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SUMMARY

The Fusion Program of the Oak Ridge National Laboratory (ORNL), a major part of the
national fusion program, encompasses nearly all areas of magnetic fusion research. The
program is directed toward the development of fusion as an economical and environmentally
attractive energy source for the future.

The program involves staff from ORNL, Martin Marietta Energy Systems, Inc., private
industry, the academic community, and other fusion laboratories, in the United States and
abroad. Achievements resulting from this collaboration are documented in this report, which
is issued as the progress report of the ORNL Fusion Energy Division; it also contains
information from components for the Fusion Program that are external to the division (about
15% of the program effort).

The areas addressed by the Fusion Program include the following:

• experimental and theoretical research on magnetic confinement concepts,
• engineering and physics of existing and planned devices, including remote handling,
• development and testing of diagnostic tools and techniques in support of experiments,
• assembly and distribution to the fusion community of databases on atomic physics and

radiation effects,
• development and testing of technologies for heating and fueling fusion plasmas,
• development and testing of superconducting magnets for containing fusion plasmas,
• development and testing of materials for fusion devices, and
• exploration of opportunities to apply the unique skills, technology, and techniques

developed in the course of this work to other areas (about 15% of the Division's
activities).

Highlights from program activities during 1990 and 1991 follow.

Toroidal Confinement Activities

The focus of the work in the toroidal confinement area changed dramatically during this
reporting period because of a change in program emphasis by the Department of Energy from
some support of research on alternate confinement concepts to strict concentration on toka-
mak research. There had been two major elements to the experimental confinement program
in the Fusion Energy Division: the Advanced Toroidal Facility (ATF), the world's largest
stellarator, and the Edge Physics and Particle Control (EPPC) program on various tokamaks.
At the start of 1990, ATF was supported to contribute to fundamental toroidal confinement
understanding of relevance to both tokamaks and stellarators and the EPPC program was
being carried out through collaborations on tokamaks in Gelmany (TEXTOR at J/.ilich),
France (Tore Supra at Cadarache), and the United States (DIII-D at San Diego). By the end
of 1991, ATF had been shut down, the EPPC program on DIII-D and Tore Supra had been
expanded, and new collaborative research efforts had been started on the Princeton Beta
Experiment (PBX-M) and Tokamak Fusion Test Reactor (TVI'R) tokamaks at Princeton
Plasma Physics Laboratory.

A major focus for studies in ATF during the reporting period was energy confinement
scaling and the identification of the mechanisms responsible for anomalous transport.
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Microwave scattering measurements of electron density fluctuations in the core of low-
collisionality plasmas with electron cyclotron heating show features that might be evidence
of trapped-electron instabilities. Modification of the energy and particle confinement times
was studied by introducing magnetic islands and modifying the electric field in the plasma.

On May 30, 1991, ATF operations were halted by an electrical arc-over at a helical field
(HF) coil joint. Damage was limited to two HF coil segments. Temporary repairs were made,
and operations resumed on September 25, 1991, with the toroidal field limited to 1 T because
of the lack of water cooling. Pulse length and repetition rate were also restricted. Despite
these limitations, the operating period that followed yielded several significant accomplish-
ments, including data acquisition for numerous plasma configurations with the 2-mm
scattering diagnostic developed and applied in collaboration with Russian scientists; a proof-
of-principle test of the alpha particle diagnostic developed by the ORNL Physics Division,
which produced positive results; discharge durations of 20.2 s, a new record for ATF, with
second harmonic heating at 35 GHz, in a collaboration with Japan; and extensions of
dimensionless scaling experiments. ATF was shut down on November 30, 1991, and work to
fully repair the damaged coil joints was begun.

The EPPC program focused on pressure scaling studies in the divertor baffle of DIII-D,
particle balance and control studies during long-pulse operation in Tore Supra, helium
transport and exhaust studies in TEXTOR and Dill-D, and edge fluctuation and biasing
studies in ATF.

Toroidal confinement activities also include some research on advanced fusion concepts.
Reactor studies focused on developing the tools needed for a realistic assessment of the cost
of electricity expected for a stellarator reactor. Initial results indicate that torsatron reactors
are competitive with conventional tokamak reactors if the same assumptions are used for
both.

Atomic Physics and Plasma Diagnostics Development

Activities in the atomic physics andplasma diagnostics development program are divided
among atomic collisions resea 'ch, atomic data compilation and evaluation, and advanced
plasma diagnostics developml:nt.

The atomic collisions research program focuses on inelastic processes that are critical in
determining the energy balance and impurity transport in high-temperature plasmas, and for
plasma diagnostic measurements. Central to the experimental effort is an electron cyclotron
resonance (ECR) multicharged ion source, which provides ions for colliding-beams
experiments. A new collaborative electron-ion merged-beams experiment to measure cross
sections for electron-impact excitation of multiply charged ions by electron energy-loss
spectroscopy constitutes a major part of the current experimental effort. Merged beams have
also been used to study charge-exchange collisions of multiply charged plasma impurity ions
with hydrogen (deuterium) atoms at the lower kinetic energies relevant to the edge plasma.

Data compilation and evaluation are carried out by the Controlled Fusion Atomic Data
Center (CFADC). The CFADC actively participates in the International Atomic and
Molecular Data Center Network sponsored by the International Atomic Energy Agency.
Through this network, the CFADC has a major role in the development and implementation
of the ALADDIN system for the computer storage, retrieval, and exchange of recommended
atomic data.

X
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The plasma diagnostics program concentrates on the development of advanced diagnos-
tics for magnetic fusion experiments. The current emphasis is on the application of pulsed
infrared lasers to the diagnostics of alpha particles produced from the fusion of deuterium and
tritium. The pulsed-laser Thomson scattering diagnostic for alpha particles was successfully
tested on ATF, and a novel multichannel interferometer provided accurate measurements of
the plasma electron density profile evolution during plasma discharges. To address the issue
of optical beam refraction in higher density plasmas, a feasibility study was carried out for a
two-color infrared interferometer/polarimeter system for the International Thermonuclear
Experimental Reactor (ITER).

Fusion Theory and Computing

The fusion theory and computing effort is characterized by close interaction with
experimental programs. During this reporting period, the balance between the development
of new or advanced methods and theoretical models and the application of existing theories
tipped fairly strongly toward the application side.

ORNL theorists contributed strongly to ITER, to the Burning Plasma Experiment (BPX)
project, and to experimental and technological successes at the Joint European Torus (JET),
TFTR, DIII-D, TEXTOR, and Tore Supra. The ORNL experimental program on ATF
remained a primary focus for our stellarator analyses.

New insights into turbulence and transport in toroidal systems led to the analysis of
plasma core and edge transport, the associated development of radial electric fields, and the
diagnosis of controlling physics through detailed comparisons with ATF and experiments on
the Texas Experimental Tokamak (TEXT).

The Numerical Tokamak Project is a major new thrust for the U.S. theory program.
ORNL theorists and computational physicists have been strong contributors to the
development of a proposal; in addition, ORNL contributed new methods for inclusion of
essential kinetic phenomena, as well as substantial experience in the development of efficient
means for using the latest hardware technologies such as massively parallel computers.

Better insight into the physics governing the transition from L-mode to H-mode in
tokamaks remains a high priority in the fusion program, and ORNL contributions are an
essential ingredient in the search for a fully validated model.

In the analysis of rf heating and current drive, the fundamental full-wave simulation
model was significantly improved. Another important contribution to rf theory has been
insight leading to the development of a method for estimating the current associated with rf
processes.

Understanding the behavior of the ATF stellarator is a key part of the program, with
substantial progress made in comparing results of theoretical calculations with data. An
example has been the analysis of bootstrap current measurements and detailed comparison of
the results with neoclassical models as the magnetic configuration is modified by changing
the currents in the external coils. During 1990-91, it became clear that energy confinement in
stellarators and in tokamaks follows broadly the same scaling with parameters, while key
details differ.

The ATF data acquisition system and the software for initial analysis, database formation,
and subsequent analysis of the data were refined and made more efficient. Several
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workstation computers were added to improve visualization of scientific data and provide
effective analysis at the middle scales.

Plasma Technology

The Plasma Technology Section is engaged in the development and application of plasma
fueling systems and rf technology.

The research activities of the Plasma Fueling Group supported both the U.S. magnetic
fusion program and international fusion research. Work continued in pneumatic and
centrifugal pellet injector development, for present and near-term applications, and advanced
development for m.3re demanding applications anticipated for ITER and the next generation
of fusion devices. One highlight wa_ the development of a tritium pellet injector for
deuterium-tritium operations on TFFR; this injector incorporates the two-stage light gas gun
that has been a focus of the advanced development efforts.

In the rf technology program, new materials and fabrication techniques for the Faraday
shield tubes of antennas operating in the ion cyclotron range of frequencies (ICRF) were
developed and tested, and the effects of Faraday shield geometry and material on ICRF
antennas were calculated and compared to measurements. Based on tests of a folded
waveguide (FWG) antenna in the Radio Frequency Test Facility plasma, the design of an
FWG antenna for the Frascati Tokamak Upgrade in Italy was initiated. A fast-wave current
drive (FWCD) antenna array was operated on DIII-D to provide a proof-of-principle test of
this technique. Collaborations continued on Tore Supra and TFFR, both of which are
equipped with ORNL antennas. A new initiative to design a microwave reflectometer system
for edge density profile measurements on TFFR began in 1991. An asymmetric double-loop
antenna was operated on ATF, and the electron cyclotron heating system on ATF was
upgraded to allow experiments with high plasma beta at lower magnetic fields for long
pulses. A collaboration to design a power coupler for the new A2 antennas on JET was
begun. This effort entails extensive modeling of the complicated A2 antenna geometry.

Advanced Systems Program

The Advanced Systems Program serves as the focal point for design studies for future
fusion experiments. The Fusion Engineering Design Center (FEDC) is the major engineering
resource for the program. During 1990 and 1991, program activities included ITER; BPX; a
Steady-State Advanced Tokamak (SSAT) with resistive, demountable coils, designated
SSAT-D; the Advanced Reactor Innovation and Evaluation Study (ARIES); a small, steady-
state tokamak (triple-S tokamak, or TST) for integrated divertor testing; and support for
systems code development and application.

The three-year Conceptual Design Activities (CDA) phase of the ITER program, an inter-
national program for cooperation on the design of a fusion test reactor, was completed in
December 1990. The CDA established a reactor configuration as the basis for the
Engineering Design Activities (EDA), scheduled to start in late FY 1992. The CDA also
established a five-year R&D plan for the major reactor systems to be conducted in
conjunction with the design activities during the EDA. ORNL was a major participant in the
ITER physics, engineering design, and R&D activities at the national and international levels.
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The BPX project, led by Princeton Plasma Physics Laboratory (PPPL), was directed
toward developing a lower cost successor to the Compact Ignition Tokamak (CIT). ORNL
served as a major partner in the project, with design and R&D responsibility for remote main-
tenance, vacuum system and thermal shield design, rf heating, and pellet injection. FEDC
staff also carried out calculations of plasma shape control and plasma disruptions in
collaboration with PPPL. The BPX project was cancelled in September 1991, and a new
initiative, called the Tokamak Physics Experiment (TPX), was started.

The TPX mission, which draws on the work done in support of the SSAT, is to
demonstrate integrated steady-state operating modes characterized by a noninductively
driven plasma current, a high power density, an actively cooled and actively pumped
divertor, and disruption-free operation. In addition, this device would provide a database on
physics regimes that could be extrapolated to a more attractive fusion reactor than that
projected by the present database. The facility should cost about $400 million and make
maximum use of TFTR assets in the TFFR facility at PPPL. The design concept for a device
with resistive, demountable coils, identified as SSAT-D, was developed in a design study
initiated in fall 1991. FEDC staff developed both a configuration with a major radius R0 --
2.25 m and an alternative configuration with Ro = 1.5 m. Other designs with superconducting
and copper coils were studied, and a superconducting tokamak was chosen fol•TPX.

As part of the ARIES program, a D-3He-fueled tokamak reactor, ARIES-Ill, was
designed. Key features include a standard aspect ratio, high poloidal beta, and dominant
bootstrap currents (approximately equal to the plasma current). Potential advantages include
high beta, which contributes to reducing the size and magnetic field of a fusion reactor, and
modest current drive requirements, which reduce the recirculating power needed to maintain
the plasma current in steady state.

The design study for the TST addressed the need for development of divertors and the
associated plasma power and particle handling. These systems will be required for ITER and
for all large, steady-state tokamaks that are driven with high auxiliary power. The TST,
which could fulfil this R&D need in the near term, relies only on the physics and technology
data of existing small to medium-size tokamaks and uses the facilities and equipment avail-
able at a typical fusion research institution such as ORNL.

In the systems code area, final development of the TETRA (Tokamak Engineering Test
Reactor Analysis) code was completed, and the code was applied to the ITER CDA concept.
In an effort led by Lawrence Livermore National Laboratory, a new code, called the
Supercode, was created and applied to the conceptualization of the SSAT.

Fusion Materials Research

The Fusion Materials Program focuses on the development of reactor structural materials,
first wall and high-heat-flux materials, and ceramics for electrical applications.

In the structural materials program, the primary emphasis is on the qualification of
austenitic stainless steels for ITER and the development of low-activation ferritic steels,
vanadium alloys, structural ceramics, and ceramic composites (e.g., SiC/SiC). In the seventh
year of a collaborative program with the Japan Atomic Energy Research Institute, investi-
gation of the effects of fusion reactor radiation damage levels on the engineering properties
of these austenitic steels continued. Experimental irradiation of these alloys in the High Fluxi
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Isotope Reactor (HFIR) provides data and understanding of radiation response at the
temperatures and damage levels that are required for the ITER EDA.

Development of low- or reduced-activation materials is critical to achieving fusion's
potential as a safe and environmentally attractive energy source. The development activities
are focused on the most critical or limiting property of martensitic steels--the radiation-
induced shift in ductile-to-brittle transition temperature (DBTT) and reduction of fracture
toughness. Research is being conducted on vanadium alloys to determine their chemical
compatibility with proposed fusion coolants and the effects of irradiation on their fracture
toughness. From the viewpoint of induced activation, SiC is the ultimate fusion structural
material. Monolithic SiC is not considered because of its fracture properties; thus, we are
exploring the potential of SiC/SiC composites as fusion structural materials.

The effects of irradiation on the dielectric properties of ceramic insulators are of critical
importance in the successful design and operation of numerous systems in a fusion reactor
(e.g., rf heating, plasma diagnostics). Initial experimental work (initiated in 1991) has been
directed at in situ measurements of the loss tangent during ionizing and ionizing-plus-
displacive irradiation. Results show an increase in loss tangent of nearly two orders of
magnitude at a displacement rate of 1 x 10-7 dpa/s. A change of this magnitude will affect
materials selection and design of rf heating systems for ITER.

Graphite and carbon-carbon research activities are part of the plasma-interactive and
high-heat-flux materials programs. Graphite and carbon-carbon composite materials are
selected for these applications because their low Z number minimizes radiative heat losses
from the plasma. However, their application requires graphite and carbon-carbon composites
with extremely good thermal shock, erosion, and neutron damage resistance. Optimum
thermal shock resistance is assumed to be offered by appropriately designed carbon-carbon
composites (i.e., selected fibers, matrices, and architectures). Current work is directed toward
the optimization of these materials for resistance to neutron damage.

Neutron Transport

The Neutron Transport program includes the work of the Radiation Shielding Information
Center (RSIC) and cross-section evaluation and processing.

RSIC staff members serve as technical consultants to the fusion energy research
community, as well as a variety of other research communities, on all matters relating to
neutron transport. The evaluation and processing program is directed at producing accurate
cross-section data for materials that are of specific interest to fusion reactor designers.

Nonfusion Applications

The ORNL Fusion Energy Division actively seeks opportunities to apply technology
developed in the fusion program to other areas. Program initiation and development efforts
will focus on areas in which the technology to be advanced is related to fusion, in that the
majority of advances expected to result from the work will directly benefit future fusion
system designs although the initial application may not be directly fusion-related.

The fusion technology development areas include plasma heating, plasma fueling, and
magnetics and superconductivity. Technology applications are concentrated in four main

xiv



technical fields: energy, U.S. DOE facility envi,'onmental restoration and waste management,
defense, and technology transfer to U.S. industry.
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1. TOROIDAL CONFINEMENT ACTIVITIES

SUMMARY OF ACTIVITIES

The focus of the work in the toroidal confinement area changed dramatically during this
reporting period because of a change in program emphasis by the Department of Energy from
some support of research on alternate confinement concepts to strict concentration on toka-
mak research. There had been two major elements to the experimental confinement program
in the Fusion Energy Division: the Advanced Toroidal Facility (ATF), the world's largest
stellarator, and the Edge Physics and Particle Control (EPPC) program on various tokamaks.
At the start of 1990, ATF was supported to contribute to fundamental toroidal confinement
understanding of relevance to both tokamaks and stellarators, and the EPPC program was
being carried out through collaborations on tokamaks in Germany (TEXTOR at Jtilich),
France (Tore Supra at Cadarache), and the United States (DIII-D at San Diego). At the end of
1991, ATF had been shut down, the EPPC program on DIII-D and Tore Supra had been
expanded, and new collaborative research efforts had been started on the Princeton Beta
Experiment (PBX-M) and Tokamak Fusion Test Reactor (TFTR) tokamaks at Princeton
Plasma Physics Laboratory.

A major focus for studies in ATF has been energy confinement scaling and the identifi-
cation of the mechanisms responsible for anomalous transport. Starting from gyro-Bohm
scaling, the additional dependence of confinement on the dimensionless parameters collision-
ality v, and 13has been investigated by modulating each of these parameters separately,

revealing the additional favorable dependence, "I;E_ "I;gBV,-0"I8_+0"3.Microwave scattering
measurements of electron density fluctuations in the core of low-collisionality plasmas with
electron cyclotron heating in ATF show features that might be evidence of trapped-electron
instabilities. Modification of the energy and particle confinement times was studied by intro-
ducing magnetic islands and modifying the electric field in the plasma.

The EPPC program has focused on pressure scaling studies in the divertor baffle of
Dill-D, particle balance and control studies in long-pulse operation in Tore Supra, helium
transport and exhaust studies in TEXTOR and Dill-D, and edge fluctuation and biasing
studies in ATF.

Reactor studies have focused on developing the tools needed for a realistic assessment of
the cost of electricity expected for a stellarator reactor. Initial results indicate that torsatron
reactors are competitive with conventional tokamak reactors if the same assumptions are used
for both.



1.1 THE ATF PROGRAM As a result of the reductions, main-
tenance was deferred except for essential

1.1.1 Overview items. The primary casualty was our neutral

J. F. Lyon beam heating capability. By the end of
operation in November 1991, only one neu-

Operation of the Advanced Toroidal tral beam was operable, and only for short
Facility (ATF) was constrained by reduced pulses (<0.1 s). During most of this report-
funding during this report period, so most of ing period, ATF was operated with only
the results were obtained in plasmas with 0.2-0.4 MW of ECH at 53 GHz.
only 0.2-0.4 MW of electron cyclotron A significant failure in the helical field
heating (ECH). Most of the work focused on (HF) coil system occurred during this
energy confinement scaling and the identifi- period. On May 30, 1991, an electrical arc
cation of the mechanisms responsible for occurred in one of the coil joints of the HF
anomalous transport. These studies included coil system, causing severe damage to two
microwave scattering measurements of den- of the HF coil segments. Following an
sity fluctuations, dynamic variations of the extended investigation of this incident,
magnetic configuration using modulation of resumption of operation with a temporary
dimensionless parameters, controlled intro- repair was approved. ATF resumed opera-
duction of magnetic islands, and biasing of tion on September 12, 1991. Operation was
movable limiters to affect the electric field limited to 1 T with a repetition rate of about
in the plasma, one shot every 10 min. A series of experi-

ments on microwave scattering and ICRF

1.1.2 ATF Operations heating was successfully completed, and
ATF was shut down for a permanent repair

T. C. Jemigan on November 16, 1991. With the low level

During the two-year period covered by of funding available, the permanent repair to
the HF coil will not be complete until mid-

this report, ATF concentrated on operation 1993,
over its entire operating envelope. Over

The maximum plasma parameters11,000 of ATF's total of 20,119 shots were

accomplished during this period. Even with obtained (not simultaneously) during this
this emphasis on operation, a number of period were central ion temperature Ti(0) --
significant improvements were added to 1 keV, central electron temperature Te(0) --
the device. These included extended-pulse 1.5 keV, line-averaged electron density
operation (up to 20 s), feedback control of ne - 1.5 x 1020 m-3, energy confinement
the line-averaged density, addition of a third time "r,E= 30 ms, and volume-average beta
gyrotron socket with a 200-kW, 35-GHz (b) = 1.7%. Sets of simultaneous plasma
tube and magnet, installation and initial parameters for four operating regimes areshown in Table 1.1. The first three columns
operation of one of the two 1-MW ion

in Table 1.1 are results obtained using mod-c_clotron range of frequencies (ICRF) trans-
erate levels of neutral beam injection (NBI).mitters, and installation of a microwave scat-
As noted, most of the operation during thistering experiment provided by the General
period was obtained with 0.2-0.4 MW ofPhysics Institute in Moscow. These accom-
53.2-GHz ECH. Typical electron density

plishments were achieved despite significant
and temperature profiles for ECH discharges

funding reductions.
are shown in Fig. 1.1. With ECH alone and
helium (rather than the usual deuterium or
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Table 1.1. ATF parameters for four different ORNL-DWG01M-3273FED
operating regimes 1200 ' i " i i ' i • ' _ '" • "SEQ: 91040406

(a) PECH= 150 EW

Regime 1000 "_ no= 5.0 x 1018m.3
LIMITER FLOATING

High Long 800 o_ AT Z = 40 cm

stored High ECH ... A\l,x
energy 13 Low v* pulse >_ x,o--" 600

B0, T 1.9 0.45 1.9 0.95
400

_e, 1019 m-3 11 4.3 0.53 0.5

P, MW 0.96 0.98 0.79 0.25 200

'rE, ms 26 6.1 6.4 5.0
0 , t , l , i i "l

Te0, keV 0.4 0.3 1.0 1.0 1.o .......... , , , , ,

Tio, keV 0.4 0.3 1.0 0.2 (b)

(13),% 0.4 1.7 0.1 0.15 0.8 noa
Duration, s 0.25 0.2 0.15 20 n a,,""N

'E

hydrogen) as the working gas, quasi- _ r,= o -__ _\
stationary discharges lasting for 20 s have _; 0.4 _ _ _.been obtained with second harmonic ECH at

a TSCAT
B0 = 0.95 T. There is no temporal increase 0.2 t, HIBP "_0
of impurity radiation, as measured by either . FRL_' '_,
spectroscopy or a bolometer array [on loan 0 ' ..... ' _ _ ' AA'_'*_
from the Princeton Beta Experiment (PBX) o 0.2 0.4 0.8 0.8 1.0 1.2
group]. Such long-pulse operation allowed RAOIUS,p
examination of the plasma response to dif- Fig. 1.1.Typicalelectrontetnpcratureand
ferent control parameters on a single-shot density profiles in ECH plasmas. (a) Temperature

measured by Thomson scattering (TSC.'.T), electronbasis (without uncertainties caused by shot
cyclotron emission (ECE), _mdthe Ihst reciprocating

irreproducibility). Figure 1.2 shows results Langmuir probe (r:l_d,P). (b) Densities me_L_uredby
of dynamic configuration scans conducted inversionof far-infraredinterl'eromeler(FIR-INV)

during two 20-s ECH discharges. During signals, theheavy-ion begun probe (HIBP), TSCAT,

one discharge, the vertical elongation (in the and theFRLP.
= 0° toroidal plane) was changed from 1.9

to 2.8; during the other, the elongation was R.C. lsler, T. C. Jernigan, H. Ji, C. H. Ma,
changed from 1.9 to 1.3. The plasma current S. Morimoto, O. Motojima, D. A.
(bootstrap current) increases with increasing Rasmussen, M. Sato, W. R. Wing,
horizontal elongation and decreases with H. Yamada, and J. J. Zielinski
increasing vertical elongation, resulting in
reversal of the current. Local transport analyses including mea-

sured electric fields indicate that electron

1.1.3 Confinement Studies energy transport in the confinement region
(e.g., at the normalized radius p = 2/3) of

M. Murakami, R. A. Dory, T. S. Bigelow, ECH plasmas is substantially anomalous,
B. A. Carreras, J. B. Wilgen, S. C. Aceto, while transpo_'t in the core region (e.g., p =
L. R. Baylor, G. R. Dyer, A. C. England, 1/3) is close to the neoclassical predictions.
J. H. Harris, H. C. Howe, D. P. Hutchinson, Furthermore, electron heat diffusivity in the



ORNL-t_WO_0U-30_F_D behavior of the global energy confinement
_SHOT 16661
-----SHOT16665 time sheds light on anomalous transport

3 t' ' , , .......i-t mechanismsintheconfinementregion.

