species.

As part of the transport work, we have been actively involved in the ITER process, providing a sig-
nificant amount of data to the ITER global confinement database. This has been combined with the data
from tokamaks world wide to furnish means of predicting the confinement values in ITER. In addition,
we have been one of the magjor players in the area of confinement investigations using nondimensional
scaling. Indeed, it is probably only because of the careful nondimensional transport work done on DII1-D
that this technigue has been recognized as a reliable means of transport investigation. Because of DIII-D
flexible shaping capabilities, we can match the plasma shape of other, less flexible machines, thus provid-
ing data for key tests of this technique.

In the past two years, so-called theory-based models of local transport have emerged, which have had
some success in matching experimentally measured profiles from various machines. DIHI-D experimen-
talist and theorists are actively involved in this work and DIII-D profile data makes up a significant part
of the ITER profile database, which is being used to test these various theories. We are working with the
whole transport community in testing and attempting to improve these models.

3.2.3.3. BOUNDARY PHYSICS AND TECHNOLOGY. DIII-D work in boundary physics and technology has
concentrated on understanding and developing the divertor configuration, including the demonstration of
long pulse discharges. Divertor configurations similar to those developed on DIII-D have become proto-
typical for next-generation tokamaks and stellarators, including ITER. Research on DII-D has led to the
development of the lower advanced divertor configuration and the upper high-triangularity divertor
presently operational in DIII-D. Important work also has been done on vessel wall conditioning and the
transport of impurities from the plasma edge.
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Early studies of the heat loads to divertor targets led to the recognition that these loads can be strong-
ly peaked and that the heat distribution can depend on the confinement mode (ohmic, L-mode, H—-mode).
These studies also quantified the differences between single-null and double-null discharges, and showed
that the heat loads in double-null discharges could be maintained as essentially up/down symmetric. It
was then demonstrated that the heat loads could be managed by sweeping the location of the divertor
strike point across the target plate.

Results from DIII-D also show that by injection of gas at the plasma boundary, both peak and overall
heat load to the divertor target plates can be reduced to one-fifth of the original value. Puffing of deuterium
gas reduces the peak heat flux to the divertor tiles and at the same time — Z is constant or slightly
reduced. These results show that in DI1I-D, gas puffing is a promising method of reducing heat load to the
divertor. These results are an encouraging proof of principle of the radiative recombining divertor concept.

The desire to better optimize and control the divertor configuration and, in particular, demonstrate
density control in divertor H-mode plasmas led to the conception and implementation of the advanced
divertor configuration in conjunction with a team of collaborators from GA, LLNL, ORNL, SNL, and
UCSD. This involved the installation of a cryogenic pump and a biasable ring near the divertor X—point
to pump neutrals and to allow an electric field to be applied to the plasma in the divertor region. The
application of a bias voltage to the ring electrode was shown to result in a further increase in the divertor
pumping. An extensive set of diagnostics was added to the lower divertor including bolometric tomogra-
phy, spectroscopy, and a divertor Thomson Scattering System. These new diagnostics showed that the
divertor was cold, 1 to 2 eV indicating that plasma radiation, recombination, and convective power flow
are dominant processes in the radiative divertor region.

Successive improvements in the wall condition of the DI11-D device have led to remarkable improve-
ments in both confinement and impurity level. The DIl1-D vacuum vessel was constructed with the capa-
bility to bake to nearly 400°C for the purposes of decontaminating the graphite vessel wall in preparation
for plasma discharges. Boronization, the in situ coating of the vessel walls with athin layer of boron, has
resulted in a substantial improvement in discharge operation, especially with high current, high energy
plasmas. Discharges of 3 MA achieved a plasma energy of 3.6 MJ, [B= 5.1% at full toroidal field, thus
fulfilling a long-standing DIII-D Program goal of reaching high 3 at full plasma parameters.
Boronization resulted in the discovery of the VH—mode, a confinement regime substantially improved
from those previously achieved with confinement.