ELONGATION._._...,......_...(#= 0°) "" .... The product of the energy confinement
2 __._.:--- time and the gyrofrequency _ can be

expressed in terms of a number of dimen-
1 t .... t , , sionless variables, 1,2 in particular, the rela-

0.4|, ' ' ' "1 tive gyroradius p, = ps/E, collisionality

_" I _"_"\"\"""_ P_c, _11 v,. plasma beta 13.rotational transform _.

0.2 x,---_ profile shapes of the plasma and heating

o I , , '_"_ I power, etc. We focus on the dependence of

6[--r r T r r-] the first three variables in the power law

"" t_J representati°n: XE_ o, p.ap V,V _otp. The

e9
E 3 p. dependence reflects the turbulence scale

length, ranging between long-wavelength
- 1 and short-wavelength instabilities, which0 _

1.5F "I i _.,.,,. _ r--] correspond to Bohm-like ((Xp=-2) and

_. 1.oI- ___-v---,," --......., __ gyro-Bohm-like (ap =-3) scaling, respec-
$ I I r.o(ECe) -'"",_ I/ tively. The v, and beta dependences can

"- 0.5__._a_ _ ...___ -] help to elucidate the source of the turbulenceo by comparison with theoretical scaling. 2,3
1.5_,. ' -- ' ' ' Regression analysis of the ATF global

.-. 1.ot_ database including both NBI and ECH data-a yields the exponents a9 = -2.8, c_ = -0.41

|! and o_11= +0.51. This result is consistent
o . t ' ' with the conclusions of studies 4 that gyro-4

t" '-__: - '_ - ''1 Bohm scaling is more closely followed than....2 _ t Bohm scaling. However, the determination
""- of the v, and beta exponents tends to be less

"" 0 _ N.a.__,,._ ,.., ,_ ,,. ,,_ .."

-2 _ certain because of the problem of collinear-
0 5 10 15 20 ity of the control variables and also the

TIME(S) variation of other parameters (e.g., heating
Fig. 1.2. Time histories of plasma p,anuncler,_ in power profile shape).

two 20-s ECH discharges in which the configuration To alleviate these problems, we con-

(elongation) was dynamically changed: vertical ducted two specific ECH experiments. First,
elongationin the _ = 0° toroidalplane;ECHpower;
line-averaged electrondensitiesfromthe f_u'-infnn'ed the magnetic field dependence in the global
(FIR)and 2-mminterferometers;centralelectron scaling was studied with second harmonic
temperaturefl'omelectroncyclotronemission(ECE) ECH (to produce similar power deposition
measurement;storedenergyt?omdimnagnetic profiles) using two different gyrotrons
measurement;andplasmacun'ent. (53 GHz and 35 GHz for B0 = 0.96 T and

0.64 T, respectively). Regression analysis of

the results again shows _ ---3.1, indicatingconfinement region behaves in a manner
that the leading term is indeed gyro-Bohm-expected from the global energy confine-
like. The second experiment was aimed atment. Since the latter can be measured more

accurately than the former, studying the establishing the additional dependences to
Qt_Y.the gyro-Bohm scaling, 3,5XE = _gB v,



This involved modulation of one dimension- ulation of 8% in the normalized confinement I

less variable (v, or beta) while keeping the time, implying that a --1/6. Regression
other constant, which was accomplished by analysis on both the v, and beta scans yields
simultaneously modulating ECH power and oc= --0.18 and y = +0.36 for the modification
electron density (with gas feedback) such to the gyro-Bohm scaling. Application of the
that bin = (-2/3)P/P for v, modulation and exact formula to the NBI and ECH data sig-
h/n = (419)[)/P for beta modulation, both nificantly improves the fit over that with the
based on the gyro-Bohm scaling. Figure 1.3 simple gyro-Bohm scaling, as shown in
shows the time evolution of global and local Fig. 1.4. The additional favorable beta and
plasma parameters in the v, scan. Fourier v, dependences indicate excellent prospects
analysis at the modulation frequency for improving confinement by increasing the
(12.5 Hz) shows that a modulation ampli- heating power (implying higher beta and
tude of 50% in v, (at p = 2/3) with a negligi- higher temperature) in ATF.
ble beta modulation (3%) resulted in a rood-
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Fig. 1.3. Plasmap_u';unetersas a functionof timefor v, mtxlulationwithconstant<13>:(a) ECHpowerand
line-averagedelectrondensity,(b)Icx:',dcollisiomdityat p = 0.64andvolume-averagedbeta,(c) energy
confinementtimeand the confinementlimen()rmalizcd to gyro-Bohmscaling.



ORNL-DWG92M-3663AFED more favorable trend of confinement with
-- "' • "" '1" • ! _ ' I' ._

(a) o / increasing beta may result from the modifi-
0.03 R2= 0.952 o _ cation of the curvature term by the beta self-

o2= 4.99% - y stabilization.The set of three vertical field coils on

o°° _ ATF allows variation in a controlled fashion0.02

o Ooo of (1) the rotational transform, (2) the mag-i" netic shear, (3) the magnetic field line curva-

o • , ture (as characterized by the radius of theO.Ol . magnetic well region), and (4) the confine-

]_mJ _ N ECH ment of trapped particles. Figure 1.5(a)o NBI shows the effect of sinusoidally modulating

0o- ' ' ' ' the radius of the magnetic well region [and,0.01 0.02 0.03
0.8_sx_8(s) unavoidably (for low beta), the shear] while

........ , ...... , . . ...... the confined trapped-particle fraction is held
(b) o '/ fixed. As the size of the magnetic well

o.o3 Ra=O.987 _/ region expands, the plasma stored energy
oa= 1.3./. o°/ as measured by the diamagnetic loop

o_ _ [Fig. 1.5(b)] increases, and the confinement
0.02 improves. Figure 1.5(c) shows the time

variation of the electron temperature inferred
from electron cyclotron emission (ECE) and

0.01 also the plasma current, which is largely
bootstrap current. The measured variation in

= ECH the bootstrap current is consistent with neo-

0_r'- , , o NBI classical predictions for the magnetic con-0
0.01 0.02 0.03 figuration variation that is applied. 6

1.381;gBV_,0.18(p)0.3(S) The improvement of confinement with

Fig. 1.4. ATF energy confinement time co=n- expansion of the magnetic well region is
pared with (a) gyro-Bohm scaling and (b) modified consistent with the interpretation that resis-
gyro-Bohm scaling with the additional v, and 13 tive interchange activity is dominating the
dependence, confinement region, since interchange

modes are stabilized by a magnetic well.
In comparison with theoretical scalings, 3 Density fluctuation measurements showed

dissipative trapped-electron mode (DTEM) radial behavior of h/n consistent with thee-
models (developed for tokamaks) give an retical predictions of resistive i=aterchange
opposite dependence on v, (or = +0.4), modes. The shear also decreases as the mag-
implying that the DTEM may not govern the netic well region expands, but the shear is
global confinement. However, the DTEM most effective in stabilizing ideal inter-
could play other roles (e.g., core confine- change modes, whereas the magnetic well is
ment or constraining electron density pro- effective in stabilizing resistive interchange
files). A simple resistive magnetohydro- modes. Difficulties in separating the effects
dynamic (MHD) turbulence model shows of magnetic shear and well/hill can be miti-
that the v. dependence is close to the data gated by magnetic well broadening in
(or = -0.4 ), but the beta dependence is oppo- higher-beta plasmas. Earlier experiments
site to that from the experiment. However, a with centrally peaked pressure profiles (due
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Fig. 1.5. Plasma par_unetcrs as a function ()I time for periodic modulation of the radius of the magnetic well
region: (a) radius of the magnetic well region and the cotlfined trapped-particle fraction, (b) line-averaged
electron density and plasma stored energy, and (c) electron temperature and plasma current. The confined
trapped-particle fraction fri,c is held consumt.

to field errors) showed suppression of inter- The confinement is far less _nsitive to
change modes at relatively low beta (_ < the fraction of confined trapped particles
1.5%), consistent with the theoretically pre- than to the magnetic well radius, indicating
dicted broadening of the magnetic well that if the DTEM is responsible for the
region with increasing beta, the so-called observed internal fluctuations, they have
"beta _lf-stabilization" effect. 7 This is a little effect on transport. This result, together

plausible explanation for the favorable beta with the fact that the plasma relaxes to a
dependence observed in the confinement state where the internal density gradients are
scaling studies, including the experiments small, suggests that the DTEM may control
involving the modulation of dimensionless the density profiles by forcing the plasma to
parameters, marginal stability.
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Studies of electric field effects on con- 1.1.4 Fluctuation Studies of ECH
finement have been initiated with measure- Plasmas

ments of potentials using a heavy-ion beam
probe and with limiter biasing experiments. J.H. Harris, J. B. Wilgen, J. D. Bell,M. Murakami, B. A. Carreras, S. Aceto,
Biasing the limiters negative with respect to L.R. Baylor, T. S. Bigelow, R. J. Colchin,
the wall does not introduce significant per- J.L. Dunlap, N. Dominguez, G. R. Dyer,
turbations of the plasma; positive biasing A.C. England, G. R. Hanson, R. C. Isler,
raises the particle confinement time by T.C. Jemigan, L. M. Kovrizhnykh, J. N.
almost a factor of two, but with no appre- Leboeuf, D. K. Lee, K. M. Likin, J. F. Lyon,
ciable increase in stored energy. The heavy-
ion beam probe shows that the effect of this C.H. Ma, D. A. Rasmussen, K. A. Sarksyan,M. Sato, M. C-.Shats, C. E. Thomas, and
biasing leaves the general shape of the J. Zielinski
plasma potential unchanged but moves the

velocity shear layer in the electron flow An important element of the ATF pro-
inward from p _ 1.1 to the last closed flux gram during this reporting period was the
surface (LCFS) at p --.1.0. The improvement study of turbulent fluctuations in long-pulse
in particle confinement is consistent with the (1- to 30-s), low-collisionality ECH dis-
idea that sheared flow reduces the radial charges [B0 = 0.94 T, _'e -- (4-7) x
transport and that moving the shear layer to 1012cm -3, Te(0) ---1 keV]. These plasmas
the edge of the confined plasma creates a are macroscopically quiet but exhibit
transport barrier at the edge. anomalous outward transport (gyro-Bohm-

Particle confinement, energy confine- like scaling) very much like that seen in
ment, potential profiles, and fluctuation lev- tokamaks, suggesting that the underlying
els have also been investigated as a function transport mechanisms in the two types of
of the size of magnetic islands that are delib- toroidal plasmas are similar. 8 The flexible
erately introduced by means of error field magnetic configuration of ATF makes it
coils. The largest structure is the q = 2 possible to change (even within a single
island, which has a maximum width of 7 to shot) properties--rotational transform,
10 cm. The particle confinement decreases magnetic well, shear, trapped-particle
by a factor of two as the islands grow, but if confinement--that are expected to influence
the electron density is maintained at a con- turbulence and transport.
stant level by gas puffing, the energy con- An array of fluctuation diagnostics has
finement falls by only 20%. Even though the been developed and installed on ATF
islands are spread over a large volume, the through long-term collaborations with other
energy transport appears to depend more institutions. These diagnostics include a
strongly on other factors. This may indicate heavy-ion beam probe, a microwave reflec-
that resistive interchange instabilities simply tometer, a fast reciprocating Langmuir probe
dominate other processes producing anoma- and, most recently, a 2-mm microwave
lous transport. The deliberate introduction of scattering diagnostic. Together, these diag-
magnetic field errors steepens pressure pro- nostics make it possible to measure fluctua-
files, validating the technique for _tccessing tion amplitudes and other characteristics
the second stability regime that was demon- from the core of the plasma to the edge.
strated in early ATF experiments. During this operating period, fluctuation



11

data from the various diagnostics have been ATF: global confinement improves as the
combined to yield a picture of the turbulence volume of the magnetic well region expands.
as a function of normalized radius p, which I'his supports the conclusions of early high-
can be compared with some theoretical con- beta experiments 7 on ATF that demonstrated
cepts (see Fig. 1.6). transient access to the second stability

regime for interchange instabilities.
In the plasma core, measurements usingORNL-DWGgOM.3371FED

100 , , , , , _ 2-mm microwave scattering I l show features
= _R_P p_ like those expected for DTEMs. Signals• HIBP I_ATOMIC YSICSDRIVE

m(_,_r_. _0_r_ ...._ from scattering volumes on the small-major-
REFLECTOMETER
RESISTIVE INTERCHANGE_

_ 10 r, EORV _ radius side of the torus, where helically
,_ trapped particles are well confined, show

1 features in the density fluctuation spectrum

_OTEM__/_', _ f°r k0Ps ~ 1 that are absent in the fluctuati°n- spectra measured on the large-major-radius
0.1 / I L I rl'_ I t

0.2 0.4 0.6 0.8 1.o 1.2 .4 side of the torus, where helically trapped
P particles are poorly confined (see Fig. 1.7).

Fig. 1.6.Radialprofileof nonnalizeddensity Plasma operation near the marginal stability
fluctuationsin an ECHplasma, condition for such instabilities could con-

ceivably account for the persistence of flat
The edge plasma fluctuations show char- and hollow density profiles in stellarator

acteristics similar to _hose seen in tokamaks, experiments (including ATF) with ECH

provided that the radial position is normal- alone.
ized to the radius of the velocity shear
layer.9 This supports the hypothesis that
drive mechanisms that do not depend on the 1.1.5 Pellet injection in ATF

plasma current (e.g., radiation, ionization, A.L. Quails, J. B. Wilgen, and P. N. Stevens
charge exchange) are responsible for the
observed edge turbulence. Experiments with Pellet injection experiments in ECH
limiter biasing support earlier findings plasmas in ATF focused on two main topics:
regarding the characteristics of the velocity (1) pellet ablation and particle deposition
shear layer and its role in edge turbulence, and (2) plasma thermal collapse and recov-

In the gradient region, 0.7 < p < 0.9, the ery induced by pellet injection.
fluctuations exhibit significant radial corre- The pellet fueling efficiency, defined a:_,
lation lengths Lc = 2-5 cm and no radial the ratio of the number of atoms in a pellet
propagation (kr ---0). The measured fluctua- before it enters the plasma to the number of
tion amplitudes bin are smaller than those electrons added to the plasma, was estimated
predicted by simple mixing length estimates to be 73%. The rate of Da emission from the
by a factor of 2-10, but are comparable to pellet ablation was independent of the mass
amplitudes predicted theoretically 10for of the pellet, and the intensity of the emis-
resistive interchange turbulence driven by sion coupled with the calculated position of
the unfavorable average magnetic curvature the pellet in the plasma was not indicative of
in this region. Single-shot configuration the measured particle deposition.
variations that vary the magnetic curvature The injection of a properly sized pellet
during a discharge indicate that this region leads to a reproducible response in which the
governs the overall er'ergy confinement in plasma stored energy collapses. As the
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Fig. 1.7. Scattered 2-mm microwave signals from inboard and outboard scattering volumes in an ECH

plasma.

plasma density recovers, it remains higher 1.2 EDGE PHYSICS AND PARTICLE
than the prepellet density and the central CONTROL PROGRAM
electron temperature increases. This is
followed by a relaxation of the density to the P.K. Mioduszewski (Program Manager),
prepellet value. The relaxation of the density D.L. Hillis, J. T. Hogan, C. C. Klepper,
to the prepellet value occurs in two stages. R. Maingi, M. M. Menon, L. W. Owen, T. F.
First the density profile broadens, and then Rayburn, J. E. Simpkins, C. E. Thomas,
the temperature profile broadens• The evo- T. Uckan, and M. R. Wade
lution of the pressure profile in the plasma is The Edge Physics and Particle Control
consistent with the hypothesis that the (EPPC) Program addresses issues related to
broadening of the density profile is due to the characterization of the plasma boundary,

unfavorable pressure gradients that occur in plasma interactions with the wall, and tech-
the plasma as the stored energy recovers• niques for edge modification aimed at the
The actual loss of particles is due to the improvement of plasma performance. This
establishment of a new equilibrium between includes optimization of wall conditioning
the particle confinement time and the for particle and impurity control, as well as
amount of edge recycling that occurs as the plasma edge properties, pump limiter and
temperature increases in the edge region of divertor operation for density control, con-
the plasma, finement improvement, and helium ash
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exhaust. Collaborations with DIII-D, Tore 36 i i i i i i i
Supra, and TEXTOR offer opportunities to
study these issues in both divertor and lim- 32 -
iter machines. In addition, fundamental stud-

ies on edge transport mechanisms are carried _"2a
out in ATF. 24

During the reporting period, activities la.

were focused on pressure scaling studies in O'r20
the divertor baffle of DIII-D, particle bal- o=

tr 16

ance and control studies in long-pulse opera-
tion in Tore Supra, helium transport and o_ 12
exhaust studies in TEXTOR and DIII-D, and
edge fluctuation and biasing studies in ATF. a. a

4

1.2.1 The Collaborative DIII.D

Advanced Divertor Program o I _ _ t _ _0 1 2 3 4 5 6 7 8

BAFFLE ENTRANCE SLOT HEIGHT (cm)
1.2.1.1 Divertor baffle optimization and

pressure scaling studies in DIH-D Fig. 1.8.Particleexhaustthroughputas a
function of the divertor throat opening for pumping

C. C. Klepper, J. T. Hogan, R. Maingi, P.K. speedsof 50,000L/s and 100,000L/s.
Mioduszewski, L. W. Owen, and J. E.

Simpkins approaches the baffle, assumes a minimum

During the design phase of the DIII-D when the strike point is on top of the baffle
divertor baffle, the DEGAS neutral transport ring, and finally goes through a maximum
code was used for optimizing the divertor again as the strike point is removed from the
baffle configuration with respect to maxi- baffle. The achieved pressure maxima as
mum particle throughput and for estimating functions of the strike point location are
the energetic particle power load on the depicted in Fig. 1.11 for various values of
cryoloop. 12 A typical result of these studies the neutral beam power. The optimum sepa-
ls shown in Fig. 1.8, which illustrates the ration increases with input power and
effect of changing the divertor throat open- reaches about 3 cm for 14 MW of neutral
ing on the exhaust throughput for two differ- beam power. The scaling experiments
ent pumping speeds, showed that baffle pressures of up to

During the first phase of the experimen- 15 mtorr could be achieved.

tal program, the emphasis of the ORNL Results from the neutral beam power
contribution was on scaling studies of the scaling experiment, measuring the baffle
divertor pressure without pumping. 13The pressure for a fixed strike point location, are
first experiments were aimed at optimizing shown in Fig. 1.12. A version of the B2
the divertor strike point location with respect plasma edge code was applied to the analy-
to the maximum divertor pressure (see sis of the scaling experiments, in concert
Fig. 1.9 and ref. 13 for details of the divertor with DEGAS calculations. Estimates of
baffle configuration). A typical pressure expected pressures made during the concep-
response during a strike point sweeping tual design phase indicated p ~ 1 mtorr
experiment is shown in Fig. 1.10. The pl'es- (without pumping); these estimates, how-
sure reaches a maximum as the strike point ever, were made before B2 modeling for the
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Fig. 1.9. Configuration of the cryopump inside tile baffle chmnber.
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ORNL-OWO91M.a612nF_D model. The DEGAS results, which now use
12.90 1 I I/_ v I

Plnj (MW) V the B2 fluxes, indicate p ~ 5 mtorr for PNB =
[] 4.7 • _x 7 MW (experimentally p = 7.5 mtorr) and

10.32- O 9.2 /k - p ~ 8-14 mtorr for PNB = 14 MW (experi-
.. _x11.5 v v mentally 12 mtorr). The remaining discrep-
_- v14.0 a o ancy is very sensitive to details of the ne and

7.74- V O -

"' no [] u Te distributions in the wings of the scrape-tr []n a off layer, and efforts to obtain information
tn El

tun. 5.16 - [] /XoOVO_'Aabout these profiles are under way.a. DEGAS predictions of particle exhaust

2.5e - _ v [] _ with the Advanced Divertor Program (ADP)
u cryopump indicate that approximately 50%

[] [] 0 of the neutrals entering the baffle are
0 i i l i pumped. The neutral flux itself, however,
-2 -1 0 1 2 3 4 depends sensitively on the divertor plasma

SEPARATRIX GAP (era)
response to active pumping. The effects of

Fig. 1.11.Dependenceof the neutralpressureon baffle pumping on ll_edivertor plasma are
the gapdistancebetweenseparatrixandbafflering being investigated with the B2 code and
for variousvaluesof neutralbeaminjectionpower, with an internal recycling model on the

DEGAS code. Once these effects are known
ORNL-DWG91M-3607RFED

or predicted, better estimates of the particle
20 I I

Pbaffle throughput can be made with self-consistent
O H-MODE, INWARDSWEEP plasma/neutral transport calculations.
• H-MODE, OUTWARDSWEEP
E!OHMIC, INWARDSWEEP" Diagnostics of the divertor area have

15 - II L-MODE,OUTWARDSWEEP " been improved by installing a capacitance
.-.__ 0 Ppriv O manometer to measure absolute pressures

under the baffle as well as in the private
,-10"'- o flux region. The manometer has provided
o_ independent pressure measurements andoo

"'= I o increased the confidence in the earlier mea-
a. • Q

o surements from the ASDEX-type gages. The
5 --

capacitance manometer was also used during
the gaseous divertor experiments to confirm
the very high pressures in the private flux

o _ o o_ o o i region, indicated by the saturation of the0 5 10 15 20

Plnj (MW) ASDEX-type gages. A combination of the
ORNL divertor spectrometer with the fast

Fig. I. 12.Dependenceof the bafflepressureon optical multichannel analyzer (OMA) pro-
the neutralbeaminjectionpower.Thepressurein the vided by General Atomics was successfully
privatefluxregionis alsoshown, used to monitor carbon impurities (C III) in

the X-point region.

divertor pressure. The B2 calculations used These studies were performed in collab-
heat flux measurements taken with an oration with the DIII-D Group of General
infrared television (IRTV) system and Atomics, San Diego, California.
Thomson scattering data in the scrape-off
layer (SOL) to calibrate the plasma transport
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1.2.1.2 D' _,ertorpumping loop configuration of the pump would result
in large resistive losses to the helium fromM. M. Menon, L. W. Owen, and P. K.

Mioduszewski voltages and currents induced during plasma
current ramps. A closed loop would also

A particle exhaust scheme using a cryo- place large forces on the pump during
condensation pump in the ADP config- plasma disruptions. A detailed structural
uration of the DIII-D tokamak is being analysis is under way to see if a continuous
designed. In this configuration, the pump is version can be made rugged enough to with-
located inside a baffle chamber within the stand the disruption forces.
tokamak, designed to receive particles Apart from mechanical considerations, a
reflected off the divertor region. A liquid toroidally continuous cryopump design
helium (LHe) loop with forced convection would entail larger heat loadings on the
flow of two-phase helium is selected as the pump, and this could elevate the temperature
cryocondensation surface. The details of of the pumping surface. Calculations were
optimization of the pumping configuration carried out to determine the effect of surface
and the heat loading contributions as a result temperature on the pumping speed. The
of operating close to the tokamak plasma are results, for a plane parallel geometry, are
described in ref. 14. A cross-sectional view shown in Fig. 1.13. The pumping speed for
of the cryopump in the baffle chamber is deuterium begins to drop significantly when
shown in Fig. 1.9. The LHe-cooled tube has the surface temperature exceeds 6 K. Similar
an outer diameter of 2.5 cm and a toroidal calculations for hydrogen show deterioration
length of about 11 m. The estimated pump- in the pumping speed when the temperature
ing speed in the configuration shown in exceeds 4.6 K. Experiments are under way
Fig. 1.9 is about 50,000 L/s. on a cryogenic test loop to determine the

In the original design, the pump is elec- surface temperatures under different pulsed
trically isolated from the tokamak vacuum load conditions.
vessel and forms a loop that is discontinuous
in the middle. In this configuration, recent

ORNL-DWG93M-3375 FED

estimates of the voltages developed on the 1.oz_---o----tr--_.

pump during plasma disruptions yield values ' ,orr
up to 500 V. By grounding the midpoint of _ 0.8 - 0..5mtorr"tX_ '_

the pumping loop, the effective voltage _ 0.6 ",o
could be reduced to half this value. Never- t9z t

o..0.4 F-
theless, the voltages induced are uncomfort- :_ L

tnably close to Paschen's minimum (about 0.2_-
300 V for deuterium). With the possible DEUTERIUM
presence of a tenuous plasma in the baffle 0 L _ j f ,.5.0 5.4 5.8 6.2 6.6

chamber, there is a concern that a Paschen- SURFACETEMPERATURE(K)

type breakdown could result along the Tag-
Fig. 1.13. Pumping speed for deuterium as a

netic field lines connecting the pump and its functionof the temperatureof the cryopumpsurface
grounded surroundings. Such a breakdown for prc,'s'sures"of 0.5 and 1 roTor
could produce large currents flowing
through portions of the pump; these currents,
when crossed with the toroidal field, would This work was performed in collabora-
generate large forces on the pump. On the tion with the DIII-D Group of General
other hand, a toroidally continuous closed- Atomics, San Diego, California.
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1.2.1.3 Helium transport studiesin 3.5 ,,,,,.,,,,,,, ,,,,,,,,, ,-
DIII-D

D. L. Hillis, M. R. Wade, J. T. Hogan, C.C. _ .
Klepper, and P. K. Mioduszewski _ 2.sv

To explore the helium transport in a _ 2.0
z 228s_ J. _'_ _'_

divertorH-modeplasma,similar to thatpro- _ -
posed for the International Thermonuclear _ 1.s

...J
Lu 1.0Experimental Reactor (ITER), a collabora- T

tive program between ORNL and General He PUFF AT 2.3 s FOR 25 ms _ , , ,

Atomics was initiated in1991to measure 0s ,,, t,,. ,,,, ,.,, L,..o 0.2 0.4 0.6 o.a 1.o .2
helium transport and scaling on DIII-D dur- p

ing plasma conditions that include L-mode, Fig. 1.14. }lelium density profiles as measured
H-mode, VH-mode, and H-mode with edge- by CERonDIII-Dvs the nonnalizedradiusp at t =
localized mode (ELM) events. 2.28 s, just before the gas puff; t = 2.36 s, just after

To simulate the presence of helium ash the gas puff; and t = 2.70 s, well after the gas puff. A

in Dill-D, a 25-ms helium puff is injected 25-ms helium gas puff was injected at t = 2.3 s. Points
m'e helium density profiles me,'t,;ured by CER; solid

into a DIII-D plasma, resulting in a helium linesm'e spline fits to theThomsonscattering
concentration of =5%. The time dependence measurements of the electron density. The electron
of the He2+density profiles is measured density profiles have been nonnalized to the helium

with the charge-exchange recombination density data at r = 0.23 to compare the shapes of the

(CER) spectroscopy system on DIII-D. As profiles.

presently configured, the CER system pro-

vides a total of 31 chords that view across fits to the Thomson scattering measurements
two neutral beam lines and thereby can pro- of the electron density profile, which have
vide up to 31-point radial He2+density pro- been normalized to the CER helium density
files. Absolute calibration of the sensitivity measurements at r = 0.23, such that the

of each chord has been accomplished using shapes of the helium density and electron
standard calibration lamps, supplemented density profiles can be compared. Clearly,
with techniques involving (1) injection of the electron density and helium density pro-
the neutral beam into a gas-filled torus and files have similar shapes for the "steady-
(2) NBI into a pure helium plasma, state" profiles at 2.28 s and 2.70 s. Some

The DIII-D plasma for these experiments departure of the helium density data is noted
had a maior radius R = 1.67 m, a plasma cur- during the period just after the gas puff at t =
rent Ip = 1.6 MA, a toroidal magnetic field 2.36 s. However, this difference may be
of 2.1 T, and boronized walls. The magnetic influenced by the fact that the Thomson
configuration was a double-null divertor measurement is an instantaneous measure-
discharge. The DObeams were injected ment, while the CER measurement is inte-
between 1.8 s and 3.8 s after discharge initi- grated over 10 ms. The value p = 0 indicates
ation, with a short (25-ms) helium puff the magnetic axis of the discharge, and p =
injected at t = 2.3 s. Figure 1.14 contains 1.0 indicates the separau'ix.
individual time slices of the helium spatial The influence of ELMs on the helium
profile from an L-mode shot at times just density profile was studied in an H-mode
before (t = 2.28 s), just after (t = 2.36 s), and discharge with giant ELMs, shown in
well after (t = 2.70 s) the helium gas puff at Fig. 1.15. The helium density profiles are
2.3 s. The solid lines of Fig. 1.14 are spline displayed in Fig. 1.15 for the period oftime
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ORN_-DWO93M-3377FED during the TEXTOR experiments with

4.0 ...." " " ' ' " ' ' ' " " ' " " " ' ' " ' t active helium pumping. Future experiments
3.s on DIII-D should help to determine the
3.0 . pumping efficiencies required in a divertor

_' configuration to meet the requirement that,< 2.5 ,

-- IHe/I E < 7-15 (see Sect. 1.2.2).
2.0

This work was performed in collabora-Z
t.U
,-, 1.5. tion with W. P. West, K. H. Burrell, C. M.
" Greenfield, P. Gohil, R. J. Groebner, J. Kim,] 1.0 •
uJ

'" _ • 3.oos"DU_NGEt.W _ and R. P. Seraydarian of General Atomics,
0.51 San Diego, California, and D. Finkenthal of

O0_l...... 0.2' ....... 0"4 0'6'" " " 0'8'' " ' 1"0 the Department of Nuclear Engineering,
p University of California, Berkeley,

California.
Fig. 1.15.Heliumdensityprofile,as measuredby

CER,vsp .justbeforeandduringa giantELM
occun'itlgat 3.0s in an |-l-modedischarge. 1.2,2 Helium Transport and Exhaust

Studies in TEXTOR

ju:_ before (t = 2.94 s) and during a giant D.L. Hillis, J. T. Hogan, C. C. Klepper, and
ELM at 3.0 s. From this preliminary investi- P.K. Mioduszewski
gation of the influence of ELMs on helium Estimates show that helium ash in a
transport in Dill-D, the helium density pro- fusion reactor must be removed at a rate cor-

file suggests that helium is lost from the responding tO 'T,He/IE < 7-15 to maintain
edge plasma for radii r > 0.5, while the pro- continuous reactor operation. 15The results
file is not affected for r < 0.5. The signal of helium transport and removal experiments
from a helium photodiode that views the in L-mode discharges in TEXTOR have
DIII-D divertor region also indicates that been reported previously.16,17 Here, we
when helium is purged from the core plasma report on a series of helium experiments on
edge, the He+ line emission from the diver- TEXTOR in an enhanced confinement

tot increases abruptly, suggesting an regime produced by an edge polarization
increase in the divertor helium content. If electrode. 18The results are compared with
helium pumping were provided in the baffle those found in L-mode discharges. We simu-
region, this helium could be removed. Fur- late the presence of recycled helium ash in a
ther investigations are under way to investi- tokamak plasma by puffing concentrations
gate in greater detail the helium transport of 3-5% He into the TEXTOR plasma just
during ELMing H-mode plasmas on DIII-D. before or during NBI. The experiments are

Our current DIII-D experiments indicate restricted to relatively low levels of neutral
that ELMs modify the helium radial profiles beam power (<200 kW) by the heat transfer
and that this effect can be used to improve limitations of the electrode. The transport of
helium pumping in a divertor tokamak. As the helium into the plasma core and its sub-
part of the ADP on Dill-D, a cryopump will sequent pump-out using the Advanced
be installed in late 1992. In principle, the Limiter Test-II (ALT-II) system are fol-
cryopump could be conditioned with an lowed with spectroscopic techniques.

argon frost layer to provide helium pumping. In the plasma core, the helium density is
This will permit measurements of both IHe measured by charge-exchange excitation
and a:He,similar to those done previously (CXE) spectroscopy in combination with
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NBI. CXE spectroscopy is used to obtain the plasma core (r = -4 and 25 cm) with full

local He 2+ density in the plasma core at two pumping of ALT-II and with [Fig. 1.16(a)]

locations along the minor radius (r = -4 and and without IFig. 1.16(b)] a +900-V bias

25 cm). The TEXTOR plasma for these applied to the polarization electrode. For the

experiments had a major radius R = 175 cm, discharges shown in Fig. 1.16(b), the polar-

a plasma current Ip = 190 kA, a toroidal ization bias is applied between 0.8 s and
magnetic field of 2.25 T, and boronized 2.8 s with a 10-ms helium puff at 1.0 s. For

walls. To provide active CXE measure- the case without pumping (not shown), the

ments, a 115-kW H 0 beam was injected He 2+ density remains constant after the ini-

between 0.8 s and 2.8 s after discharge ini- tial rise, indicating full recycling of the heli-

tiation, with a short (10-ms) helium puff um (recycling coefficient RHe = 1.0). For the

injected at t = 1.0 s, causing a rise in the L-mode discharges with full ALT-I1 pump-

average electron density. Typically, the cen- ing reported in ref. 16, the He 2+ dehsity
tral electron temperature Te(0) = 1.0 keV. drops rapidly and =90% of the helium

In Fig. 1.16 the He 2+ density vs time is puffed into the discharge is exhausted within

shown at two radial locations within the = 1.0 s. The helium density in an L-mode

ORNL-DWG93M-3378FED
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Fig. 1.16.(a) HeliumdensitymeasuredviaCXE spectroscopyonTEXTOR vstimefortworadiallocations
(r = -4 and+25cm) for shot47425aftera shortheliumpuff at0.6 swithfull ALT-II pumpingandwithoutbias
appliedtothepolarizationelectrode.(b) Heliumdensityunderthesameconditions,butwitha +900-V bias
voltage applied to the polarization electrode. Data points: lte 2+data, solid lines: MIST transport calculations
with RHe = 0.92, DA = 1.0 m2/s, Cv = 0.8 for shot 47425 and Cv = 1.15 for shot 47426.
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discharge similar to that reported in ref. 16 In summary, these helium transport
with full ALT-II pumping is also shown in experiments, in conjunction with the ALT-II
Fig. 1.16(a). pumping system, have provided a first esti-

When +900 V is applied to the polariza- mate of fundamental helium transport pro-
tion electrode (t = 0.8-2.8 s), a clear transi- cesses under conditions where both recy-
tion to an enhanced confinement regime is cling and the confinement mode are varied.
achieved. This regime (H-mode-like The experimental data have shown that
behavior) is evidenced by a strong increase helium exhaust and transport mechanisms
in n'-eand a sharp decrease in the Da signal, may be significantly different in the two
both of which indicate an increase in the confinement modes. When helium is puffed
deuterium particle confinement time. In into the L-mode-type discharges, it quickly
Fig. 1.16(b), the He2. density measured in appears in the plasma core and is transported
the plasma core by CXE is shown for this to the plasma boundary, where it is removed
enhanced confinement condition, where within about 1 s by the ALT-II pump limiter.
ELMs were not present. Clearly, the He 2. For the enhanced confinement plasmas,
density in Fig. 1.16(b) remains almost on the other hand, the He2+ is maintained

unchanged throughout the plasma discharge within the plasmacore for longer periods of
during both NBI and the biasing phase of the time (2-3 times 7;He in L-mode). For these
polarization electrode, even though full plasmas the helium pressures in the pumping
ALT-II pumping is applied. This is consis- duct were found to decrease by a factor of
tent with the observation that little helium is two to four compared with similar L-mode
being conducted into the pumping duct. The conditions. However, with the appearance

data of Fig. 1.16(b) can be used to determine of large ELM-like fluctuations, the helium
the helium particle confinement time, 'l:He, pressure in the duct did increase. Transport
from the decay of the helium density. For modeling has shown that, when the diffusiv-

the L-mode case of Fig. 1.16(a), there was ity is kept fixed, the inward pinch coefficient
no electrode biasing and "l:He= 1.2 s. In the Cv, which characterizes the peaking of the

enhanced confinement case of Fig. 1.16(b), helium density profile relative to the ne pro-
with polarization bias applied, 'l:He = 3.2 s. file, increases under enhanced confinement
The energy confinement time for both of conditions. More detailed knowledge of the
these discharges is XE = 0.045 s. The data in helium radial profile as a function of time
Fig. 1.16 have been modeled with the Mul- during the helium influx and pump-out
tiple Impurity Species Transport (MIST) phase is needed to determine Cv and DA
code 19to determine the anomalous diffusiv- uniquely. From these data for the ALT-II
ity DA and the pinch coefficient Cv. The configuration, the polarization-induced
transport coefficients needed to match enhanced confinement regime increases
the helium evolution were DA 1.0 m2/s *"l:He/'l:E to about 70, as compared to the
and Cv _-0.8 for the L-mode discharge L-mode value of 9-20. These measurements
[Fig. 1.16(a)] and are similar to those found suggest that helium removal may be more
in earlier transport experiments. 20 For difficult in the enhanced confinement
the enhanced confinement mode, DA = regimes of future burning plasmas than in
1.0 m2/s is again found to match the profiles, L-mode plasmas. However, neither the con-
while Cv must be increased to 1.15 if RHe = trol of the particle confinement via ELMs
0.92 as was found for the earlier L-mode nor the control of the sawtooth frequency
measurements, was tested in these experiments. The CXE
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spectroscopy system on TEXTOR is cur- 1.2.3 Particle Control Experiments in
rently being upgraded to provide up to Tore Supra

15-point radial helium profiles. J.T. Hogan, C. C. Klepper, P. K.
These studies have been perfomaed in Mioduszewski, L. W. Owen, T. Uckan,

collaboration with K. H. Dippel, and J. E. Simpkins
H. Euringer, K. H. Finken, A. Pospieszczyk,
D. Reiter, D. Rusbtildt, and G. Wolf of Experiments on Tore Supra have shown
the Institut fi.ir Plasmaphysik, Association that the particle balance is strongly affected
Euratom-KFA, Forschungszentrum Jtilich, by the wall reservoir. The carbon inner wall
Jtilich, Germany; W. Y. Baek, A.M. can absorb or release particles depending
Messiaen, R. van Nieuwenhove, on whether the plasma is in contact wtth it
G. van Oost, and R. R. Weynants of the and on the wall cleaning procedure applied
Laboratoire de Physique des Plasmas/ before plasma operation. The plasma parti-
Laboratorium voor Plasmafysica, Associa- cle content is determined by the wall content
tion "Euratom-l_tat Belge"/Associatie and by the interaction of the plasma with the
"Euratom-Belgische Staat," Ecole Royale wall. This process could be a limitation to
Militaire/Koninkijke Militaire School, the control of density and/or isotopic ratio in
Brussels, Belgium; K. Akaishi and long-pulse stationary discharges.
A. Miyahara of the National Institute for In spite of a rather high exhaust effi-
Fusion Science, Nagoya, Japan; and ciency (=5 x 1020s-l), the outboard pump
J. Boedo, R. W. Conn, R. Doerner, and D.S. limiter could only slightly modify the equi-

Gray of the Institute of Plasma and Fusion librium density in the plasma core. An
Research, University of California, example of a series of four discharges, two
Los Angeles, California. discharges without pumping followed by

two with pumping, is depicted in Fig. 1.17.
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Fig. 1.17. Line-averaged densities as a function of time for pump limiter shot _quence: shots 3125 and
3126 without pumping; shots 3127p, 3128p with pumping.



22

The time scale for core density changes was 1.2.3,1 Effects of the ionizing scrape-off
estimated to be in the range of 20-40 s. This layer
result is consistent with the previous obser-

In contrast to many previous experi-vation because the wall particle content can
be estimated in the range of =1023 particles, ments, it is assumed that ionization in the

SOL is an important effect in Tore Supra.much larger than the plasma particle content
(=5 x 1020). In other words, before the Two main phenomena contribute to this
plasma core density can be significantly effect: (1) the dominant fraction of the fuel-
changed, the active particle exhaust due to ing flux recycles from the graphite
the pump limiter must change the equilib- (carbonized) wall as molecules at the wall
rium for the circulation of particles between temperature, and (2) the electron tempera-
the wall and the plasma. This can be ture in the SOL is in the range (>20 eV) in
achieved in two ways: either the particle which direct ionization of the recycling par-
content in the wall can be reduced signifi- ticles dominates Franck-Condon processes.
cantly and then its "inertia" can be lowered The H+ source rate for thermal molecular
(sufficiently long-pulse operation, e.g., particles launched at the wall, as calculated
>1 min, is required), or particle circulation with DEGAS in a typical Tore Supra SOL,
processes around the limiter (ion convection, is shown in Fig. 1.18. In this case, 66% of

the particles are ionized in the SOL.low-energy neutral or charge-exchange neu-
tral transport, impurity effects, etc.) are ade- Under these conditions, the following
quately controlled. In the latter case, concep- procedure has been applied for the SOL
tual modeling work is required and could modeling: to create the plasma density and
lead to advanced concepts of the first wall. temperature profiles in the SOL, Stangeby's
A significant amount of work has been analytical formula for the ionizing SOL is
accomplished in modeling these iterated with the DEGAS code until stable
experiments, profiles emerge. 20 The values for ne(a) and
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Te(a) are taken from Thomson scattering pressures. These data are combined with
profiles, and the average flux amplification one-dimensional (I-D) radial transport mod-
(i.e., the ratio of the parallel ion flux in the eling to obtain the evolution of Ti(r,t) and
SOL to the radial ion flux at the last closed the resulting charge-exchange efflux that is
flux surface) resulting from the DEGAS cal- consistent with the data. By constructing a
culation is approximately two. These plasma balance for the ions and neutrals, an estimate
profiles are then used in the DEGAS code to is made of the cold wall emission required
calculate the ion source profiles for neutral by these balances. In parallel, a 1-D evolu-
fluxes emerging from the wall as well as tion code (WDIFFUSE) has been con-
from the pump limiter head. structed for a C:H layer, to obtain an esti-

Because of the flux amplification in the mate of the cold wall emission that can be
SOL, the ion flux incident on the limiter is expected given the influxes to the wall and

about twice as high as N/xp. Hence, approxi- its state of saturation. When the required and
mately half of this flux is ionized and main- predicted wall fluxes match, then there is a
tains the particle balance in the core, while satisfactory particle balance.
the other half induces a charge-exchange A dedicated series of Tore Supra dis-
flux to the limiter and walls around the lim- charges (3125-3140) has been modeled with
iter. This charge-exchange flux causes a this code system. These discharges dis-
recycling flux emerging from the wall, played the characteristic features of the ion-
which is to a large extent ionized in the izing SOL, and the pumped flux was domi-
SOL. At this point, we distinguish two nated by the wall pumping. The analysis
cases: (1) the pump limiter is not pumping shows that the cold wall emission required
and some of the particles ionized in the SOL by particle balance is found only with recy-
will go back to the wall, or (2) the pump cling coefficients > 1, and that (in the
limiter is pumping and a fraction of the ion- WDIFFUSE code) some heating of the C:H
ized particles can be exhausted through the layer in the neighborhood of the outboard
pump limiter throat. The overall effect is pump limiter must be assumed (ATwall-_
that the pump limiter depletes the wall popu- 100 K). The level of charge-exchange power
lation such that wall fueling efficiency is estimated from the model (150-300 kW)
reduced in subsequent discharges, appears sufficient to justify such an increase;

It appears that particle exhaust with the at the same time, local "hot spots" or
pump limiter controls the wall population, particle-induced desorption may be the
and the plasma density is controlled only actual cause rather than a uniform rise in
through the different wall fueling efficiency temperature. The affected area indicated by
with time constants of tens of seconds, three-dimensional Monte Carlo modeling is

approximately 4 m2. These results suggest
that additional dedicated experiments are

1.2.3.2 Modeling of core-wall particle desirable to improve the models; in these
dynamics in Tore Supra experiments, the particle balance should be

To understand the core-wall dynamics in studied separately for conditions with and
Tore Supra, a model for this process has without pumping and with and without gas
been constructed. The model uses measure- puffing.
ments of SOL fluxes from the Langmuir This work has been performed in col-
probes in the limiter throat, the Thomson laboration with M. Chatelier, T. Loarer, and
scattering measurements of the evolution of B. Pegouri6 of Tore Supra, Cadarache,

France.ne(r,t) and Te(r,t), and the measured pump
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1.2.4 Plasma Edge Studies in ATF nearly zero. Thus Vph = Vde = 0, where Vde=
(Te/eB)(1/Ln + 1/LT)- Er/B is the electron

1.2.4.1 Characteristics of edge plasma drift velocity. At r/a = 1.025, where Vphhas
turbulence on ATF its maximum, the estimated electric field is

T. Uckan, J. D. Bell, J. H. Harris, J.L. Er = -12 V/cm, the electron temperature
Dunlap, and J .B. Wilgen profile is flat with Te = 30 eV, and Ln =

4 cm. The electron drift velocity is then
Measurements of electrostatic turbulence Vde- 2.1 x 103 m/s, which is comparable to

at the edge of the ATF torsatron are used to the phase velocity of the fluctuations. Well
study the effect of this phenomenon on the inside the LCFS, where Er ---O, it is estimat-
particle transport in this current-free mag- ed that Vde-- Vph = 103 m/s. These observa-
netic configuration. Spatial profiles of the tions indicate that the phase velocity of the
plasma electron density ne, temperature Te, fluctuations and the electron drift velocity
and fluctuations in density (he) and in the are comparable. The particle flux estimated
plasma floating potential (_f) are measured from the fluctuations is consistent with

at the edge in ECH plasmas using a fast fluxes obtained from the particle balance
reciprocating Langmuir probe (FRLP) array, using the Ha spectroscopic measurements.
At the LCFS, r/a - 1, Te = 20-40 eV, and
ne = 1012 cm -3 for a line-averaged electron
density ne = (3-6) x 1012 cm-3. The relative ORNL-DWG90M-2670FED
fluctuation levels decrease as the FRLP is 1 , , , ,

moved into the core plasma. For Te > 20 eV, _ _/a!¢j

i
.t7

tie/ne = 5%, and e_f/Te = 2_e/ne at r/a = %._ ___
0.95. The measured fluctuation spectra are _ 0 Tz_

broadband (40-300 kHz)with kps (0.05- _ [
0.1), where k is the average wave number of _ v _g
the fluctuations and Ps is the ion Lamaor o ,,,
radius at the sound speed. Near the LCFS, >t.l.I

03

the density fluctuations can be approximated
by he/ne = 0.4/kLn, where Ln is the gradient o. -2 _ ..........._ _

scale length of he. The propagation direction E 80 , , , ,
of the fluctuations reverses to the electron ,¢ (_) _.Ec_--- _,,.. E,
diamagnetic direction at r/a < 1 -_60 - /- -• _<

A velocity shear layer is observed in z_
the ATF edge; this is also the case in the _ 40 -

13..