The poloidal location of the advanced divertor is optimized for pumping low-triangularity single- or
double-null divertors. As noted above, many of the AT scenarios involve high triangularity plasma shapes.
We have recently installed the first phase of a double-null divertor configuration, the RDP, which consists
of an upper baffle and cryopump for density control in high-triangularity plasma shapes. This hardware is
currently operational, and we have demonstrated density control in high-triangularity upper single-null
plasmas.
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3.2.3.4. RF HEATING AND CURRENT DRIVE PHYSICS. DIII-D RF heating and current drive research has
investigated the use of electron cyclotron waves and fast waves in the ion cyclotron range of frequencies
to heat electrons and to drive plasma currents. ECH has the advantage of easy coupling of the power to
the plasma with simple antenna structures and localized deposition of the power in the plasma. Initial
ECH experiments on DII1-D utilized at afrequency of 60 GHz — the fundamental frequency at the maxi-
mum field of DIII-D. This system, while effective at localized heating of the plasma, was limited by the
fact that coupling is cut off above relatively modest densities and that the unit size available for the power
generation system (200 kW each) is prohibitively small for high power experiments. Recently, two 1 MW
sources at 110 GHz have been installed for heating at the second harmonic in order to address both of
these issues.

Experiments on DIII-D at 60 GHz have used al of the principal modes of ECH, including outside
launch of the ordinary mode (O—mode) at the fundamental frequency, outside launch of the extraordinary
mode (X—maode) at the fundamental and second harmonic, and inside launch of the fundamental X—mode.
Propagation limits and absorption are well predicted by theory models. Central electron temperatures of
10 keV have been achieved with ECH. ECH provides the capability to increase the electron temperature
closer to the ion temperature as will be the case eventually in burning plasmas. In addition to bulk heat-
ing, ECH has potential applications affecting confinement and stability. In DIII-D experiments, applica-
tion of ECH has been shown to generate the H-mode of improved confinement, which is widely regarded
as atest of the ability of a technique to heat without introducing significant levels of impurities; heating
near the g = 1 surface has suppressed sawteeth; and applying ECH with the resonance near the edge in
H-mode discharges with substantial neutral beam heating has stabilized the Edge Localized Modes, |ead-
ing to improved energy confinement.

In 1995, the 60 GHz ECH System was dismantled to enable the implementation of a new ECH
Systemat 110 GHz. This system, at present, has two gyrotrons with nominal power of 1 MW each. The
antennas are steerable mirrors to direct the power deposition at any minor radius along the resonance.

The ECH System is a key tool in performing critical experiments required for understanding and opti-
mizing the tokamak concept. ECH is a unique heating technology in that the energy is coupled to the elec-
trons in a localized spatial region of the plasma. This makes ECH a unique tool for studying transport
through application of localized heat. In contrast to the predictions of standard techniques used to mode
energy transport in the tokamak, a series of careful experiments utilizing these capabilities revealed an
anomalous inward flow of electron heat. Discovery of this heat pinch has stimulated new theoretical activity
in the community which will hopefully be the key to unlock the puzzle of eectron thermal transport.

ECCD experiments have been carried out at 110 GHz. Extensive data analysis and modeling showed
that about 170 kA of current was driven by 1 MW of power and that this is consistent with predictions.

Fast waves are also useful for electron heating and current drive. The fast waves are launched from the
low field side of the plasma with a toroidal velocity which is close to the thermal speed of the electrons.
This results in moderately strong electron Landau damping and transit time magnetic pumping which heats
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the electrons and drives current. Fast wave heating heats the high temperature center of the plasma prefer-
entially. Good fast wave absorption reguires high electron temperature and, thus, the Fast Wave Program is
symbiotically linked to the ECH Program to achieve effective central heating and current drive. Strong
central heating in discharges heated by neutral injection has also been observed. Pick-up loops on the ves
sel walls and reflectometer measurements are used to study wave propagation and absorption.