Texas Experimental Tokamak (TEXT). < 20

Figure 1.19(a) shows the spatial profile _ % = _f + 2.5 Tel I 1 1

of the mean phase velocity of the fluctua- 0. 0o.9o 0.95 _.00 _.05 _._0 _._5
tions, Vph = 2Z(o>0 Vph(O)) with Vph((t)) = r/a
Zk(O)/k)S(k,o.))/ZkS(k,o).The location of the
shear layer approximately coincides with the Fig. 1.19. (a)Spatial prolile of the mean phase

peak of the plasma potential [Fig. 1.19(b)]. velocity Vphof the fluctuations.Beyond the shear

There the radial electric field Er = - do)p/dr layer, the wave propagation is io the ion diamagneticdirection. (b) Spati_d profile of d_eestimated edge

(where the plasma potential is _p = _f + plasma pott,,tial _p. Tb.e she:u" layer location uearly
2.5Te) changes its sign, and the density coincides with the peak of the phasma l_)tenlial where

and electron temperature gradients are theradialelectricfieldEr = -d_p/dr changes its sign.
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Many of the features seen in the ATF edge the location of the limiters. When the lim-
fluctuations resemble those of ohmically iters are positively biased at up to 300 V, the
heated plasmas in TEXT. plasma density increases sharply, by about a

This work was performed in collabora- factor of 3, to the ECH cutoff density as
tion with Ch. P. Ritz, T. L. Rhodes, and A.J. shown in Fig. 1.20(a). At the same time, the
Wootton of the University of Texas at Ha radiation drops, indicating that the parti-
Austin and C. Hidalgo of the Asociacion cle confinement improves. When the plasma
Euratom/CIEMAT, Madrid, Spain. density is kept constant with a reduced gas

feed, the Ha radiation is further reduced,

1.2.4.2 Biased limiter experiments on Fig. 1.20(b), and there is almost no change
ATF in the stored energy in the plasma. Under

these conditions, the density profile becomes
T. Uckan, S. C. Aceto, L. K. Baylor, J.D. peaked, the velocity shear layer moves
Bell, T. S. Bigelow, A. C. England, J.H. radially inward, from p -- 1.1 to p -_ 1, and
Harris, R. C. Isler, T. C. Jernigan, J.F. the electric field becomes outward pointing
Lyon, C. H. Ma, P. K. Mioduszewski, outside the LCFS and more negative inside
M. Murakami, D. A. Rasmussen, J.B. the LCFS. The edge fluctuation levels
Wilgen, and J. J. Zielinski decrease significantly, and the resulting

fluctuation-induced particle flux is reduced
Biasing experiments on tokamaks have as well. One explanation for this process is

been successful in improving the global decorrelation of the turbulence mechanism

confinement parameters (to H-mode-like around the shear layer that results in sup-
values) by setting up a radial electric field at pression of fluctuation-induced transport.
the plasma edge. These experiments have In contrast, negative biasing yields some
been extended to ATF for further study and reduction of the density and stored energy at
characterization of the effects of the electric constant gas feed. Simultaneous measure-
field on plasma confinement. Positive lira- ments of the plasma potential profile indi-
iter biasing produces a significant increase cate almost no significant change with neg-
in the particle confinement with no improve- ative biasing of the limiters. Biasing causes
ment in the energy confinement. Experi- almost no increase in the iron impurity sig-
ments have been carried out in 1-T plasmas nal from the plasma center or in the oxygen
with up to 400 kW of ECH. Two rail lim- signal from the edge.
iters, one at the top and one at the bottom of
the device, are biased at positive and nega-
tive potentials with respect to the vacuum 1.2.4.3 Power and particle balance
vessel. The limiters are inserted slightly studies with an instrumented
inside the internal separatrix, p = r/a = 1, limiter on ATF

where the safety factor q is unity, compared T. Uckan, P. K. Mioduszewski, T. S.
to q ~ 3 at the plasma center. Here, the lim- Bigelow, J. C. Glowienka, S. Hiroe,
iters are considered to be electrodes for bias- M. Murakami, J. B. Wilgen, and W. R.
ing because they cover only ~15% of the Wing
LCFS owing to their small physical size and
the low q value at the LCFS. Power and particle balance studies on

The limiters do not affect the plasma ATF were carried out using a rail limiter
potential profile when they are floating. The system. 21 Both top and bottom limiters are
plasma cross section is almost elliptical at made of graphite tile arrays, and these tiles
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constant density.

are instrumented with thermocouples and 58%, appears to be deposited at the vessel
Langmuir probes for calorimetric and parti- wall. The total limiter power coverage is
cle flux measurements. The experimental about 16%. Measurements of the particle
results on the power accountability of ECH flux to the limiters and comparison with the
plasmas in ATF are as follows. The radia- total efflux indicate that the limiter particle
tion loss estimated from the bolometric mea- flux coverage is about 18%. The fractions of
surements is Prad/Pinput ~ 30%, the limiter power and particle flux to the limiters are
power loss is PLim(total)/Pinput ~ 12%, and relatively lower than in tokamaks because of
the rest of the plasma heating power, about the low edge safety factor at the natural
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boundary of the ATF plasma where q --.1, Figure 1.22 shows a constant-density
rather than q ~ 3 as in a typical tokamak, sequence consisting of 25 shots with no
Therefore, for limiters of the same size, intermediate gettering.
these fractions are about a factor of q lower The combination of impurity and density
in ATF than in a comparable tokamak. The control has enlarged the operating space of
power flux distribution on the vessel wall is ATF considerably. Before gettering, achiev-
an important issue because long-pulse (30-s) able electron densities were in the range of
operations are planned for ATF. Therefore, several times 1018 m-3, while after exten-
this issue will be investigated further, both sive gettering it was possible to operate with
with more experiments and with additional densities of up to 1020m-3.
diagnostics.

1.3 STELLARATOR REACTOR

1.2.4.4 Titanium gettering in ATF STUDIES

J. E. Simpkins, R. C. Isler, T. F. Rayburn, J.F. Lyon
and P. K. Mioduszewski

Stellarators have significant operational
Titanium gettering has been success- advantages over tokamaks as ignited steady-

fully employed to overcome the deleterious state reactors because stellarators have no
effects of a leak rate of 2 x 10.4 torr.L/s in dangerous disruptions, no need for continu-
ATF. The leak/outgassing rates of the ous current drive and power recirculated to
most abundant gaseous impurities (except the plasma, less severe constraints on the
methane, which is not gettered by titanium) plasma parameters and profiles, and access
have been observed to be as low as from the inboard side for easier mainte-

10.9 torr°L/s after gettering. Spectroscopic nance. The torsatron type of stellarator con-
analysis of the radiated power during dis- figuration can have helical divertors outside
charges has determined that, before getter- the windings to reduce the power density on
ing, between 50 and 75% of the input power the divertor plates and, at the expense of a
was radiated; after gettering, this fraction
was reduced to between 15 and 20%

ORNL-DWG91M-3478RFED
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behavior of water vapor before, during, and MASSla
after plasma discharges with and without _ 10 .6 SHOTNUMBER6294

o UNGETTERED
gettering. In the gettered case, the residual ,.,
pressure is about an order of magnitude _'= /" -'-----
lower and remains constant, while the unget- uJ 10.7

n-

tered case shows the desorption of gas from 0-J SHOT NUMBER 17390

the walls of the vessel. The pumping capac- E _-_-vGETT-E_E'D-
,_ 10-8ity of the gettered surface is large enough to o_ -

exhibit some residual pumping of oxygen-
bearing molecules as well as nitrogen, the

10.9 1 I , I , I I

most abundant gaseous impurity, as much as -a 0 2 4 6 8 10
24 h after the getter film has been deposited. TIME(s)

In addition to impurity control, the titanium Fig. 1.21. Behavior of water vapor before,
layer also provides an effective method for during, andaftergettered and ungettered plasma
density control by reducing wall recycling, discharges.
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ARIES-I. However, the thickness of the
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DURINGNBI blanket directly under the helical windings
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studies. The maximum magnetic field on the2-
superconductor, Bmax, is calculated from an

0 .... _..... ' .... _.... _.... _.... expression that gives an excellent fit to
0 5 10 15 20 25 a0 results obtained using a finite element code

SHOTNUMBERINSEQUENCE with accurate helical winding trajectories.
Fig. 1.22.Constant-densityshot sequencewith Although a continuous helical winding was

no intermediategettering, used in most of the examples in this study
for simplicity, these coil configurations can
be modularized. The other engineering and

reduction in alpha particle heating, a near- materials assumptions are the same as those
perpendicular loss region to eliminate for ARIES-I.
helium ash accumulation. Our study shows

The reference stellarator configurationthat torsatron reactors could also have a
chosen was a Compact Torsatron 25 with sixlower cost of electricity (COE) than con-

ventional tokamak reactors, toroidal field periods (CT6). Its relatively
open coil geometry allows access between
the helical windings for blanket removal and

1.3.1 Reactor Optimization Approach maintenance without disassembly of the
and Assumptions reactor core. The thermal particles and alpha

We have applied the costing and compo- particles exit from the plasma in a thin heli-
nent assumptions used in the recent exten- cal strip between the helical windings.
sive ARIES-I tokamak reactor studies 23,24 Because the minimum value possible for the

to optimization of stellarator reactors. This major radius R0 is proportional to the dis-
approach allows a more accurate relative tance d between the plasma edge and the
comparison of stellarators and tokamaks as center of the coil winding pack, minimizing
reactors. The models for the detailed reactor d (in particular, the radial depth of the wind-

engineering and reactor performance con- ing pack and the blanket thickness under the
straints, however, are specialized for the inboard half of the helical winding) is
example of a particular torsatron reactor. We important in reducing the cost of torsatron
recalculated the ARIES-I costs using the reactors.
parameters for a May 1992 version of A global energy confinement time XE is
ARIES-I to benchmark our calculations and used to calculate the conduction power. We
to provide a more detailed comparison with choose the dimensionally correct Lackner-
our torsatron reactor calculations. The val- Gottardi scaling, which fits both tokamak
ues obtained for "our" ARIES-I, which we and stellarator data, with a confinement

designate ARIES-I*, are very close (a few improvement factor H' similar to the
tenths of a percent) to the ARIES-I values. H-mode confinement improvement factor

The thicknesses, compositions, average for tokamaks. The density and temperature
mass densities, and unit costs for the first profiles are the same as those assumed in the
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ARIES-I studies. Because the relatively "learning curve" credits of =50% associated
large helical ripple in torsatrons, combined with a "tenth-of-a-kind" reactor and the
with symmetry-breaking toroidal effects, can level of safety assurance (LSA) factors
lead to a near-perpendicular loss region for appropriate to low-activation materials.
energetic particles, we assume that all heli- There are two main reasons for the lower
cally and toroidally trapped alpha particles costs for CT6: the absence of current drive
are lost and calculate the additional energy and the smaller magnet mass. Because no
lost by pitch-angle scattering into the loss power is needed for current drive in CT6,
region during the slowing-down process, the recirculating power fraction is only 9%
This loss reduces the effective alpha particle (vs 19% for ARIES-I*) and the cost of the
heating by up to ---40%,but it also prevents supplemental heating system (needed only
accumulation of helium ash in the plasma for plasma startup) is much lower. The heli-
and the attendant dilution of the fuel ions. cal winding mass is much less than the coil

A confinement improvement factor H' = mass in ARIES-I* because the CT6 coil
2.5 was chosen as representing a reasonable perimeter is smaller (the winding is closer to
target for stellarator confinement improve- the plasma) and the cross section is much
ment; similar or better confinement
improvement factors have been obtained in
tokamaks. ARIES-I* also requires H' = 2.5. Table1.2.Mainplasma and device parameters

A thickness bi = 0 was chosen for the blan- forCT6 torsatron and ARIES-I*
ket under the inboard half of the helical tokamak reactors

winding because it covers only a small frac- CT6 ARIES-I*

tion of the area available for the tritium Netelectricoutput,MW(e) 1000 1000

breeding blanket; the decrease in the global Major radius R0, m 6.57 6.75
tritium breeding ratio can be compensated
for by increasing the local tritium breeding Averageplasmaradius 1.74 1.95
ratio. The transverse elongation k of the ap, m

helical winding was chosen to be 3. Plasma volume, m3 394 489
Toroidal field on axis, T 6.0 10.6

1.3.2 Comparison of the Reference CT6 Maximumfieldon coils 16.0 9.9
Case with ARIES-l* Bmax, T

Electron density (n), 3.2 1.4
The main device and plasma parameters 102o m-3

for the CT6 reference case are compared Plasmatemperature(T),keV 6.8 20.0
with those for ARIES-I* in Table 1.2. The

Central ion temperature 13.0 39.0
CT6 reference case has a slightly smaller T0,keV
major radius, a field on axis 56% of that in

Volume-average toroidal 4.7 1.9
ARIES-I*, and beta 2.5 times higher. The beta, %
density-averaged temperature (T} is only
one-third that in ARIES-I* and the volume- Neutronwall loading, MW/m 2 2.8 2.7

average density (n) is correspondingly Mass utilization efficiency, 211 99.3

higher. The mass utilization efficiency for kW(e)/tonne
CT6 is 2.1 times that of ARIES-I*, which Unit directcost, $/kW(e) a 1819 2318
results in a 22% lower unit direct cost and an Costof electricity, 67.0 81.4
18% lower COE for the CT6 reactor. As in mill/kW(e)ha

the ARIES reactor studies, the costs assume "Inconstant 1990dollars.
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smaller (less total ampere-turns and higher to those assumptions. Decreasing jmax by a
average current density because of the lower factor of 2 only increased the COE by 4.6%.
magnetic field). Decreasing k te 1 (a square coil cross

section) led to a larger change (15%) in the

1.3,3 Dependence on Assumptions COE. Lower values of Bmax are possible at
somewhat higher COE. A case with Bmax =

The COE vs the confinement improve- 12 T, 60% of that for ARIES-I*, and a COE
ment factor H' is shown in Fig. 1.23 for two of 72.8 mill/kW(e)h may be more attractive
different values of bi. Adding a 0.335-m- from an engineering viewpoint than the ref-
thick blanket, half the thickness used in erence CT6 case with higher Bmax (16 T)
ARIES-I but thicker than the beryllium-rich and lower COE [67 mill/kW(e)h].
blankets used in earlier reactor studies, The nominal physics parameters chosen
increases the COE to a level that is closer to for the base reference case were also varied

the ARIES-I* value. The COE is less than to test the sensitivity of the COE to those
that for ARIES-I* for H' > 1.75 (bi = 0) and assumptions. Several of these variations
H' > 2.3 (hi = 0.335 m). Improved energy [e.g., more peaked density and temperature
confinement is reflected most strongly in a profiles, higher wall reflectivity (90%), less

factor of 4 increase in (13),from 1.5% to 6%, oxygen impurity content (0.5%), and no
alpha particle losses] lowered the COE, but
none reduced the COE by more than 3.3%.ORNL-DWG92M-4070FED

9s \ _b, ' ' ' ' Broader density and temperature profiles
\/0.335-m-THICK and higher oxygen impurity content (1.5%)

90  INNERHF
i BLANKET increased the COE, but not by more than

_85 _ _ jARIES-I" - 6.4%. Better reactor economics wereso _ obtained for larger power plants: increasing
_ _ _" -9- --i PE to 1.5 GW(e) and 2 GW(e) reduced the

o"'75 _ _ COE by 18% and 25%, respectively.
eO

REF:ERENCE CASE
70- NOI ER _/

HF BLANKET _ 1.3.4 Comments
65 , I 1 I I _ _'_

,5 2.0 2.5 3.0 Although this study indicates that tor-
CONFINEMENTIMPROVEMENTH' satron reactors could be competitive with

tokamak reactors for a range of assumptions,
Fig. 1.23.Dependenceof the costof electricity improvements in the study are needed. Theon theconfinementimprovementfactorH' for two

differentinboardblanketthicknesses. CT6 reference case is not an optimum stel-
larator configuration for a reactor; it has
continuous helical coils that were obtained

and a factor of 2.3 decrease in the plasma by maximizing the average radius of the last
volume, as H' increases from 1.65 to 3. The closed magnetic surface (minimizing the
factor of =2 confinement improvement distance between the plasma edge and the
needed for an attractive reactor is similar to coil center), subject to constraints that maxi-
the L-to-H confinement improvement factor mize the beta limit. In a reactor, the plasma-
in tol.amaks, coil distance needs to be maximized for a

The nominal coil parameters (/max, k, modular coil configuration with a moderate
and Bmax) chosen for the base reference case beta value. More realistic calculations of the
were varied to test the sensitivity of the COE blanket and shielding requirements also need
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to be done, and more refined 1-D stellarator 15. D. Reiter, G. H. Wolf, and H. Kever, Nucl.

transport models that include self-consistent Fusion 3t), 2141 (1990).

calculations of the radial profiles of the ion 16. D. L. Hillis et al., "Helium Removal

and electron temperatures and densities and Experiments and Ha Studies on ALT-II in
TEXTOR," pp. 23-24 in Fusion Energy Division

the ambipolar radial electric field should be Annual Progress Report for the Period Ending
used. December 31, 1989, ORNL-6624, Martin Marietta

Energy Systems, Inc., Oak Ridge National
Laboratory, Oak Ridge, Tennessee, July 1991.
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2. ATOMIC PHYSICS AND PLASMA DIAGNOSTICS
DEVEI,OPMENT

SUMMARY OF ACTIVITIES

Research on atomic physics and plasma diagnostics development is part of the ORNL
Fusion Program and is carried out within the ORNL Physics Division. The principal I
activities of this program are threefold: atomic collisions research, atomic data compilation
and evaluation, and advanced plasrna diagnostics development.

The atomic collisions research program focuses on inelastic processes that are critical in
determining the energy balance and impurity transport in high-temperature plasmas, and for
plasma diagnostic measurements. The objective is to obtain a better fundamental understand-
ing of collision processes involving highly ionized impurity atoms at the kinetic energ.ieg
characteristic of magnetic fusion plasmas and to determine cross sections for these processes.
Close coordination of experimental and theoretical programs guides the selection of key
experiments and provides both benchrnarks and challenges for theory.

Central to the experimental effort is an electron cyclotron resonance (ECR) multicharged
ion source, which provides ions for colliding-beams experiments. A crossed-beams approach
is applied to the measurement of cross sections lbr electron-impact ionization of highly ion-
ized ions in initial charge states as high as +16. A new collaborative electron-ion merged-
beams experiment to measure cross sections for electron-impact excitation of multiply
charged ions by electro_l energy-loss spectroscopy constitutes a maior part of the cun'ent
experimental effort. Merged beams have also been used to study charge-exchange collisions
of multiply charged plasma impurity ions with hydrogen (deuterium) atoms at the lower
kinetic energies relevant to the edge plasma. Eiected-electron spectroscopy has been applied
as a diagnostic tool to study the interaction of multiply charged ions with solid surfaces.

The theoretical effort has focused on the development of close-coupling methods for
treating electron-impact excitation of highly charged ions, in support of the merged- and
crossed-beams experiments and of the fusion program in general. These calculations require
development and implementation of sophisticated computer codes and depend heavily on the
advanced computing capabilities of the National Energy Research Supercomputer Center.

The Controlled Fusion Atomic Data Center (CFADC) is operated by the atomic physics
group, with the assistance of a network oi"expert consultants. The CFADC searches the
current literature and maintains an up-to-date bibliography of fusion-related atomic and
molecular processes that is available for on-line searching. This facilitates the primary
mission of the CFADC: the compilation, evaluation, and recommendation of relevant atomic
collision data to the fusion research community. The CFADC actively participates in the
International Atomic and Molecular Data Center Network sponsored by the International
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Atomic Energy Agency and cooperates with other data centers in Europe and Japan. Through
this network, the CFADC has a major role in the development and implementation of the
ALADDIN system for the computer storage, retrieval, and exchange of recommended atomic
data.

The plasma diagnostics program concentrates on the development of advanced diagnos-
tics for existing and future magnetic fusion experiments, using optical and laser technology.
The current emphasis is on the application of pulsed infrared lasers to the diagnostics of
alpha particles produced from the fusion of deuterium and tritium. A prototype diagnostic
system based on small-angle Thomson scattering of a pulsed CO2 laser beam was developed
and installed on the Advanced Toroidal Facility (ATF), and a proof-of-principle test was suc-
cessfully completed. This test consisted of absolute measurements of a scattered signal at an
angle of less than 1o from the plasma electrons. A novel multichannel interferometer operat-
ing at a wavelength of either 214 or 119 Bm was also developed and successfully operated on
ATF. The relatively large number of channels was realized by use of a single reflective
cylindrical beam expander, a technique that significantly reduces the number of optical ele-
ments required for a conventional system. The interferometer was operated routinely on ATF
to provide accurate measurements of the plasma electron density profile evolution during
plasma discharges. To address the issue of optical beam refraction in higher density plasmas,
a feasibility study was carried out Ibr a two-color infrared interferometer/polarimeter system
for the International Thermonuclear Experimental Reactor.

2.1 EXPERIMENTAL ATOMIC charged ions in a uniform axial magnetic
COLLISIONS field and detecting electron-impact excita-

tion events via electron energy-loss spec-

2.1,1 Merged-Beams Experiment for troscopy. The beams are merged and
Electron-lmpact Excitation of Ions demerged using trochoidal (E x B) analyz-

ers. The magnetic field ensures complete
M. E. Bannister, E. W. Bell, G. H. Dunn, collection of inelastically scattered electrons,
D. C. Gregory, X. Guo, R. A. Phaneuf, which are directed onto a position-sensitive
A. C. H. Smith, and J. S. Thompson detector.

The first cross-section measurements forResearchers from ORNL and the Joint
a multiply charged ion with this techniqueInstitute for Laboratory Astrophysics (JILA)
were reported recently 1 for 3s-3p excitationare engaged in a collaborative experiment at of Si3+:

the ORNL Electron Cyclotron Resonance
(ECR) Multicharged Ion Research Facility.
The objective of this collaboration is abso- c + Si3+(3s 2S1/2) .---)e + Si3+(3p 2P1/2,3/2)

lute cross-section measurements of electron- - 8.88 eV .
impact excitation of multicharged ions. The

technique, developed at JILA, involves , This system was chosen because cross-
merging beams of electrons and multiply section calculations for Na-like ions are
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expected to be of high reliability, and thus a ization cross sections due to inner-shell
comparison of experiment and theory serves excitation-aut()ionizati()n.
to test the validity of both. The absolute Traject(,ry m(,dcling (,I' the primary
experimental cross-section measurements electron beam, and of both elastically and
are compared in Fig. 2.1 to benchmark inelastically scattered electrons, indicates
_ven-state close-coupling calculations by that the merged-beams electron-energy-loss
Badnell, Pindzola, and Griffin. 2 Since the apparatus is, in principle, capable of cover-
cross section for electron-impact excitation ing the entire energy r,'mgeshown in
of an ion is finite at threshold, and usually Fig. 2. i. This c()uld not be realized in these
reaches its largest value there, an abrupt initial measurements because ()1"high hack-
.jump from zero is expected at 8.88 eV. The gn'ound levels encountered as the relative
theoretical cross sectic)n in Fig. 2, 1 has been energy was increased ab()ve the cxcitati(m
convoluted with a Gaussian electron-energy threshc)ld. It is believed that thin elevated
distribution of ().2 eV (FWHM) to simulate background was caused by components in
the energy resolution ot"the experiment. In the primary clcctr(m beam with increased
fact, there are actually two fine-structure transverse energy, who)so trajectories either
components in the 3s-3p excitation (2PI/2, impacted the position-sensitive dctcct_)r
2P3/2), and thus two expected steps in tile directly or interacted with nearby surfaces.
cross section, which are separated by Such effects becc)rnc increasingly severe us
0.¢)6eV. Although the experimental energy the relative energy is increased ab(wc the
resolution is insufficient to resolve these two thresh()ld, since the difference in energy
steps, it may be slightly better than ().2 eV. between the primary and scattered clcctr()n
This is an order-of-magnittlde improvement beams decreases, and thus their spatial scpa-
over our previous multicharged ic)ncxcita- ration in the dcmcrgcr is reduced.
tion measurements bused either on detection Improvements were made to the cicctrc)n
of photon emission or on signatures in ion- gun and merger, based ()n me)redetailed

computer traicctc)ry modeling calculatic)_l:_.
I i()wevcr, a systematic series (,I measurc-

o_.t-owooo-,nT,n ments ()f electron-impact excitatic)n o1()5+,
14 Ar 6+, and Ar 7+ failed t() yield data _.)rsu{Ti-

,.-, 12 - - cient n'cliability The pr()blcm was traced t() aN

[i 10 - _ small fn'acti_)n(<1()-5) ()1"the primary clcc-
tr()n beam that interacts with apertures and0 8 -

9 other surfaces, pr()ducing spuri()us spacc-
c 6 -
.9 charge modulated .,;ignals that preclude accu-

4 - rate scattering measttrements. ()n the basin
2 ExcitationofSl'° ()f these meantJrernents and systematic tests,

0 m()re extensive m()dificatic)ns t() the appara-
tus were initiated. The solen()i(I was
rewound because ()f internal sh()rtn ()f lw()

8.5 9 9.5 10 10.5 11 11,5 12 windings t() the c()rc. The electron gun,
Electron Energy (eV)

clectr()n c()llcct()r, and i()n analy/.cr were
Fig. 2.1. C()mparis(). ()fabs()lutccr()ss-sccli()l) redesigned ()n the basis ()f the tra icct()ry

measurements withseven-stateclosc-c()uplialg m()deling calculati(,,ns. An ()rdcr wan placed
caiculali()n of Badncll el al. f()r 3s-3p cxcit:tli(m ()f f()r a new p()siti()n-ncnsitive dctcctc)r capable
Na-likc Si 3+ by electron impact.

()r higher c()tznt rates. Measurements with
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the improved apparatus have yielded prelim- ionization. In some cases this enhancement

inary data for 3s-3p excitation of Na-like can be more than an order of magnitude. 3

Ar 7+. As part of a Research Program on

These imt, rovemcnts are eXl,Ccted to Atomic Data for Medium- and High-Z

increase the sensitivity and extend the lml, urities in Fusion Plasmas, coordinated

energy range ol the energy-loss technique by the lntct_lauonal Atomic Energy Agency
further above the excitation threshold, where (IAEA), a series (,)1cross-sectlt)n measure-

strong resonance eflizcts are predicted to mcnts was initiated lot electrtm-mJpact ioni-

occur for really ions. The structure in the zation of multicharged siq . ions. The mea-

theoretical cross section si|t)wn in Fig. 2.1 is sureme_lts were perlormed as part of the

due to such resonances, wllose resolution ongoing ORNL-J ILA collaboiautm using
will provide stri,_gcnt texts of excitation the- the electron-loJl crossetl-t,eams apparatus

dry. The first measuremmtts on Si 3+ estab- al_d herons l?om the ORNL ECR multi-

lish the proof of principle ol the merged- t _arged ion somce. Abs(,_lute cross-section

beams clectrt)n-energy-loss tecil_lique lor nleasure|t|cnts lmve ('_eenct)fHi)ieted for

excitation of multiply charged io_ls, and the initial charge states q = 4, 5, 6, and 7, and

threshold rneasure_nent tle_notlstrates tlmt nleasuretnet_ts for q = 1, 2, 3, and 8 are

the experimental resolution should be sufli- planned.

cient to uncover such resotm_lce structures. A typical result lot electron-Impact ioni-

The energy range accessible to the tecnnique zation of Si°+ is shown in Fig. 2.2, ahmg

is, in pnnciple, constrmlted only by the with the l)redlctitm of the widely applied

decreasing dispersion of elastically and Lotz senl|c|t|pi|-ical formula. 4 The lneasure-

inelastically scattered electrons as tile etlergy remits are sccn to exceed the Lotz prediction

is raised above the inelastic threshold, by about 25% but to exhibit no disti_tct

Future experlmctns will focus on fusion- leatules due to indirect ionization. An

relevant ion species and will be selected in ato|tlic structure calculation indicates that

order to provide the most sc_sitivc texts of such indirect contributions for this case must
theory.

2.1.2 Electrolt-lmpact lonizatioJJ of siq + o,_.,,_,.,,3,
lolls 2 _-----I_ i I I 1 I l--S_

,--- - -
J. S. "l'holnpson, D. C. Gregory, P.A. "Eo 1.6 - ±r
Zeijhnans van Ernlniclloven, X Guo, alld ,,.,

E. W. Bell " Toc L41.2_- __)¢]_-._"]_-/e+$1°. --Accurate cross secuons lot electron- .o I - -. Sff+ + 2o-

impact ionization of multiclmrged itnt,u|ity _ 0,8 - _/tr)

ions are critical to accurate lnodeli_|g of the gI o,ti -

ionization balance in magttetic lusion plas- _ 0,4 ] -,-_
ntas. Such cross sectltms are ()lten dtnni- 0.2

hated by indirect ionization _necnanisms 0 ._ I I I ,I I, 1100200 300 400 bOO 1500 700 1500

involving exc_tatltm ol i_t_er-shell electrons. _._oc_ro,vr,_j), (or)
The io_izauon cross secmm will be

eldla_lced by such lllecllalliSlllS il tl_e core- l.ig. 2.'2. Mcasmc0 ci{}sssccutms lot clccl_oli-
illtl_iti:tl/)i_lZi|ttOtiOl Si °+, cot_tplt_cdto tilep_cOlctiofl

excited states thus forlned decay by auto-
ol 111(2I.(.)tz scH_lcttt|)uical lolilltlla ((atll v(2).



39

involve the excitation of a Is electron and projectile K-Auger emission to be character-

thus become possible o_lly at ette_g_es above ized by two resolvable components 7,8 with

=800 eV. This is thereiole a good case for strikingly dll li_rent 0epellutmces on l)clpen-

testing the reliability of the Lotz lo_mula t'or dicular ion velocity, as illustrated for the

direct iomzauon, wtlich is Seell to uitder- case of a gold target in Fig. 2.3 (similar

estimate the c_oss secuon by 25%. "l'he corn- results have also been obtained witla copper).
parison is similar for Si 4+, Si 5+, and Si '/+, A "fast" COml)t)ltcnt, limited by the rate ot'

whose ioltlzauon cross secu(.)ns also display K-Auger decay in tile essenttally neutralized

no teatures due to indirect mechanisms but projectile, dominates lsee Fig. 2.3(a)1 and is

exceed the Lotz predictit)ns, ascribed to "subsurface" emission. We have

been able to model this coral, orient using a

2.1.3 Muiticharged Ion-Surface Monte Carlo simulationS, 9 of the detailed

lnter'actio,s projectile tralectorles and close binary

encou_ters w_th target atoms inside the bulk
F. W. Meyer, C. C. Have,let, S. H.

a.l'ter surlace penetration. Results of the
Overt)my, D. M. Zeh_ler, arid P. A.

subsurlace sitilulauon ate Stlt)Wtl in Fig. 2.4
Zeijhnmls van Ernmicht)ven

as the hatched region labeled "Monte Carlo

Our locus has been (.)i1uymg to ut_0¢r- simulation." The s_mulau(.m assumes a
stand the remarkably rapid neutralization 5 of projectile L-shell falling rate of 2 × 1014 s -1

the projectile tlaat deems wz_eHslow multi- a_d a KLL-Auger tiecay rate of 1 x 1014 s-1.

charged IOnS interact witll metal surfaces. At very small aHgles of incidence, a

']'he expeHmel_tally inlerretl neutralization much weaker "slow" COIHpOlle_ttappears

rate is too last by or(Jets ol magmtude to be lsee Fig. 2.3(b)1. This compo_ent has a trine

explained within the lrmK_ewt)rk ol the fre- depe_deHce characteristic of tile neutraliza-

quently il_w)ked Arllov model. ° In this tion-deexcltauon cascaue (see hatciaed

model, the pvHnaly 11euttallzatlon mech- regiosl itl Fig. 2.4 labeled "'cascade calcula-

anism is at)ove-suriace, multiple-rest)_mnt, tion") tlmt occurs aDove the surface before

electron capture ol metal vaie_ce electrot_s surlace perpetration. 10 Our measuremems lor

into autoio_tizmg t)_t)lectile Rydberg levels, the COpl)er target, wl_ch exte_cl to even

which decxc_te tnrougn a ume-co_su_r_ng, more g_az_g incide_tce a_gles, indicate a

complex auto_omzat_t)_ cascade, p_e_atu_e satu_auon of the ttltensity ol this

We have iou_)d that this d_screl)m)cy can con)l)t)_c_t, _n agrccH_em w_th _no_e detailed

be resolved by cot_sideH_g the additit)nal calculatio_s. II These calculattoHs, which

neutrahzat_on channels that open after l)ro- include the el lects oi ill, age |)otentml accel-

jectile peHetration oI the metal surface. "fo eraut))) o)_ the at)ove-suriace l)tt)jectile tra-

this e_d, we have studied l)_ojectile KLL- jectt)ry, suggest tlaat this effect Imposes an

Auger traHsitions for 6()-keV N °+ ioHs inci- upper limit on the abt)ve-surface Interaction

dent on gold a_d copper si_tgle clystals in time that catt_)t)t be exceeded, irrest)ecuve of

the raHge of m_gles lro)n ().2 ° to 20 °. We how grazing the asyml)totic incidence angle

find the energy st)ectru_n of the observed is made.
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! (a) Bg-subtractedproj. K Augerspectra _ (b) "abovesurface"componentof
60 keV N6+ on Au proj. KAuger spectra
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Fig. 2.3. (a) Background-subtracted projectile K-Auger spectra for 60-keV N 6+ ions incident on gold at

various angles of incidence, observed normal to the incident beam direction and scaled to the peak intensity of
the 0.5 ° spectrum. (b) Unscaled above-surface components of tim KLL-Auger electron spectra.

2.1.4 Very Low Energy Collisions of gent test of our understanding of such pro-
Multiply Charged Ions in Merged cesses, which are fundamental to modeling
Beams of both laboratory and astrophysical plas-

mas. For example, electron translation
C. C. Havener, F. W. Meyer, and R.A. effects and rotational coupling mechanisms,
Phaneuf while important at keV/amu energies, are of

It is now possible witi, the merged- decreasing importance below 10 eV/amu. As
beams technique to measure, with a single collision energies decrease below 1 eV/amu,
apparatus, total electron capture cross sec- the ion-induced dipole attraction between
tions for multicharged ions in collisions with ion and neutral becomes strong enough to
hydrogen or deuterium over an energy range significantly affect the reactant trajectories.
covering four orders of magnitude: These trajectory effects can lead to enhance-
0.1 eV/amu to over lf)()0 eV/amu. This cor- merits in the cross section that increase with

responds to a collision energy almost an decreasing energy.
order of magnitude lower than has previ- During the last year the merged-beams
ously been reported (e.g., as in ref. 12). apparatus has been used te extend previous
Comparison of experiment with theory over measurements for 0 3+ + H (D) and 0 5+ +
such a wide energy range provides a strin- H (D) below 1 eV/amu. This was possible
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owing to recent improvements in the sensi- along with previous measurements and theo-
tivity and angular collection of the appara- retical calculations. Unlike the 0 3+case, the
tus, along with an improvement in the purity present measurements for 0 5+show as
of the hydrogen beam. The new measure- much as a 30% deviation from previous
ments 13 for the 0 3+ + H (D) system, pre- merged-beams results 12 in some energy

sented in Fig. 2.5, join smoothly with our regions. It has been observed experimentally
previous measurements 14above 1 eV/amu that for collision energies less than about
and for energies below 1 eV/amu were able 50 eV/amu, the collision-energy-dependent
to verify the predicted sharp rise in the cross beam-beam signal due to the estimated 0.1%
section due to capture to the 3p state. As can of the hydrogen beam that was in excited
be seen in the figure, there remains a dis- states can account for a significant fraction
crepancy between the measurements and of the measured signal and therefore resulted
theory throughout the whole energy range, in artificially high cross-section values
The calculations may overestimate the con- around 50 eV/amu. The previous measure-
tribution due to capture to the 3p state, ments also show a distinct minimum in the
However, note that a finite fraction (-16%) cross section between 1 and 10 eV/amu.
of the B-like 0 3+ ion beam is in the Recent differential cross-section calcula-

(ls22s2p2)4p metastable state, which may tions 15show that this minimum was due to
contribute, at least in part, to this discrep- insufficient angular collection of the H+
ancy. (D.) products. The angular collection of the

In Fig. 2.6, new merged-beam mea- present apparatus is sufficient to guarantee
surements 13for O5+ + H (D) are presented no significant loss of signal. Indeed, as seen
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in Fig. 2.6, the present 0 5+ measurements 2.2 THEORETICAL ATOMIC

agree well with the calculations of Gargaud. COLLISIONS: ELECTRON-ION

The sharp increase m the cross section COLLISION THEORY
tbr O5+ + D below 1 eV/amu is attributed to

a trajectory-enhanced capture into the 4p D.C. Griffin, M. S. Pindzola, N. R. Badnell,
state. Landau-Zener calculations indicate arid C. Bottcher

that approximately 3(1% o1 tile cross section The program m electron-ion collision

around O.1 eV/amu is due to these trajectory theory conunues to focus on collision pro-
enhancements. With the completion of the

cesscs of critical irnportance to energy bal-
upgrade to the ECR ion source facility

ante, impurity transport, and diagnostic
described in Sect. 2.1.5, measurements

measurements m laboratory plasmas. Theo-
below 1 eV/amu will be attempted with

retical arid computauonal methods have
hydrogen, which, according to the Landau-

been developed that allow for the genera-
Zener estHnate, should show an additional tion ot"data of direct fusion interest. This
20% trajectory ermanccment. Observation of

research has aiso provided a more complete
this isotope etli_ct would be a direct measure

understanding oI the various complex colli-

ot"such uajcctory effects in low-energy sional processes that are mq}ortant in labora-
multicharged ion-atom collisions.

tory plasmas. Finally, these theoretical
efforts have been conducted in close collab-

2.1.5 ECR Multicharged Ion Facility oration with the electron-Ion ext)enments at

Upgrade ORNL and elsewhere m oitler to help select

F. W. Meyer, C. C. Havener, J. W. Hale, and key experiments, aid in the interpretation of
experimental results, and test the accuracy ot"

R. A. Phaneuf various theoretical methods.

A capital equipment project was initiated During the past year, all the atomic

during FY 1991 to upgrade the ORNL ECR structure anti scattering programs cuirently
Multicharged Ion Research Facility. The ion being employed within this activity have

charge state and beam intensity capabilities been converted to run un0er the UNICOS

o1"the facility will be m_proved by signili- operaung system at the National Energy

cantly increasing both the axial and the Research Supercomputer Center at Law-

radial conlining magnetic field gradients and rence Livermore National Labolatory.

by incorporaung the capability for raising Especially with some of the older programs,

the microwave opcraung frequency of the extensive changes and signilicant testing of

source lrom 1(.).6 GHz to 14.5 GHz. At the the conveiteO co(/es wefc required.

locally hosted lOth International ECR Ion Because ol the plasma etlge problem,

Source Workshop, 16held November 1-2, and with design work on the International

1990, in Knoxville, both rnodilications were "l'herrnonuciear Experimental Reactor
shown to result in sizable miprovements in (ITER) now proceetiing, emprmsis with

source peri0rmance. Included in the upgrade respect to the Impurity ions has shifted from

arc computeiazeo monitors and controls for highly ionized species to rno_e coml)lex ions

the facility, as well as network-linked data in lower stages of iomzation. In such ions,

acquisition systems lor the various on-line the atomic su ucture is rno_e co_nplex,

experm_ents. The target date for completion conligurat_on-interacuon within the target

of this p_o.lect is December 1992. states is more pronounced, and continuum
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coupling effects are more important. The pared to many of the ions of current interest,
close-coupling approximation is the most provides some indication of the magnitude
accurate way to include the effects of quan- of the computational problem in complex
turn mechanical interference between vari- ions. To find solutions to this problem we
ous continuum channels and between reso- are considering two possibilities. First, in
nance states and the background continua, collaboration with Keith Barrington and Phil
However, because of the complexity of the Burke at Queen's University in Belfast, we
bound-state configurations in such ions, the are beginning to explore how existing R-
required close-coupling expansion can matrix codes might be modified to take
become quite large. This is especially true of advantage of the power of new massively
doubly excited states, parallel machines such as the 128-node Intel

For example, we recently completed 21- Hypercube at ORNL and the 500-node Intel
state and 26-state R-matrix close-coupling Paragon to be installed. Second, we wish to
calculations of the 3p63d _ 3p53d2 excita- investigate whether the independent-
tion on Ti3+ (ref. 17). The three highest processes approximation using distorted
terms _,f the 3p53d 2 configuration are auto- waves, which we have used effectively in
ionizing, and they dominate the ionization highly ionized species, might be modified to
cross section near threshold through the pro- include interference between the resonance
cess of inner-shell excitation followed by structure and the nonresonant background.
autoionization. Both the 21-state and the 26- Calculations done using this approximation
state calculations give results in excellent are much faster than those performed using
agreement with earlier measurements at the close-coupling approximation, and, with
ORNL 18and are a significant improvement these modifications, they might be suffi-
on the earlier distorted-wave 19and the 10- ciently accurate to provide reliable cross
state close-coupling calculations. 20 How- sections and rate coefficients in complex
ever, the additional singly excited states ions in lower stages of ionization.
included in the 26-state calculation, in corn- We have recently performed calculations
parison to the 21-state calculation, caused a of the differential excitation cross section in
pronounced reduction in the size of the reso- Na-likc Ar7. in support of merged-beams
nance structure associated with excitation to electron-energy-loss measurements being
the 16 bound terms of the 3p53d 2. It is very performed at ORNL. The differential cross
difficult to include a sufficient number of section of the 3s --_ 3p excitation in this ion,
singly excited states to obtain convergence, for energies close to threshold, indicates that
and this poses a serious problem for calcula- most of the electrons will be scattered at
tions of excitation to doubly excited states in angles greater than 60°. This may explain
such ions. the difficulties associated with this technique

The R-matrix method has proved to be in performing measurements of the cross
the most efficient technique for solving the section of energies of more than a few elec-
close-coupling equations. However, in tom- tron volts above threshold. Preliminary dif-
plex ions, the amount of time required to ferential cross-section calculations for the
obtain a solution can be quite large. For Mg-like ion Ar6+ reveal the same sort of
example, our recent 31-state calculation for backscattering for dipole-allowed transi-
excitation of the valence-shell electron in tions; however, they also indicate much
Zn. required over 50 hours of CRAY-2 time more forward scattering in the case of spin-
for 16 partial waves. 21 The fact that this is changing transitions. Additional work is
not a particularly complicated case, com- needed on such differential cross sections to

10
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aid with the selection and interpretation of more complex ions in relatively low stages
current experiments and to provide better of ionization, where the atomic structure is
understanding of the physical reasons for difficult to calculate and interference effects
such pronounced backscattering peaks, might be more pronounced. In addition,

There is a great deal of current interest in much more effort is needed to investigate
searching for cases where interference plasma density effects on recombination rate
between direct radiative recombination and coefficients.
dielectronic recombination, as well as inter-
ference between individual dielectronic

captur; resonances, might be important. We 2.3 CONTROLLED FUSION ATOMIC
have been involved in a study to better DATA CENTER
understand why the independent-processes

H. B. Gilbody, D. C. Gregory, C. C.approximation, which does not include any
Havener, M. I. Kirkpatrick, E. W. McDaniel,of these effects, continues to accurately pre-
F. W. Meyer, T. J. Morgan, R. A. Phaneuf,dict the results obtained from the current
M. S. Pindzola, D. R. Schultz, and E. W.

generation of high-resolution electron-ion Thomas
recombination experiments. We have exam-
ined the results of a number of recent calcu- The Controlled Fusion Atomic Data

lations in which various levels of approxi- Center (CFADC) collects, reviews, evalu-
mations have been employed to incorporate ates, and recommends numerical atomic
these interference effects. In addition, we collision data that are relevant to controlled
have performed a series of model calcula- thermonuclear fusion research. The CFADC
tions based on perturbation theory to study operates with the equivalent of 1.3 full-time
the effects of overlapping resonances on staff members and a number of expert con-dielectronic recombination cross sections. sultants under contract. Members of the

Our general conclusions from this study experimental atomic physics for fusionare that effects of interference between
group also contribute a small fraction ofradiative recombination and dielectronic
their time to literature searches and catego-recombination should be less than 1% for
rization of relevant publications. The major

ions in lower stages of ionization and no activities of the CFADC are
more than 3% for extremely ionized heavy
systems. Furthermore, we expect that the • The maintenance of an on-line computer
effect of overlapping resonances on dielec- bibliographic database of fusion-related
tronic recombination should be quite small publications on atomic collision pro-
in ions with relatively simple atomic struc- cesses, and periodic distribution of
ture. Effects on the shapes of the individual updates to other data centers.
resonances should be very difficult to detect • The preparation and publication of com-
in cun'ent experiments, and integrated cross pilations of recommended atomic col-
sections should be affected by less than lision data for fusion applications.
10%. However, for complex ions in lower • The deduction of scaling laws and para-
stages of ionization, the resonances associ- metrizations of atomic collision data to
ated with large numbers of fine-structure facilitate application in fusion research.
levels can be quite close together, and the • The establishment and dissemination of
effects of interference could be more pro- a computer database of recommended
nounced. Therefore, future research on elec- collision cross sections and rate coeffi-
tron-impact recombination should focus on cients.
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• The review of the existing atomic colli- collected and evaluated for state-selective
sion database with respect to current electron car)ture in collisions of cq + and oq +
applications in fi_sion research and iden- ions with H, H2, and He. Cross _ctions
tification of data needs, were recommended for 87 reaction channels

• The handling of individual requests for for C6+ + H and O8+ + H collisions, and a
data or literature searches on specific preliminary ALADDIN database was
processes, created ba_d on spline fits to the data. A

The CFADC participates in the IAEA's manuscript containing graphical representa-
Atomic and Molecular Data Center Network tions of the data was submitled to Atomic

Data and Nuclear Data Tables for publica-in Vienna and has cooperative agreements
with a number of other data centers. Biblio- tion. Analytical fits will be made to the rec-

ommended cross _ctions by T. Shirai ofgraphic updates are sent semiannually on
JAERI, and an ALADDIN database will be

computer diskettes to the IAEA and to
Japanese data centers at Nagoya and the created for distribution. The recommended
Japan Atomic Energy Research Institute database will be expanded to include the
(JAERI). This forms the basis for the semi- other reactants as more data become

available.annual IAEA International Bulletin on

Atomic and Molecular Data .for Fusion.
Specific activities of the past year and plans 2.3.3 Atomic Database for Beryllium and
for the next year are summarized below. Boron Ions

The database for collisions of beryllium
2.3.1 Bibliographic Database and boron ions with H, H2, and He was

The on-line bibliographic database has reviewed and evaluated as part of an IAEA
been kept up to date and now contains Consultants' meeting, and a Working Group
24,150 categorized and indexed references Report was prepared by the CFADC. This
from 120journals, covering the period from will be published in an Atomic and
1978 to the present; 1{)50 new references Molecular Data Supplement to Nuclear
were added during 1991. Literature searches Fusion.
are performed monthly by four ORNL staff
members and by five expert consultants 2.3.4 ALADDIN Database
under contract to the CFADC. A version of

The CFADC has continued to distribute
the CFADC personal-computer-based on-

the ALADDIN database program and ORNL
line search and retrieval system has been "Redbook" data files via diskette and elec-
installed at Justus Liebig University in tronic mail. A user-accessible ALADDIN
Giessen, Germany, where updates of the database will be created on a local IBM-
dBase III+TM database files are sent 6(XX)RISC workstation.
periodically. The CF ADC answers specific
requests for data and bibliographic searches
at a rate of two per week. 2.3.5 Data Parametrization

In collaboration with T. Shirai of

2.3.2 Data Compilation and Evaluation JAERI, analytical expressions have been
fitted to the cross sections for 21 reactions

In collaboration with R. K. Janev of the
from the "Redbook" compilation on colli-IAEA and H. Tawara of the National lnsti-
sions of H, H2, He, and Li atoms and ions

tute for Fusion Studies in Japan, data were
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(ORNL-6086). These expressions permit the alignment over long distances (_veral tens
recommended data to be more reliably of meters), a proof-of-principle test was
extrapolated to higher or lower collision conducted under these conditions. With no
energies, high-energy alpha particle source available,

the test consisted of a measurement of an

2.3.6 CAMOS Survey of AMO electron resonance. 23 The source laser was a
Experimentalists in the United 4-MW, l-Its puled CO2 laser with unstable
States resonator optics. It was pumped with a

25()-roW continuous-wave (cw) CO2 laser.
A survey of experimental atomic, The cw laser u_t the wavelength, pulse

molecular, and optical (AMO) scientists in length, polarization, anti alignment for the
the United States was carried out by the pul_.d source.
Committee on Atomic, Molecular, and The heterodyne receiver was aligned to
Optical Sciences (CAMOS) of the National view _attering at 0.86 ° from the pulsed
Research Council. The clam from this survey source and was set at 63.23 GHz from the

were analyzed by the CFADC, and a sum- puled laser frequency by a local oscillator
mary report was presented to CAMOS in tuned to a CO2 sequence band line. Align-
December 1991. The CFADC will coordi- ment of the receiver was maintained by
nate data input and analysis for a new continuously viewing a warm blackbody
CAMOS questionnaire on Future Opponuni- source _t next to the source laser at 0.86 °.
ties in Atomic, Molecular and Optical Results from this test are given in
Sciences. Fig. 2.7. The plasma density was scanned by

varying the plasma conditions or the time
during the discharge that data were taken.