More recently, FWCD has been shown to be an effective method of electron heating and driving plas-
ma current in the plasma core. The FWCD Program on DIII-D is a collaborative effort between GA and
ORNL, which has provided a proof-of-principle demonstration of FWCD for application to DIlI-D and
other tokamaks. To avoid competing absorption mechanisms, such as absorption at ion cyclotron harmon-
ics, we seek to maximize the single-pass absorption by first heating the electrons with ECH or neutral
beam power.

FWCD experiments have led to record current drive by this means, about 290 kA. The magnitude of
the driven current and itsradial profile are in good agreement with theory. FWCD has been applied to dis-
charges with NCS, where it has been effective at modifying the current profile and prolonging the dura-
tion of the negative shear phase. FWCD thus is a valuable tool, along with ECCD and NBCD, for con-
trolling the shape of the current profile.

3.2.4. DIII-D OPERATIONS AND FACILITY IMPROVEMENTS

The DIII-D Research Program requires safe and reliable operation of the tokamak in new plasma
configurations, refurbishing and improving the tokamak facility, and meeting the needs of expanding
numbers of collaborators.

3.2.4.1. OPERATIONS. In 1993, we planned for 90 weeks of physics experiments over the five-year peri-
od based on a total funding of $209M for operations. As seen in Table 37, 73 weeks of operation was
achieved with $179.4M funding. In order to maintain this relatively high operation level in the face of the
facility fixed costs, it was necessary to defer refurbishments and normal procurements in FY96 and
FY 97. These postponements shifted additional obligations to the 1998 five-year period.

TABLE 37
CoMPARISON OF 1993 PLAN AND ACTUAL
GA FUNDING LEVELS AND OPERATIONS WEEKS

FY94 FY95 FY96 FY97 FY98 Total
Planned GA Funding ($M) 40.7 38.3 38.6 42.3 49.1 209.0
Actual GA Funding ($M) 38.2 39.0 34.0 30.7 375 179.4
Planned Weeks Operation 18 18 12 18 24 90
Actual Weeks Operation 11 19 16 9 18 73
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3.2.4.2. TOKAMAK FACILITY IMPROVEMENTS. In addition to the major upgrades described in
Section 3.2.3.2, the 1993 DIII-D Five-Year Plan envisioned implementation of a number of facility
improvements listed in Table 3-8. The improvements were implemented, as envisioned, with the excep-
tion of the counter neutral beam included in the 1998 plan. Although the computer capability was
increased, the improvements were inadequate to handle the unanticipated large increase in data, so
aggressive effort was undertaken in FY 98.

TaBLE 3-8
FAcILITY IMPROVEMENTS PLANNED AND IMPLEMENTED IN FY94-98

Improvement Status
Real time computer plasma control system Operational (GA)
C—coil for magnetic error field correction Operational (GA)
Pellet fueling Operational (ORNL)
Operation of experiments from remote site Demonstrated (LLNL)
Increased computer capability Partially implemented (GA)
Counter neutral beams Not implemented

3.2.4.3. NEW DIAGNOSTICS. New plasma diagnostics are needed to carry out the Research Program. The
1993 Five-Year Plan envisioned 25 new diagnostic instruments costing $8.5M would be installed. As is
usual, new physics discoveries and theories resulted in changes to the diagnostic implementation plan.
However, as indicated in Table 3-9, 17 of the originally planned diagnostics will be operational in 1998. In
addition, seven additional new diagnostic instruments, which were not envisioned in 1993, were also
implemented. These are listed in Table 3-10. Thus, as planned, 25 new diagnostics were implemented with
atotal GA expenditure of $8.5M; although 30% of the instruments were different than envisioned in 1993
due to advances in the physics program understanding.