2.4 ADVANCED PLASMA The resonance feature occurs at an electron
DIAGNOSTICS DEVEI,OPMENT

density near 4 × 1013cm -3 and matches the
theoretical prediction over the variation of

2.4.1 Proof-of-Principle Test of an Alpha electron temperatures (3(X)-500 eV) during
Particle Diagnostic this test. The scattering amplitude was

determined by a measurement of the signalR. K. Richards. D. P. Hutchinson. C. A.
from the blackbody source, which gave the

Bennett. and C. H. Ma receiver quantum efficiency.
An alpha particle diagnostic designed for Results from the proof-of-principle test

the measurement of fusion-product alpha may be summarized as follows:

particles has been tested on the Advanced 1. Small signal levels can be measured at
Toroidal Facility (ATF), a nonburning small scattering angles in the pre_nce of
plasma device. The diagnostic is based on a large source laser--conditions es_n-
CO2 lair Thomson scattering and hetero- tial for measurements on a burning
dyne detection. The plasma parameters in a plasma.
machine such as ITER require detection of 2. Alignment over tens of meters during a
scattered laser radiation at small angles plasma experiment can be maintained,
(around 1o) for the measurement of alpha allowing remote siting of source and
particles. 22 Because these conditions pose receiver.
the problem of detection of small signals
(typically l(t-9 W) in the pre_mce of a large
source (>106 W) while maintaining optical
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3 --T"--""7---'-'T-"---_U'--"I [ density evolution in plasma discharges with
CURVE:THEORY "r both electron cyclotron heating (ECH) and

w sooev _ neutral beam injection (NBI), fueled by--- 300 eV

pOINTS:EXPERIMENT both gas fueling and pellet injection. The
_- sf. e323GHz _ standard deviation of the output of the sys--I-

_: 2 - - tern for a constant phase shift is less than 5 x
_o 10-2 fringe. Since one fringe corresponds to
-- I a line-averaged electron density of 1.3 x
w 1013 cm-3, density variations as small as
a. 6.5 x 1011 cm-3 can be measured. The time
ra 1w - resolution of the system, set by the fre-er

<_w t _ _ilj___lnI quency of the beat signal, is typically 5 kts.

1,11",, T T Figure 2.8 shows the time-resolved traces oftD

Go I the line-integrated electron density of an

0 [ _ ATF plasma discharge for the proof-of-

I__ principle test of the alpha particle diagnostic
described in Sect. 2.4.1. This discharge is
initiated with ECH, followed by NBI. The

0 1 2 3 4 5 6 7 density rises rapidly during the NBI pulse.
ELECTRONDENSITY (1013cm"3) A chordal inversion code has been

Fig. 2.7. Resultsfromtheproof-of-principle developed and used to reconstruct the spatial
scatteringtestof the alphaparticlediagnosticon distribution of electron density in ATF. 25
ATFcomparedto theory,showingthe electron The measured chordal data are inverted to a
resonance shifted by 63.23 Gltz from the source
laser frequency, local electron density profile by a technique

extended from an asymmetric inversion
method developed for tokamak plasmas. 26

3. Signal levels can be quantified for The basic principle of the method is to
plasma measurements by an in situ cali- divide the flux surface geometry into shells
bration source, that are assumed to have a constant particle

4. The diagnostic proved nonperturbing to density. The measured chordal data are
the plasma, interpolated to provide data for chords that

5. Only a small access port is required for pass through the center of each shell at the
horizontal midplane. The path length of thethe scattering and alignment systems.
interpolated chords through the shells is cal-
culated, and the local density within the

2.4.2 FIR Density Profile Measurement shell is determined by starting at the outer-
on ATF most shell and working toward the inner-

most shell. This is done independently for
C. H. Ma, L. R. Baylor,* D. P. Hutchinson, the chords on the inside and outside of the

M. Murakami,* and J. B. Wilgen* magnetic axis, which allows for an asym-
The multichord far-infrared (FIR) inter- metric profile. The flux surface geometry is

ferometer system on ATF is described in expressed in a Fourier spectral form and is
ref. 24. During 1990 and 1991, significant determf,ned from the three-dimensional
improvements were made in both the hard- equilibrium code VMEC. 27 The inversion
ware and the data analysis codes. The sys- code has been employed routinely to provide
tern has been routinely employed to study density profile information for ATF plasma
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Fig. 2.8. Time variations of tile line-integrated electron density, measured by the multichord FIR
interferometer system on ATF for a proof-of-principle lest of an alpha p_u'ticle diagnos_.ic based on CO2 laser
small-angle Thomson scattering.

studies. The inverted density profile from Thomson scattering, the heavy-ion beam
the discharge discussed in Fig. 2.8 is shown probe, and the fast reciprocating Langmuir
in Fig. 2.9. The density profile during the probe has been achieved. Density profiles
ECH-only portion of the discharge is gen- measured by these diagnostics are generally
erally hollow, which is similar to results in good agreement and are hollow or flat
from other stellarator experiments. With under most experimental conditions with
NBI, the profile becomes slightly peaked. ECH plasmas.

Cross-con'elation of density profile mea-
surements among the FIR interferometer, *Fusion Energy Division.
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3. FUSION THEORY AND COMPUTING

SUMMARY OF ACTIVITIES

During this reporting period, the balance between the development of new or advanced
methods and theoretical models and the application of existing theories tipped fairly strongly
toward the application side. This reflects manifold opportunities to confront existing models
with data (and vice versa) and to make useful applications of mature techniques. It also
reflects changed funding patterns. The ability of the U.S. fusion program to carry on
fundamental theory work has decreased because of flat to slightly decreasing budgets for
several years, accompanied by a substantial rise in costs--resulting largely from mandated
changes in the way that laboratories do business. Moreover, the U.S. and international fusion
programs have undergone substantial changes.

ORNL theorists contributed strongly to the International Thermonuclear Experimental
Reactor (ITER), to the Burning Plasma Experiment (BPX) project, and to experimental and
technological successes at the Joint European Torus (JET), the Tokamak Fusion Test Reactor
(TFTR), DIII-D, TEXTOR, and Tore Supra. The ORNL Advanced Toroidal Facility (ATF)
experimental program remained a primary focus for our stellarator analyses; substantial
activities in this area also contributed to the definition of new devices in Japan, the forme,"
Soviet Union, Australia, and Spain.

New insights into turbulence and transport in toroidal systems led to the analysis of
plasma core and edge transport, the associated development of radial electric fields, and the
diagnosis of controlling physics through detailed comparisons with ATF and experiments on
the Texas Experimental Tokamak (TEXT).

The Numerical Tokamak Project is a major new thrust for the U.S. theory program.
ORNL theorists and computational physicists have been strong contributors to the
development of a proposal in the national Grand Challenge Computational Initiative. In
addition to helping to define overall directions of the proposal, ORNL contributed new
methods (such as gyrofluid models with an efficient Landau closure scheme) for inclusion of
essential kinetic phenomena, as well as substantial experience in the development of efficient
means for using the latest hardware technologies such as massively parallel computers.

Better insight into the physics governing the transition from L-mode to H-mode in
tokamaks remains a high priority in the fusion program, and ORNL contributions are an
essential ingredient in the ,search for a fully validated model. However, final validation, with
agreement by all concerned parties, remains in the future.

In the analysis of rf heating and current drive, a large and successful effort was made to
improve the fundamental full-wave simulation model, which does not rely on the geometrical
optics approximation of ray tracing models. With the new spectral approach, it is possible to
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give good representation to the important effect of upshift of the kllspectrum. Another
important contribution to rf theory has been insight leading to the development of a method
for estimating the current associated with rf processes. Applications of these and related rf
models to the design of antennas and launch structures were made for specific experiments
such as ITER, BPX, Dill-D, Tore Supra, and the Toroidal Physics Experiment (TPX) project.

Understanding the behavior of the ATF stellarator is a key part of our activity, with
substantial progress made in comparing results of theoretical calculations with data. An
example has been the measurement and analysis of bootstrap current and its detailed
comparison with neoclassical models as the magnetic configuration is modified by changing
external coils.

During 1990-91, it became clear that energy confinement in stellarators and in tokamaks
follows broadly the same scaling with parameters, while key details differ. One of these
details is that ATF has not yet been able to attain the improved H-mode confinement that
results in tokamaks when sufficient auxiliary heating power is available. A second detail is
that ATF energy confinement closely follows the dependence expected from processes
caused by (gyro-reduced Bohm) turbulence on small spatial scales, while tokamaks
apparently suffer from (Bohm) turbulence at larger radial scales. As a result, stellarator
confinement extrapolated by using the ATF scaling with plasma density and magnetic field is
rather more favorable.

The ATF data acquisition system and the software for initial analysis, database formation,
and subsequent analysis of the data were refined and made more efficient. This made
possible the rapid assessment of results and modification of the experimental program to
capitalize on the understanding. Several workstation computers were added to improve
visualization of scientific data and provide effective analysis at the middle scales, where
massive computers of the CRAY class are not required.
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3.1 EQUILIBRIUM AND STABILITY Energ6ticas, Medioambientales, y Tecno-
16gicas (CIEMAT), Madrid, Spain. 4-7

3.1.1 Overview Research on MHD equilibrium and sta-
bility of the Large Helical Device (LHD)

The magnetohydrodynamic (MHD) stellarator has continued in collaboration

equilibrium and stability studies are directed with Kyoto University. 8
toward understanding and improvement of In the Advanced Toroidal Facility
the global confinement properties of (ATF), the effects and control of the boot-
tokamaks and stellarators. Equilibrium and strap current have been investigated. In col-
stability theory is applied to complement laboration with the experimental group, we
configuration optimization studies and for have analyzed long-pulse ATF discharges to
interpretation of experimental results, investigate the properties of the bootstrap
Because of changes in the priorities of the current. This series of experiments, in which
U.S. fusion program, work on MHD equilib- the magnetic configuration was varied dur-
rium and stability of stellarators has ing the course of a discharge, has shown
decreased. Most of the ORNL research in results similar to those of the ,sequence of
this area was through collaborations with short-pulse, fixed-configuration experiments
other institutions, done last year. It has led to the demonstra-

In collaboration with the Kharkov tion of the capability for external control of
Institute of Physics and Technology, we the bootstrap current. These results agree
have investigated the effect of finite beta on with previous theoretical predictions and
stellarator confinement in the l/n regime, with detailed analysis using the measured
The quadrupole magnetic field was used to temperature and density profiles. 9-12
improve the confinement in this regime for Profile analyses and fluctuation mea-
the vacuum magnetic field. However, the surements for the experiments in which
finite-beta shift of the magnetic axis reduces ATF's magnetic configuration was varied
the transport optimization done for the vac- have led to an assessment of the needs and

uum magnetic fields. The stability properties the potential for drift trapped-electron mode
of Uragan-2M have been investigated in (DTEM) studies. This assessment concluded
detail, and new ways of improving its per- that the DTEM regime is accessible.
formance have been found. A new model for However, the density profiles are such that
representing the Uragan-2M vacuum mag- the most dangerous DTEMs are stable.
netic field led to more optimistic stability Pellet injection was used to modify the
results. With the Mercier criterion, it is pos- experimental profiles, and the stability prop-
sible to develop scenarios for access to the erties of the profiles after pellet injection
second stability regime. Joint papers have were investigated. Comparisons of fluctua-
been presented and published. 1-3 tions measured inside and outside the mag-

Studies continued to explore the role of netic axis were predicted to be an important
the flexibility of the TJ-II flexible heliac in discriminating criterion because of the dif-
broadening its operational space. The role of ference in the trapped-particle populations in
ballooning modes for this configuration was the two regions.
investigated. External magnetic field control Regarding tokamak stability, we have
of the ballooning instabilities has not been as continued to survey the stability properties
effective as that of the interchange instabili- ot shaped tokamaks to provide a database
ties. This work was done in collaboration for scaling studies for the design of the
with the Centro de lnvestigaciones International Thermonuclear Experimental
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Reactor (ITER). We have included the eval- magnetic well or hill. The rebuilt device is
uation of the resistive and alpha particle expected to be finished in late 1991, but
stability properties for ITER equilibria in the optimization studies for a new vacuum
ideal MHD database. Using the three- vessel are still in progress.
dimensional (3-D) codes developed to study

alpha particle instabilities, we have collabo- 3.1.2.2 Bootstrap current control
rated with the ITER team to investigate
possible beam-driven instabilities. Increasing the bootstrap current IB is a

potentially important optimization for

3.1.2 Highlights obtaining sufficient current in a large, long-
pulse tokamak. Conversely, reducing or

3.1.2.1 Stellarator MHD studies controlling IB is useful for obtaining the best
performance in a device such as the ATF

Collaborative design studies for the torsatron. In either case, understanding how
Uragan-2M device, nearing completion at well IB follows predictions is essential to
the Kharkov Institute of Physics and exploiting or avoiding its effects.
Technology, are described in refs. 2 and 13. Measurements in ATF have provided strong
Uragan-2M will have a redesigned and confirmation that IB behaves as ft/fc'Vp"
rebuilt magnetic configuration that was Gb.B -1, where ft/fc is the ratio of the frac-
designed by the Kharkov group and other tions of trapped and circulating particles, Vp
Russian Federation groups, working with is the pressure gradient, Gb is a geometrical
theorists at ORNL (as part of a U.S.-Russian factor, and B is the magnetic field, confirm-
Federation exchange) and at the Max Planck ing the predictions of detailed theoretical
Institute for Plasma Physics, Garching bei expressions. The calculation has been
Mtinchen, Federal Republic of Germany. extended from the highly collisional regime
Among the ORNL-developed theoretical into the transitional "plateau" regime and
tools applied in the design were a magnetic has incorporated detailed prescriptions of the
field line code, the VMEC 3-D equilibrium plasma shape. The work applies analytical
code, the DKES 3-D transport coefficient kinetic theory, validation for complex
code, and the NDM 3-D Mercier stability geometries by use of the DKES model, and
code. evaluation of specific geometrical factors

For stellarator devices, a wide range of using 3-D equilibrium analysis and experi-
available magnetic field configurations mentally observed plasma profiles. Use of
permits experiments to be optimized jointly the ability in ATF to modify Gb by changing
for stability and confinement based on colli- the B spectrum via shaping-field currents
sional processes or for flexibility to change was essential to demonstration of detailed

the combination. In the new Uragan-2M correlation between measured and predicted
design, the two helical windings are split lB. The close correlation belween the data
and separately energizable, and there are and collisional (neoclassical) theory also
four separate sets of vertical field windings, supports the conclusion by Shaing and col-
giving a large range of magnetic conditions, leagues that turbulence effects should not be
Of special interest are modes of operation large in IB, although they dominate energy
with stability limits ranging from 1.2% to transport.
6%, obtained by controlling the degree of
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3.2 THE NUMERICAL TOKAMAK on the TAE modes has been studied in
detail. Comparisons have been made with

3.2.1 Overview the analytical models of Rosenbluth et al.

In the last two years, the Numerical The agreement is good and shows the capa-
Toka'nak Project has emerged as one of the bility of the code. Electron and ion Landau
most interesting initiatives of the U.S. fusion damping effects are being included. This
program. The ORNL group has been an code allows us to initiate nonlinear studies
integral part of the project since its begin- of alpha particle instabilities.
nings. A national consortium, with members 2. Development of algorithms on
from the fusion modeling, simulation, and massively parallel computers. Numerical
computing communities, collaborates algorithms for fluid equations on parallel
closely with the supporting high- computers have been under development
performance computer facilities in the and testing for the last six years. The main
development of computational models with emphasis has been on the use of the different
the long-term goal of simulating a large Intel hypercubes at ORNL. 17During last
tokamak on massively parallel computers, year, work on the iPSC/860 machine has
This project is a Grand Challenge in continued; the efficiency of the code on this
computation, machine has been on increased by a factor of

The ORNL fusion theory group is con- three. 18,19We have also performed the first
tributing to this project in several areas: test of the Delta machine in collaboration

1. Development ofgyrofluid models that with the Jet Propulsion Laboratory (JPL),
incorporate Landau closure. The new and we are developing convolution software
formulation of fluid closure with the N-pole for the CM-2 machine, to be tested in FY
approximation for the Z-function, which 1993, and have started tests of the Butterfly
allows the incorporation of Landau damping machine in collaboration with the National
in the fluid equations, has been applied to Energy Research Supercomputer Center
several dynamical models. 14Linear stability (NERSC).
calculations incorporating the Landau 3. Development of the hybrid fluid-
damping with 2- to 5-pole approximations particle code. This opens a third alternative
give results very close to the full kinetic the- approach to solving multiple-species non-
ory. For several of the problems considered, linear plasma physics problems. The main
the 2-pole approximation is probably application of the hybrid fluid-particle
accurate enough for the nonlinear studies, approach has been to alpha particle stability.
Finite ion Larmor radius effects have been In this approach, the background plasma is

incorporated in the model through the use of treated as a fluid while the alphas are treated
a Pad6 approximant to the modified Bessel as particles. This approach complements the
function.15 gyrofluid approach. Initial dynamical studies

As an application of this approach, a for two-dimensional (2-D) geometry have
toroidal geometry fluid code has been been performed in collaboration with the
implemented, tested, and applied to study Massachusetts Institute of Technology
alpha particle instabilities. We have shown (MIT). The code is being extended to 3-D
the linear destabilization of gap modes by geometry .20
alpha particles and compared these results
with analytical results from Van Dam et al.
for toroidal Alfv6n eigenmodes (TAE
modes). 16The effect of continuous damping



60

3.2.2 Highlights velocity. The modes could be unstable in
ignited devices such as ITER; they are dan-

3.2.2.1 Gyrofluid models with Landau gerous because of their large radial extent. A
closure fluidlike model has been developed; it uses a

We have defined a method for adding simplified treatment of kinetic effects but
Landau damping, in a good approximation, gives agreement with analysis for growth
to nonlinear fluid equations for a variety of rates and frequencies. The fluid approach
instability models. This has importance makes nonlinear calculations possible,
because omitting linear Landau damping including mode coupling and profile
causes modes to extend over far too broad a modification effects.

radial region in many cases_ The work The model uses a pressure moment of
reformulates and extends a result by the alpha gyrokinetic equation coupled to an
Hammett and Perkins for ion temperature Ohm's law and vorticity equation for the
gradient driven drift waves. We focus ini- main plasma. It is solved by an adaptation of
tially on resistive-g modes because of their the ORNL toroidal initial value code FAR,
fundamental importance and because they giving (l) isolation of the fastest-growing
can be treated with a relatively small number mode, (2) systematic convergence tests, (3)
of nonlinear fluid equations. Linear analysis flexibility to alter the evolution equations to
of local and radially resolved eigenfunctions test new physics, and (4) the possibility of
(in both fluid and kinetic treatments) shows examining higher-n (toroidal mode) gap
good agreementmwhich can be improved waves. The model has been tested against
further by increasing the complexity of the linear theory and will be run in nonlinear
closure conditions. These conditions corre- regimes to evaluate saturation mechanisms

spond to N-pole approximations to the and levels for assessing the relevance of gap
plasma dispersion function. For the resis- mode instabilities to ignited devices.
tive-g modes, a 2-pole approximation gives Since the Alfv6n wave continuous
answers that are in remarkably good agree- spectrum is associated with singular eigen-
ment with full kinetic results; for example, functions, there has been a long-standing
the growth rates are correct to within 1% in question about the ability of numerical codes
a scan of the curvature parameter using to deal with instabilities that couple to the
radially resolved analysis. This should pro- continuous spectrum. An important example
vide a useful tool for comparison of tokamak is the case of the TAE modes, which are
and ATF results and later for nonlinear destabilized by energetic particle popula-
treatments of other modes, tions. These modes couple to the continuum.