3.2.4.4. DATA ACQUISITION AND ANALYSIS. In 1993, we anticipated that the data collected per shot would
increase from 70 to 120 MBytes of data collected in 1998. Already in 1997, up to 220 MBytes is being
collected on each shot. This larger amount of collected data is a result of increased sophistication of GA
and collaborator diagnostic instruments, number of channels, and data collection rate. This increase in
collected data has overloaded the computer and data retrieval systems. While the data acquisition and
analysis computer systems have been somewhat improved, they are presently significantly under pow-
ered. Efforts are on-going to close this gap over the next few years with both new hardware and new data
analysis software tools.
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TaBLE 3-9
AN ASSESSMENT OF THE 1993 Five-YEAR DIII-D
NEw DIAGNOSTIC PLAN AND ACCOMPLISHMENTS

Current profile diagnostics
Motional Stark effect edge upgrade (LLNL) — operational
X-ray spectrometer radial array (Russia) — only one channel operational
X-ray imaging — 1999
Additional magnetic probes (GA) — operational
Fluctuation diagnostics
Beam emission spectroscopy (edge and central) (U. Wis./GA) — operational
Improved microwave reflectometry, scattering (UCLA) — operational
Phase contrast imaging (MIT) — operational

Core plasma diagnostics
Charge exchange recombination upgrade (GA) — operational
Superheterodyne electron cyclotron emission (ORNL/U. Texas) — operational

Disruption diagnostics
Toroidal, Poloidal Thermocouple arrays
Fast infrared diode array — 1999

Toroidal and poloidal asymmetries
Infrared and visible TV cameras (LLNL) — operational

Upper divertor Langmuir probes and pressure gauges (GA, ORNL, SNL) —
operational

Inner strike point pressure gauge (ORNL) — 1999

Divertor impurity transport and radiation
Multichannel divertor spectroscopy upgrade (GA) — operational
Fast impurity gas injector (impurity pellet) (ORNL) — operational
Normal incidence spectrometer (GA)
MLM spectrometer (JHU)
Divertor SPRED (LLNL) — operational

Divertor erosion and redepaosition
Divertor real time interferometry

Divertor ion and sheath physics
Plasma ion mass spectrometer-PIMS (UCLA/SNL)
Divertor Tj diagnostic

Basic scrapeoff layer parameters
Reciprocating divertor probe (SNL/UCLA) — operational
Divertor reflectometer (UCLA) — operational
Divertor Thomson scattering (LLNL/GA) — operational
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TaBLE 3-10
NeEw DiaGNosTICS IMPLEMENTED ON DIII-D
THAT WERE NOT ANTICIPATED IN THE 1993 FIvE-YEAR PLAN

Core
Direct E, MSE (LLNL) — Operational

2D BES Te Fluctuation (U. Wisc.) — Operational
Disruption Tile Current Arrays (GA) — Operational

Divertor
EUV Spectroscopy (LLNL) — Operational
High Res. Bolometer (GA) — Operational
Flow Measurement (SNL) — Operational

3.25. TRANSITION TO A NATIONAL PROGRAM

During the past five-year period, DI1I-D has become atrue National Program. Already in 1993, DIII-D
operated with national and international participation from 30 institutions. Now there are 50 institutions col-
laborating and now two-thirds of the DII1-D research physicists are from ingtitutions other than GA.

DI11-D now has a Program Advisory Committee which meets regularly, and an Executive Committee
composed of leaders of the major collaborating institutions. The program has unified technical and budget
DOE quarterly reporting and reviews. Collaborators have chaired the 1996 and 1997 Research Planning
Committees and collaborators now act in line management and project management roles. Needless to
say, collaborators also lead experiment campaigns, are experiment session leaders, and represent the pro-
gram at awide range of meetings and other scientific forums. DII1-D has become even more of a national
facility than was envisioned five years ago. This was due to a combination of a desire by the earlier col-
laborating institutions and due to a shrinkage in the number of other tokamak facilities as a result of the
decline in fusion funding in FY 96.
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