As shown by Rosenbluth, 21 this coupling is
critical for the determination of the threshold

3.2.2.2 An application of the gyrofluid of the TAE modes. Careful numerical calcu-

approach: Alpha particle lations, based on a gyrofluid model with
instabilities Landau closure, show excellent agreement

Low-mode-number (fluidlike) instab;li- with the analytical results of Rosenbluth et
ties can be kinetically destabilized by alpha al. for the effect of continuum damping on
particles on passing orbits through inverse TAE modes. These results show that the
Landau damping. This occurs when the numerical calculations are reliable, in repro-
phase velocity of gap modes (waves in gaps ducing the effects of coupling to the contin-
between the stable shear-Alfv6n continua) is uum spectrum.
roughly equal to the mean alpha parallel
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3.2.2.3 Algorithms for massively parallel Also in collaboration with JPL, the first
computers runs of this code on the Touchstone Delta

machine (512 processors, 8 megabytes per
One approach to improving the real-time processor) have been made. A 25% speedup

efficiency of plasma turbulence calculations has been found for the same number of

is to use a parallel algorithm. Four years processors (128) as the iPSC/860. This is
ago, we first tested such an algorithm on the because of the faster communication pro-
64-node Intcl iPSC hypercube. The basic cesses in the Delta machine. Comparison
algorithm was modified to allocate a radial with a single CRAY II processor fl_rthe
region to each processor. In this way, convo- largest memory job on the Delta machine
lutions at a fixed radius were performed in (385 modes, 1025 radial grid points) shows,
parallel, and intcrprocessor communication a speedup factor of 16.
was needed only at the boundary values for
each radial region. The effective memory
configuration was a ring. It was shown that 3.2.2.4 Nonlinear hybrid fluid-particle
16 nodes gave a speedup of a factor of 4 to model of fast ion-AIfv_n wave
5; however, while it was possible to perform interactions

sample calculations, no production computa- The kinetic Alfv6n wave is important
tions were practical. Two years ago, our because it can be driven unstable both

work shifted to the new Intel iPSC/860 (RX) directly by the alpha particles and indirectly
Hypercube (128 processors, ,_;megabytes per by TAE mode frequencies exciting a con-
processor), which offers clear possibilities as tinuum resonance. In a hybrid particle-fluid
a production machine. Before any optimiza- code, the bulk plasma is fluidlike and the
tion of the code was done, results showed energetic alphas are treated as guiding center
that the speed was 30% better for the RX particles. We consider the nonlinear
machine using 32 processors than for a evolution of kinetic Alfv6n wave turbulence

single-processor CRAY II (3(X)modes and and anomalous alpha particle transport in
129 radial grid points). Direct allocation of simplified geometry. Extensive computa-
all arrays in the KITE code to the nodes tional studies have been carried out, showing
(processors) of the iPSC/860 (RX) Hyper- that the electrostatic arid magnetic Alfv,_n
cube has allowed the full use of all 128 fluctuations _ and _ are highly correlated in
nodes. Using this configuration and recent the absence of magnetic shear. Such
improvements in the compiler, we have a correlated fluctuations lead to cancellation
factor of 5 speedup over a single-processor or inhibition of the nonlinear fluid (wave-
CRAY II. The JPL lntel iPSC/860 (64 pro- wave) interactions. The saturation of
cessors, 16 megabytes per processor) com- turbulence occurs because of the steepening
plements results from the ORNL Hypercube of the velocity gradient of the resonant
by having more memory per processor. With alphas, thereby enhancing wave damping
the collaboration of the JPL group, it has (Landau damping). Preliminary indications
been possible to complete the code opti- are that the correlation between _ and _t is
mization studies; that is, to find the optimal reduced when magnetic shear is included,
number of processors for a problem of a thus allowing wave-wave coupling effects to
given size. From these results, we can esti- enter in regions with strong shear.
mate the main characteristics of the next-

generation hypercubes needed for plasma
turbulence calculations.
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3.3 TURBULENCE at the plasma edge. On the other hand, the
instabilities couple to the Kelvin-Helmholtz

3.3.1 Overview (K-H) drive, which in general is stabilizing in

The plasma turbulence research effort at the linear regime. Again, the shear electric
ORNL is characterized by the parallel um of field is ineffectual in the nonlinear regime.
analytical and numerical fluid models to Curvature in the flow (V") is important. 26-29
study the behavior of magnetically confined From the_ studies, a new picture of the
plasmas. Calculations are also made of transition from L-mode to H-mode (L-H
nonlinearly evolved fluctuation levels and transition) is emerging. The radial structure
their consequences for particle and heat of the flows (radial electric field) is essen-
transport. Research is carried out on two tial. A parabolic dependence in x (V" # 0) is
strongly interconnected levels. First, essential for suppression of the turbulence.
fundamental physics research is performed, This, in turn, can be generated through the
generally in a simplified geometry, to unveil diamagnetic term in the turbulence or by a
the basic mechanisms that underlie plasma seed flow. The_ results are supported by the
behavior. This work establishes a sound result_sof flow measurements in the edge of

basis for further theoretical development. DIII-D.
Theoretical results are then applied to The collaboration between the ATF and
specific devices, providing basic physics Texas Experimental Tokamak (TEXT)
understanding and tools for configuration groups for analysis and modeling of edge
optimization and for plasma modeling. In fluctuation data from machines has
these studies, the combination of analytical continued with a consideration of ionization
and computational work has led to several effects. Dissipative drift waves can be
significant new results. 22,23 linearly destabilized by ionization sources.

A model for drift wave turbulence that The main pending problem is to model these

is simple enough to be amenable to sources. Measurements are under way in
analytical treatment and to high-resolution TEXT to identify these terms. Nonlinear
numerical studies has been developed. This calculations have been done to understand
model allows the incorporation of the radial the saturation mechanism for ionization-
electric field. High-resolution nonlinear driven turbulence. 30-32
calculations have shown that the mixing

length approach does not give the right 3.3.2 ttighlights
saturation level for these instabilities. Spatial
intermittencies associated with the location 3.3.2.1 Drift wave turbulence

of low-order rational surfaces dramatically A simplified, single-equation model of
change the dynamics of the turbulence and drift wave turbulence has been developed to
cause the enhancement of the turbulence permit both analytic and numerical calcu-
level. The effect of the shear in the radial lation of the effects of velocity shear.
electric field, which is strong in the linear Nonlinear analytic calculations predicted
regime, is absent in the nonlinear regime, that these effects should lead to a reduction
However, the effect of curvature (E") in the in the turbulent saturation level. Numerical

electric field is to reduce the level of calculations did produce the predicted linear
saturati°n'24'25 effects. However, calculations that reached

For resistive pressure-gradient-driven nonlinear saturation did not show a reduc-
turbulence, we have shown that fluctuations

tion in the fluctuation level. Recently, it hascan be the cause of the sheared electric field
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been found that nonlinear, single-helicity diffusive transport in regions of modest
effects greatly alter the nonlinear dynamics, fluctuation levels. For regions of very strong
Since all the modes are centered at a single fluctuations, the theory shows that ions tend
surface, their spatial variation is reinforced to follow the fluctuating equipotentials.
by mode coupling rather than averaged out, Because this new development allows the
as it is in a ca_ with many neighboring exploitation of the du,_lity of fluid and
surfaces. Nonlinear analytic calculations partic!e descriptions, it is expected to lead to
show that the effect of this spatial variation a better understanding of fluctuations and dc
is to create a potential ,_ell, which confines electric fields.
the eigenfunction. The energy of the drift
wave no longer propagates away, subject to 3.3.2.3 Radial electric field effects on
linear magnetic shear damping. Since the turbulence
damping effect of velocity shear operates
through the magnetic shear damping, this There is increasing evidence that the
effect is reduced. For cases in which all radial electric field is important in

modes are linearly stable because of velocity controlling the edge turbulence and plays a
shear, initialization below the threshold for critical role in the L-H transition. Up to now,
nonlinear effects results in decay of the most theoretical analysis has been
energy. For cases initialized above the concentrated on the effect of the radial
threshold, the energy settles down and then electric field on the resistivity-gradient-
begins to grow, indicating the suppression of driven turbulence, which can model some of
the linear magnetic shear damping by the the features of the edge turbulence for
nonlinear effects followed by the reassertion ohmically heated tokamaks. Recently,
of the linear drive. Multiple-helicity extensive numerical studies have been done
calculations have shown that the single- for the resistive pressure-gradient-driven
helicity effects occur only near low-order turbulence, which can reproduce some of the
rational surfaces. Suppression of the characteristics of edge plasmas in devices
turbulence in the saturated state should with neutral beam injection. In this case, the
occur at other locations, shear flow in the plasma couples the

resistive interchange instability to the K-H

3.3.2.2 Edge turbulence instability. The latter is strongly stabilized
by shear for realistic values of edge plasma

Single-particle orbit analysis is one of flows. This contributes to the reduction of
the basic building blocks for understanding the edge turbulence by shearing. When the
fusion plasmas. We have developed a simple edge radial electric field is constant and such
multiple-time-scale theory for orbits in that e¢E/Te = +1, there is no effect on the
fluctuating edge electric fields of the type turbulence. For a sheared electric field, there
observed in TEXT and modeled at ORNL. is a clear reduction of the fluctuation levels.

This theory, in terms of approximate The fluctuations themselves nonlinearly
constants of the motion, has been used to generate a dc electric field that contributes to
show that edge fluctuations have little effect their own stabilization. This suggests that
on direct convective losses from the plasma both stability and transport considerations
interior. The lowest-order nonlinear govern the radial edge electric field
corrections to the unperturbed orbits suggest formation.
a simple modification of neoclassical ion
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3.4 TRANSPORT AND found in the theory suggest a possible
CONFINEMENT MODELING connection with Marfe phenomena.

3.4.1 Plasma Viscosity, Anisotropy, and 3.4.2 Ignitor Physics AssessmentPoloidal Rotation

A preliminary assessment of the physics
An expression found for the plasma of the Ignitor device was carried out for use

viscosity in the long mean-free-path regime in discussions of possible collaboration
extends the regime of validity of the between the United States and Italy on this
collisional fluid equations and can be used to project. The WHIST transport code was
study low-frequency instabilities in the modified to include growing-plasma
collisionless regime. The expressions for the scenarios--an important consideration in
pressure anisotropy and viscous stress are current profile evolution when the total
valid for arbitrary toroidal magnetic pulse length is no more than a few current
configurations, skin times. The work confirmed earlier

Ion orbit losses play an important role in calculations performed with the TSC trans-
tokamak plasma edge physics. It has been port code, with minor differences resulting
demonstrated that the ion orbit loss rate is from the use of a fixed-boundary MHD
related to the plasma viscosity by consid- equilibrium model in WHIST and a free-
ering the conservation property of the boundary model in TSC and from the
Coulomb collision operator. Because of this inclusion of particle fueling and transport
relationship, the ion orbit loss rate represents effects in WHIST. Among the physics issues
a loss of poloidal momentum and can induce needing further assessment are verification
strong poloidal rotation. The region over of the confinement model and boundary
which the ion orbit loss is important is of the physics (limiter plasma).
order of the squeezed ion orbit width, which
has no poloidal or toroidal magnetic field
dependence. This lack of magnetic field 3.5 RF HEATING
dependence has been observed in DIII-D
experiments, in which the region of strong In our rf heating work, we develop and
poloidal rotation was found to be indepen- test theories of plasma wave generation,
dent of toroidal field and plasma current, propagation, and absorption, as well as

Poloidal asymmetries in plasma density plasma response to the waves, in all fusion-
and potential are predicted to arise from high relevant frequency regimes. These theories,
poloidal rotation velocities (poloidal Mach as well as results from other institutions, are
number Mp) and the inclusion of compre_si- incorporated into analytical and numerical
bility effects. Earlier work on weak shocks predictive models. These models are then
has been extended to the strong shock applied to validate the theory; to interpret
regime, where Mp -- 1.As Mp approaches experimental results from tokamaks,
unity, the plasma density should first drop stellarators, and other devices; to develop
on the inside of the torus where the poloidal means for enhancing the effectiveness of
flow is compressed and rotate poloidally as plasma heating and current drive; and to

Mp increases, indicating that the physics of evaluate and optimize designs of future
shock may play a role in the L-H transition, experiments and technologies. Of course, the
Furthermore, the poloidal asymmetries objective of rf heating or current drive is

ultimately to modify the plasma distribution
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funclion in a specific way. Therefore, the in the analysis of rf antenna fields and load-
theoretical efforts are closely coupled to ing characteristics for BPX and TFTR. The
kinetic theory, to transport theory, and to 2-D recessed antenna modeling code RANT
stability. The modeling efforts are closely was improved considerably and was the
allied with experimental, engineering, and basis for design of the BPX antenna system.
technology studies. This is accomplished Work on rf effects at the plasma edge has
through interpretation of current experi- continued. Our work on rf-driven sheaths
mental and theoretical results, followed by has been extended to two dimensions to
application to the design and optimization of study the characteristics of finite-length
advanced devices and heating techniques, probes, which are of significance for plasma

The role of rf power in fusion continues diagnostics.
to expand as this technique is considered for

heating to ignition, stabilization of sawteeth 3.5,1 Full-Wave Modeling of ICRF
and other instabilities, optimization of con- Plasmas
finement by central heating, and noninduc-
tive current drive. It should be a key element Almost a year was spent in development
on the proposed Tokamak Physics Experi- of a new ICRF full-wave code, PICES,
ment (TPX) and is a prime alternative for which represents ICRF wave fields as a
ITER. Critical rf activities include analysis superposition of poloidal modes in general
and design for TPX and other new initia- tokamak geometry. The motivation for this
tives, for high-power ion cyclotron range of work was to include variation and upshift in
frequencies (ICRF) heating experiments on the kllspectrum produced by FWCD antenna
the Tokamak Fusion Test Reactor (TFTR) arrays. When fast waves propagate inward
and the Joint European Torus (JET), and for from the edge of a tokamak toward the
current drive experiments on JET and plasma center, the kll spectrum produced by
DIII-D. Understanding high-power experi- the antenna is not maintained but is shifted
ments--especially, interpreting the effects of and deformed because of the presence of the
rf power on confinement--requires increas- finite poloidal magnetic field. This kll shift
ingly accurate prediction of deposition pro- causes a variation in the parallel phase speed
files. The major rewrite of the ORLON 2-D of the wave and can therefore have a strong
full-wave code into the poloidal mode effect on electron damping and current drive
expansion code PICES (Poloidal Ion efficiency. We now include this effect by
Cyclotron Expansion Solution), carried out representing the wave fields as a super-
during this reporting period, marks a consid- position of poloidal modes, thereby reducing
erable advance in the accuracy with which kll to an algebraic operator.
we can predict power deposition and current In full-wave calculations that use finite
drive profiles, differencing in the poloidal dimension, such

Application of these codes to antenna as ORION, kll appears as a differential
operator B ° V in the argument of theanalysis and design for existing machines as ( )

well as for performance projections for plasma dispersion function. Since this would
advanced tokamaks such as the Buming lead to a differential system of infinite order,
Plasma Experiment (BPX), TPX, and ITER such codes of necessity assume kll ~ kj =
has increased considerably. The emphasis in const, where kj is the toroidal wave number.
the area of code application has been in Thus, it is not possible to correctly include
evaluation of fast-wave current drive effects of the poloidal magnetic field on ku,
(FWCD) scenarios for DIII-D and ITER and and these codes tend to underestimate
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electron damping rates and overestimate lower hybrid (LH) current drive have
current drive efficiency. The problem can be yielded successful results in tokamaks such
alleviated by expressing the electric field as as Alcator and JET. In reactor-grade plas-
a superposition of poloidal modes, in which mas, however, high density and temperature
case kll is purely algebraic. PICES uses may limit the accessibility of LH waves to
poloidal and toroidal mode expansions to just the outer layers of the plasma. Fast
solve the wave equation in general flux ICRF waves, on the other hand, easily pene-
coordinates. The calculation includes a full trate to the center of such high-density pias-
(nonperturbative) solution for kll and uses a mas. With sufficient directivity in the
reduced-order form of the conductivity ten- launched wave spectrum, currents can be
sor to eliminate numerical problems associ- driven by combined damping of the fast
ated with resolution of the very short wave- waves on electrons through Landau damping
length ion Bernstcin wave. (ELD) and transit-time magnetic pumping

The code calculates three components of ('I'TMP). Experiments to demonstrate and

the ICRF wave electric field (Ey, Eh, Eb) and study FWCD in present-day tokamaks such
the power absorbed per unit length, as DIII-D have only recently begun, but the-

oretical predictions look _ ._mising.
1 Re (/_*. Jp) , Numerical calculations of FWCD effi-

ciency have generally been of two types:
by solving in two spatial dimensions (r, J). either ray tracing or global wave calcula-
A poloidal mode expansion in J allows the tions. Ray tracing results show that the pro-
variation in kll to be included rigorously, jection of the wave number kll along the
while the r dimension is treated by finite dif- magnetic field can vary greatly over a ray
ferences. Variations in the toroidal dimen- trajectory, particularly when the launch
sion (z) are calculatcd by summing toroidal point is above or below the equatorial plane.
harmonics weighted by a particular antenna This variation is caused both by the I/R gra-
spectrum. Toroidal harmonics are uncoupled dient in the magnetic field and by the pres-
because of axisymmetry in tokamak geome- ence of the poloidal magnetic field in a
try and can thus be calculated individually, tokamak. As the wave penetrates toward the
Poloidal modes, on the other hand, are center of the plasma, kll increases, causing a

tightly coupled by the toroidal (I/R) depen- decrease in the parallel phase speed (03=
dence of B and must therefore be calculated VphaseJVth= oYkllvth)and a corresponding
simultaneously. This is accomplished by decrease in the current drive efficiency _.
direct matrix inversion of the finite differ- However, the assumptions of geometrical
ence equations for all poloidal modes simul- optics, namely short wavelength and strong
taneously. For this, PICES uses the MA32 single-pass absorption, are not generally
package for solving sparse, unsymmetric applicable in FWCD scenarios. Eigenmode
systems using a modification of the frontal structure, which is ignored in ray tracing,
scheme of Hood. can play an important role in determining

electric field strength and Landau damping

3.5.2 Modeling of FWCD for ITER and rates. In such cases, a full-wave or global
DIII-D solution for the wave fields is desirable.

Although the expansion in poloidal
The need for some type of noninductive modes used in PICES allows for much more

current drive in reactor-scale tokamaks has accurate calculation of electron heating on a
been recognized for some time. Studies of flux surface, it is still difficult to separate
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this power deposition according to resonant 3.5.3 Electromotive Excitation of a
parallel velocity and poloidal position on a Plasma Sheath
flux surface and therefore to calculate driven

The heating of the electrons in a plasma
current. We have developed a method to by rf fields results in an electron distributionmake this separation and have obtained a
current drive model that includes toroidal function that can be highly non-Maxwellian.

effects such as trapped particles. PICES is The response of these heated electrons can
the first poloidal mode expansion code to lead to a substantially larger total potential
have such a current drive model, drop than that obtained by arbitrarily

Figure 3.1 shows contours of electron choosing a single temperature parameter todescribe the electron distribution in a

power absorption in ITER, We(p,O) for kj = traditional Boltzmann approximation. The---0.8333 or n =-5. When the variation in kll

is artificially removed by setting kll = kj = floating potential of a plasma that is excited
const in Fig. 3.1 (b), Vpha_ is constant and by electromotively driven rf plasma currents
power absorption is peaked on axis. But parallel to a strong static magnetic field has
when the effect of the poloidal field on kll is been calculated using a Fermi acceleration
included, as in Fig. 3.1(a), the waves slow heating model and linear estimates for the rf
down rapidly as they propagate inward fields with plasma. When this non-Maxwellian distribution function is used for
(Vphasedecreases), and the result is more
wave damping in the outer regions of the estimates of the static potential, the results
plasma, where current drive efficiency is show that the total potential drop is
poor because of particle trapping. A useful proportional to the rf oscillation energy and
figure of merit here is the normalized current the square root of the ion-to-electron massratio. Numerical solutions to Poisson's
drive efficiency 7 = "neRollPrf,which is the
ratio of driven current to power absorbed. In equation for non-Boltzmann electrons and
Fig. 3.1(a), 7 = 0.166 × 1020 A/Worn2, and in analytic estimates of parasitic rf power
Fig. 3.1 (b), 7 = 0.285 × 1020 A/W°m 2. absorption and edge profile modification

using a Bohm diffusion model have been
o_,_-owa91-33_FED obtained. Estimates for a purely electrostatic

(a) (hi heating operator were also made for
comparison with the electromagnetic result.

The electrostatic potential of a plasma in
contact with a grounded conductor will
adjust to maintain a nearly charge-neutral

-s s state within the plasma. This potential drops
rapidly inside a sheath region with a scale of
the order of the Debye length, so that the
loss of very mobile electrons will be

_s_ __ retarded. The much less mobile ions are
accelerated out of the interior plasma region

Fig. 3.1. Electron power deposition in ITER at by a presheath potential drop so as to
17 MHz (a) including kllvariations and (b) with kll = enhance the ion loss rate. The manner in

kj---const, which these effects occur depends on the



68

physics of the plasma source, the distribu- depth region of roughly 500 V/m at 30 MHz
tion of electrons, the plasma species mix, for a plasma edge density of roughly
and numerous other variables. We are 1012cm -3. If the antenna configuration
concerned with the effects of changing the allows this driving field to extend to the
electron distribution function by externally antenna bumper limiter region, the predicted
exciting the electrons with a periodically electron response for these parameters yields
time-varying (rf) driver. Specifically, we an estimate for the static potential in the skin
consider weakly collisional plasmas in depth region on the order of 120 V for a
which the electron distribution function is pure deuterium plasma. The rf scrape-off
not well described by a Maxwellian layer (SOL) scale length is then roughly
distribution function. 4 mm for a connection length L of 0.5 m and

For an ff driver, we assume the existence a 2-T static magnetic field. The ff power that
of a small parallel rf electric field inside the is parasitically absorbed in the skin depth
plasma whose curl arises from an externally region is estimated to be ,=2 kW for an
applied rf magnetic field. The consideration antenna that is roughly 1 m long. If the ff
of such electromotive effects is specifically power from the antenna is doubled for this
of interest for studying the plasma response example, the parallel electromotive field
to rf fields near ICRF antennas for fusion increases by a factor of "4_, yielding a
applications. These effects can be consid- doubling of the electrostatic potential and
ered in addition to the usual, extensively average electron energy in the skin depth
studied problem of the sheath response to region. This power increase leads to a
electrostatic rf fields. The problems that we roughly 20% increase in the rf SOL scale
consider assume that a strong static mag- length, indicating a flattening of the edge
netic field B exists such that the quasilinear density profile for increasing power with the
electron plasma response along a field line is Bohm diffusion model. The parasitic power
the dominant effect. Boundary and nearby absorbed in the skin depth region increases
structures that carry large rf currents are then to nearly 7 kW.
considered to provide the near-field electro-

motive excitation of electrons when they 3.5.4 Characteristics of a Cylindrical
encounter a static plasma sheath at the Langmuir Probe of Finite Length
intersection point of the field line and a
boundary structure. The ion losses are along The current collected by a finite-length
field lines; however, the possibility of ion cylindrical probe is calculated numerically
gyro-orbit losses to nearby structures also from a self-consistent solution to the
exists and can increase the ion loss rate. Poisson-Vlasov system of equations. A

Some analytic results obtained for order- Boltzmann distribution is assumed for the
of-magnitude comparisons with experiments electrons, and results are compared to the
are reported here. Consider an rf antenna standard "orbital-motion-limited" theory.
that produces an rf magnetic field of roughly When the probe is very long compared to
20 G with the main current tilted at an angle the sheath thickness and the ratio of probe
of 15° from a direction that is perpendicular radius to electron Debye length Rp/IDe < 1,
to the static magnetic field. In this case, the the collected current agrees with the orbital-
driving rf magnetic field has a component motion theory for cylindrical probes; when
perpendicular to the static magnetic field of the probe is very short compared to the
roughly 5 G, yielding a parallel electro- sheath thickness and Rp/lDe < 1, the
motive electric field amplitude in the skin collected current agrees with the orbital
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ORNL-DWGg0M-3115FED
motion theory for spherical probes. When 11 , ,
the probe length is comparable to the sheath
thickness, there is a critical potential above lo
which the probe behaves as a sphere and 9
below which it behaves as a cylinder. Ion
charge density, space potential, and ion a
particle orbits in the sheath plasma SPHERE
surrounding the probe tip can be displayed 7 ,,Q o'

HALF-CYLINDER a oo

graphically, o 6 EQ (1) a a a .°°°°
I" Q °°

We have shown that end effects in a ._+ o ,°"
finite-length cylindrical probe can be treated 5 [] ,o_--"EQ(3)6=1/20 [3 °.

accurately by a numerical solution to the 4 ,°"
Poisson-Vlasov system of equations. The o 0,°°° & INFINITE
numerical technique, which has its origins in 3 m,-" A CYLINDER" EQ (2)

ion beam optics studies for fusion research, 2 _,
assumes a Boltzmann distribution for

electrons and solves the ion Vlasov equation 1 _ A
indirectly by calculating individual ion
trajectories. The effects of ion and electron o0 5 10 15

space charge around the probe tip are "eSp/_Te

automatically included. Solutions have been
benchmarked against known analytical Fig. 3.2.Ioncurrenti..c vsprobepotentialfromnumericalsolution(points)andanalyticmodels
results in the limit that RpllDe < 1 (see (lines)for ne = 7.77x 1016m-3, Rp/IDe= 0.5, and
Fig. 3.2). Accuracy in these cases appears to Ti/Te--0.2.
be limited only by the statistics of the finite
set of ion orbits used. For a finite-length calculated sequentially, and for this reason
cylindrical probe, our results show that they are the most time-consuming part of the
errors due to the finite length can be a factor calculation. With the advent of modern
of two or more for probe dimensions that are parallel processing computers, it may be
frequently used. These errors are most possible to calculate hundreds of orbits
evident at high potentials, where the linear simultaneously rather than sequentially. If

dependence on the potential @pfor the feasible, such a scheme could reduce the
sphere dominates the square-root required computing resources, significantly
dependence for the cylinder, and also at high increasing the usefulness of the methods
densities, where the variation of the described.

spherical result with RpllDe dominates that
of the cylinder. Accurate analysis must take
these effects into account. The heuristic 3.6 COMPUTING AND OPERATIONS
treatment of Tarrh, which assumes a linear

Computing in the Fusion Energy
combination of currents collected by an
infinite cylinder and a hemispherical tip, Division (FED) can be roughly divided into
gives a rough approximation to the end four categories: the User Service Center
effects that we calculate. (USC), experimental data acquisition,

workstations, and support of personal
Higher accuracy in these calculations computers (PCs). The present climate of

requires a greater number of ion orbits. In restricted funding has placed a considerable
this work, the ion orbits have been
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premium on developing methods that require AppleTalk zones to the Ethernet backbone.
minimum staffing levels while providing This has made it possible for users to print
support in all areas, on any printer in the division, use the Public

The USC operates with only partial Folder utility for sharing information,
operator coverage. A second 8-mm (helical- connect to the USC with AlisaShare, and
scan) tape device has been recently added, have access to the Intemet.
This device has two drives and attaches to

the HSC (and is therefore accessible to all 3.6.1 Programming and Software
members of the VAXcluster). With the
original single-drive 8-mm unit we are now The FED VAXcluster has become a part
able to do all incremental backups--both of the international collection of networks
weekly and daily--without operator known as the Internet using industry
inter,,ention. In addition to reducing standard TCP/IP protocols. A site license for
operator requirements, the 8-mm drives the necessary software for this was
allow us to do incremental backups seven purchased by Energy Systems from TGV,
days a week. The recently acquired ion Inc. This has provided a more direct path for
deposition printer has proven to be a success remote host and file and mail transfers,
as far as printing speed and reducing the largely supplanting the ESNET, which in
amount of paper handling required, turn replaced the Magnetic Fusion Energy
especially in the output bins. However, it Network (MFENET). In addition to remote
does not handle graphics output success- host and file transfers, TCP/IP allows "task-
fully, and a replacement for the Versatec to-task" communications between the FED
printer/plotters is still required for large VAXes and other computers worldwide.
graphics jobs. Another industry standard that This capability was instrumental in the
has recently been added to the FED systems testing and implementation of software to
is the X-windows ® graphical interface. For provide direct access to Tore Supra data
devices and terminals that support from FED VAXes both in Oak Ridge and at
X-windows this provides a standard, Tore Supra.
user-friendly windowing environment for

use with FED systems. 3.6.2 Data Acquisition
In the workstation area, the division now

has three IBM PowerStation 6000s, two The computing group supports data
DECstation 3100s, a Silicon Graphics acquisition, storage, and retrieval in several
Personal IRIS, and a Hewlett Packard Model areas. When ATF is operating, the data
425. These workstations are networked with acquisition processes are controlled by
the USC and therefore with the rest of the software running on the USC computers.

Energy Sciences Network (ESNET) via Experimental data are immediately collected
TCP/IP protocols. Workstations are used for from USC computers, arid data from other
data analysis, modeling, design, data networked computers are made available.
visualization, and X-windows applications. Physicists and operators use a variety of
Extensive use is made of network capa- machines to review and analyze the
bilities such as X and NFS between the experimental data before the next shot so
workstations and the USC VAX computers, that ATF operating parameters may be

The most interesting development in the adjusted. The data are maintained on a bank
PC area was the connecting of all the
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of magnetic disks as space permits. As the experiment with immediate data comparison
information ages and is needed less often, it capabilities.
is compressed and eventually relocated to an Development continued in the area of
online optical jukebox. If the data are optical multichannel analyzer (OMA) data
needed for further analysis, they can be acquisition, with systems installed on ATF
recalled to a recall magnetic disk for direct and DIII-D. Future use will include final

access. Shadowing of the disks and a installation at TEXTOR and Tore Supra, !
regimented backup strategy with off-site with the incorporation of a 3-D array OMA.
storage ensure data preservation. Support for plasma technology programs

Numerous programs using the USC has continued with data acquisition for pellet
machines, networked computers, and injectors; a new initiative in this area has
workstations were developed to provide the been the development of the control and
control, monitoring, analysis, and support operation programmable logic controller
required by projects such as ATF. An (PLC) for the tritium pellet injector for
X-windows-based system was developed to TFTR (see Sect. 4.1.1.2 of this report).
provide the responsible physicist for the
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4. PLASMA TECHNOLOGY

SUMMARY OF ACTIVITIES

The Plasma Technology Section of the Fusion Energy Division is engaged in the
development and application of technologies that support fusion research. Work in the areas
of plasma fueling and rf technology is described in this section. Research on plasma
technologies for the International Thermonuclear Experimental Reactor (ITER) and for the
Burning Plasma Experimem, performed in collaboration with the Fusion Engineering Design
Center, is described in Sect. 5 of this report. Spin-offs from fusion technology with
applications beyond fusion research are described in Sect. 8.

The Plasma Fueling Group participated in a broad range of research activities in support
of both the U.S. magnetic fusion program and international fusion research. Work continued
in the general areas of pneumatic and centrifugal pellet injector development, to support
present and near-term applications, and advanced development, in support of more
demanding applications anticipated for ITER and the next generation of fusion devices. One
highlight was the development of a tritium pellet injector to be used during deuterium-tritium
operations on the Tokamak Fusion Test Reactor (TFTR); this injector incorporates the two-
stage light gas gun that has been a focus of the advanced development efforts.

The rf technology program encompassed basic development, a variety of projects, and a
strong modeling effort. New materials and fabrication techniques for the Faraday shield tubes
of antennas operating in the ion cyclotron range of frequencies (ICRF) were developed and
tested, and the effects of Faraday shield geometry and material on ICRF antennas were
calculated and compared to measurements. Tests of a folded waveguide (FWG) antenna in
the Radio Frequency Test Facility plasma indicated that this concept is sufficiently developed
for application to a tokamak, and the design of an FWG antenna for the Frascati Tokamak
Upgrade was initiated. A fast-wave current drive (FWCD) antenna array was operated on
DIII-D to provide a proof-of-principle test of this technique. Collaborations continued on
Tore Supra and TFTR, both of which are equipped with ORNL antennas. A new initiative to
design a microwave reflectometer system for edge density profile measurements on TFTR
began in 1991. An asymmetric double loop antenna was operated on the Advanced Toroidal
Facility (ATF), and the electron cyclotron heating system on ATF was upgraded to allow
experiments with high plasma beta at lower magnetic fields for long pulses. A collaboration
to design a power coupler for the new A2 antennas on the Joint European Torus was begun.
This effort entails extensive modeling of the complicated A2 antenna geometry.
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4.1 PLASMA FUELING PROGRAM the Tokamak Fusion Test Reactor (TFTR).
The new TPI features three single-stage light

The Plasma Fueling Group in the ORNL gas guns designed for speeds up to 1.5 km/s
Fusion Energy Division is engaged in pneu- in tritium and a two-stage light gas gun to
matic and centrifuge injector development, give one of the four barrels a projected
supporting present and near-term appli- performance capability of up to 3 km/s. The
cations, and advanced development, in injector operation is based on the pipe gun
support of the greater demands expected in concept for production of pellets in a
the future. ORNL has recently reestablished : minimum inventory configuration that is
a program of centrifugal pellet injector particularly attractive for tritium operations.
development in support of the collaboration The proof-of-principle electron-beam
on pellet fueling on the Tore Supra facility (e-beam) rocket accelerator, which was
in Cadarache, France, and as part of a completed in 1989, has undergone extensive
broader development effort to meet the long- testing to determine the parametric
pulse fueling needs of the International dependence of the propellant burn velocity
Thermonuclear Experimental Reactor and the resulting pellet acceleration.
(ITER). This activity will include an Analysis of the data indicates that the
extension of the performance of the Tore performance in relation to the electron-beam
Supra injector to longer pulse durations parameters scales in accordance with a
(from the present 100-pellet capability to model that is derived from the neutral gas
approximately 400 pellets) and further shielding theory for the interaction of a
refinement of the storage wheel/in situ hydrogenic pellet in a magnetized plasma.
redeposition technique for pellet formation Incremental pellet velocities in the range of
to quasi-steady-state operation. 500 rn/s have been achieved in a 0.4-m-long

In the area of pneumatic injector acceleration column.
development, ORNL's efforts have focused ORNL staff members participated in
on development of the two-stage light gas pellet fueling experiments on a number of
gun concept for repetitive operation. In the plasma confinement devices in the United
first known test of a repetitive two-stage States and abroad, including the ORNL
light gas gun, low-density, 4-mm-diam Advanced Toroidal Facility (ATF), TFTR,
plastic pellets were accelerated to 3 km/s at and the Tore Supra and Joint European
a rate of 1 Hz in a facility that incorporates a Torus (JET) devices. Participation in the
small two-stage gun and automatic loading latter two programs was carried out as part
mechanism. As a consequence of this work, of major international collaborations
ORNL has embarked on a collaborative between the U.S. Department of Energy
program with ENEA-Frascati to modify the (DOE) and the European Atomic Energy
ORNL repeating pneumatic injector facility Commission (Euratom). On JET, the
to incorporate a two-stage light gas gun experimental program emphasized the
developed at Frascati in order to fueling of high-performance discharges. The
demonstrate repetitive operation with so-called pellet-enhanced performance
deuterium pellets in the 3-mm size range. (PEP) mode, which was discovered in 1989

As a follow-on to the successful in limiter plasmas with high-power central
operation of the tritium proof-of-principle heating, was extended to H-mode
(TPOP) experiment in 1989, ORNL discharges, producing both an increase in
designed and fabricated a four-shot core confinement associated with the PEP
pneumatic tritium pellet injector (TPI) for mode and an increase in global confinement
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associated with the H-mode. The Tore Supra several improvements. A triode electron gun
program concentrated on exploring long- with controllable beam energy and current
pulse pellet fueling scenarios in combination has been developed. With a negatively
with lower hybrid current drive (LHCD) biased grid, the electron gun can form a
operation. A technique was developed to constant-current beam during the pellet
extend pellet penetration in such discharges acceleration for various beam energies. Two
by interrupting the lower hybrid power pulse Rogowski-coil current sensors have been
for short periods of time in order to affect fabricated, assembled, and calibrated. Each
slowing down of energetic (nonthermal) current sensor consists of three coils
electrons that were found to be responsible installed between guide rails either at the
for anomalously high pellet ablation in entrance end or at the exit end of the pellet
previous experiments, acceleration column. The current sensors

,:an measure the actual beam current passing

4.1.1 Pellet Injector Development by and estimate the beam current incident on
the accelerated pellet. With the proper

4.1.1.1 Electron-beam rocket pellet arrangement of the solenoid magnets, the
injector beam current for accelerating the pellet has

been raised about one order of magnitude toC. A. Foster, C. C. Tsai, and D. E. Schechter
a level of 1 A. The pellet maker has been

The general objective of the e-beam upgraded with the capability of forming
rocket pellet accelerator project is to develop either bare pellets or pellets encased in
technologies for producing ultrahigh- sabots. To produce pellets of consistent size
velocity pellets of deuterium (D2) and/or and strength, we make pellets automatically
tritium (T2) for fueling fusion reactors such by employing a computer-controlled gas
as ITER. 1-4 The original conceptual accel- feed system, which uses a programmable
erator was proposed to use a magnetically logic controller (PLC) to control pneumatic
compressed electron beam to evaporate a valves in the gas feeding and evacuation
hydrogen propellant "ice stick" and to heat system.
the exhaust gas, and subsequently to accom- The pellet maker is a pipe-gun-type
plish rocket-like acceleration of D2 and/or freezing cell. For normal operation, the gas
T2 pellet payload. The actual performance of feed system is purged with dry, pure hydro-
an e-beam rocket pellet accelerator depends gen (or deuterium as needed for experi-
strongly on the beam transmission effi- ments), and then the liquid helium is fed into
ciency, the burn velocity, and the exhaust the freezing cell. When the freezing cell is
velocity. For constant beam conditions, the cooled to 5 K, the pellet maker is ready for
beam transmission efficiency, the burn making cryogenic pellets. When the start
velocity, and the exhaust velocity will affect button on the PLC control panel is pushed,
each other and, thus, the final pellet speed, the PLC initiates the following sequence: the
To study the effects of these factors on the pneumatic valves feed a preset amount of
pellet acceleration, we have operated the e- gas into the reservoir; then a controlled gas
beam pellet accelerator, collected data on flow into the freezing cell is initiated. After
accelerated pellets, and performed data a cylindrical pellet (4 mm in diameter and
analyses during the last two years, up to 12 mm long) is made, the freezing cell

Following the first demonstration of is evacuated. When the pellet is pushed out
e-beam rocket pellet acceleration in 1989, by a mechanical piston, a fraction of the
the accelerator (Fig. 4.1) was upgraded with pellet is converted into high-pressure gas,
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Fig. 4.1. Sketch of the e-beam rocket pellet accelerator, which consists of a pipe-gun-type pellet maker, an

electron gun, and a pellet accelerator with guide rails and electromagnet. From the known distances between the

light detectors, PD1 to F'D7, a microwave mass detector (MD), and a shock accelerometer (SA), the pellet speed

can be estimated by the time-of-flight method. A video camera, located at PD7, reco_'ds the image of the

accelerated pellet. The mass of accelerated pellets can be measured by a Baratron gage (PDIAG)- With

Rogowski coil sensors installed at the ent_uace and exit of the guide rails, the actual beam current on pellets

during acceleration can be estimated.
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which provides the initial kinetic energy of as the theoretical model predicts. 4 We have
the pellet. Through the baffle chamber, the attempted to analyze the exhaust velocity of
guide tube, and the feed ramp, the pellet is the ablated gas as a function of beam power.
loaded into the guide rails of the pellet At low beam currents or powers, the thermal
accelerator. Typical initial pellet speeds are evaporation energy of the pellets is also
50 to 100 m/s. In a similar way, we can included in the analysis. We note that the
make a composite shell/hydrogen pellet calculated and measured exhaust velocities
automatically after loading a shell into the would be consistent if the beam transmission
freezing cell. To accomplish this, the pellet efficiency and the directional factor of the
maker was modified with a shell-loading heated exhaust gas were factored into
mechanism. Shell materials such as carbon calculation. If the acceleration efficiency can
foam, carbon composite, and Teflon have be maintained for higher beam powers,
been used in our studies, pellets could be accelerated to speeds near

The pellet is accelerated in the 0.6-m- 1000 m/s by 14-keV, I-A beams with a
long graphite guide rails by a magnetically duration of 1.3 ms (ref. 4). Thus, higher
compressed e-beam, one-twelfth of the pellet velocities and higher exhaust
cathode size. The solenoid magnet installed
on the accelerator tube guides and confines ORNL-OWQ_3_ FEO
the beam electrons along the guide rails. The 8oo -_ , _ , _ , , ,
speeds of accelerated pellets are measured 10-keY,l-msELECTRONBEAMS
by using the time-of-flight method with light _
gates and a shock transducer installed along BEAMOFF

the pellet trajectory. 3,4 A shadowgraph of 500 - 1.10A -
each accelerated pellet is taken by a video
camera system. Finally, the accelerated -

pellet reaches the diagnostic chamber with 0.80A
its gas trapped there. The measured gas 400 -

trapped in the diagnostic chamber is used to _
estimate the size of the accelerated pellet. In --- -
the last two years, experimental data have ---
been collected for thousands of accelerated _, 300 - o.ssA ,_ _IJJ

intact pellets of hydrogen. The e-beams used >
for pellet acceleration are variable, with __ -uJ

beam energy up to 16 keV, current up to *-
1 A, and pulse length up to 5 ms. A typical 200 - BEAM~ ON

speed increment of 300 to 500 m/s is
observed (Fig. 4.2), which increases with the -
beam power. The highest speed for an intact NOCURRENT

1DO-
hydrogen pellet is 575 m/s; this pellet was
accelerated by an electron beam of 10 keV,
0.8 A for 1 ms. _ -

ACCELERATION GUIDE RAIL
Data from the accelerated bare hydrogen

pellets have been analyzed. For pellets to be o -f J l J i J I I0 1 2 3 4 5

acceleratedby low-current (<0.l-A) electron PELLETPATHLENGTH(m)

beams, the measured burn velocity increases Fig. 4.2. Velocity of barehydrogen pellets

roughly with the square of the beam voltage, acceleratedat variousbeamcurrents.
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velocities may be achievable by using higher and 4). The nominal pellet aspect ratio is
beam currents and longer acceleration 1.25, but pellets can be formed with aspect
lengths, ratios in the range from 1.0 to _ 1.5. One of

From our present understanding on the the 4.0-ram guns (gun 4) is equipped with a
scaling of this technique, it appears that a two-stage light gas gun driver, while the
performance level compe,titive wilh other other three operate with a conventional
state-of-the-art acceleration techniques (1 to single-stage light gas gun using fast-acting
5 km/s) is possible by electromagnetic propellant valves developed

1. using a sabot to enhance acceleration at ORNI,. In the configuration described
and maintain the pellet integrity under here, the single-stage guns are capable of
intense beam acceleration, and producing velocities approaching 1.7 to

1.8 km/s in deuterium and 1.5 km/s in
2. extending the acceleration path length to tritium .6

a few meters (compared with the present Use of the TPI during the D-T phase of
0.4-m accelerator). Tb'TR operations will permit access to both
Preparations for the first task are com- a regime suitable for initial alpha particle

plete, and it will be carried out soon. If the physics studies and a regime suitable for
exhaust velocity increases according to the studies of particle and energy confinement
theoretical prediction, we will pursue the in high-density D-T plasmas with ne(0) =
second task in the next fiscal year. We view (1-5) × 1020m-3. It will provide the
this as a necessary scaling effort for capability for extending the supershot
extrapolating the performance of this con- regime to densities suitable for high-Q
cept and developing a pellet injector with a operation and provide access to both the
long acceleration length (- 20 m) to fulfill peaked-density-profile, pellet-fueled PEP
the ITER high-velocity (>!0-km/s) regime and a regime of sustained high-
objective, density operation using multiple tritium

pellets and heating in the ion cyclotron range
of frequencies (ICRF). The project is

4.1.1.2 Tritium pellet injector divided into two phases. Phase I activities

M. J. Gouge, P. W. Fisher, S. K. Combs, allow the deuterium fueling capability to be
C. R. Foust, S. L. Milora, L. R. Baylor, used during 1992 operations, while the
D. T. Fehling, M. J. Cole, A. L. Quails, and Phase II activities incorporate systems
J. B. Wilgcn required for tritium operation (secondary

containment and a D-T fuel manifold) and

The TPI is a cryogenic pellet injector to include an extended period of testing at the
be u_d before and during the deuterium- TFTR site, ending with the formation and
tritium (D-T) phase of operations on TFTR. acceleration of tritium pellets in 1993.
The injectt_r is shown in perspective in The TPI consists of several systems,
Fig. 4.3; it has replaced the eight-shot deu- shown in Figs. 4.3-4.5. The injector has a
terium pellet injector (DPI) at TFTR Bay T gaseous-helium-cooled cryostat that
(_e ref. 5). The DPI formed pellets by a provides cooling for cryogenic pellet
cryogenic extrusion process; the TPI forms formation. The injector is located within the
its four cylindrical pellets by the in situ guard vacuum system, and its design is
condensation process. Two of these pellets based on the so-called "pipe-gun" concept,
have diameters of 3.4 mm (guns 1 and 2); in which hydrogenic (H, D, T) pellets are
the other two, diameters of 4.0 mm (guns 3 formed by direct condensation in the gun
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barrel, a segment of which is held below the hydrogenic pellet becomes a design con-
hydrogen triple-point temperature by contact straint and determines the maximum muzzle
with an oxygen-free, high-conductivity velocity, which is estimated to be of order
(OFHC) copper block cooled by gaseous 2.5-3 km/s.
helium. 7 This design is ideal for tritium The TPI will be controlled by a PLC
service because there are no moving parts (Allen Bradley PLC 5/40) located in the
inside the gun and because little excess TFTR mezzanine beneath the injector. The
tritium is required in the pellet production operator will control the ip iector through a
process. The injector uses four independent touch panel color mimic screen provided
1-m-long gun barrel assemblies mounted with the PLC (one primary unit in the
around the perimeter of two OFHC copper control room and a second unit in the
cryostats; the rear cryostat pro_ ides mezzanine for checkout) or with a color
conduction cooling for the four l:arrel pellet mimic display/terminal interfaced to the
freezing zones, and the front cryostat existing pellet injector MicroVAX, which
provides conduction cooling for the four will have a communications link to the PLC.
barrel collars. The cryostats shown in To the operator, the PLC will appear as a
Fig. 4.4 are based on designs used for pipe- finite-state engine in which the injector will
gun injectors built for ATF and the be in one of several defined states or modes.
Princeton Beta Experiment (PBX). 7,8Three In each of these states, the PLC will perlbrm
of the barrel assemblies are coupled to an a series of operations (a procedure to enable
ORNL-designed fast propellant valve the injector to go to the next state). The
(single-stage driver). This valve develops operator controls the system by setting the
full pressure within 300 ms and has operated state to which the PLC is to go. All setpoints
with a supply pressure of up to 138 bar for temperatures and pressures within the
(2000 psi) using upgraded power supplies, injector are set automatically within the
The remaining barrel assembly is connected procedures by the PLC but can be modified
to the two-stage driver, by changing the preset values in the PLC,

The two-stage driver system shown in either through the touch panel via a pop-up
Figs. 4.4 and 4.5 provides the high-pressure, keypad or through the MicroVAX interface.
high-temperature drive gas required to Firing of the propellant valves and timing of
accelerate pelle_ to =2.5 to 3 km/s. It is hydrogen propellant prefill and pump tube
based on development of two-stage light gas vacuum exhaust for the two-stage light gas
guns at ORNL 9 and in Europe. 10 In the two- gun are controlled by the TFTR fire
stage driver, moderate-pressure (20- to sequencer, which is programmable through
50-bar) helium propellant gas initially in a the MicroVAX. In addition to the automated
0.64-L first-stage reservoir accelerates a 25- operation of the TPI, the injector can be
to 50-g titanium piston to velocities in the operated manually by controlling individual
range of 100 to 150 m/s in a thick-walled valves and changing individual setpoints.
pump tube. The accelerating piston The TPI has two light gate stations
compresses (nearly adiabatically) low- separated by 1.41 m to provide timing
pressure, room-temperature hydrogen signals for pellet speed measurement. The
propellant gas initially at about 1 bar. This pellet inten'upts a continuous light beam to
hydrogen gas becomes the driving gas for provide the timing pulse. This system also
the cryogenic pellet. At the high pressure provides a pellet-speed-dependent trigger
reached following near-adiabatic corn- pulse for the two 3-ns pulsed nitrogen dye
pression, the mechanical strength of the lasers in the pellet photography system. A

%_ i, , , i , I ' i, I
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fiber-optic beam sp!itter enables a single the PLC-based control system. One major
laser to photograph pellets in two sefarate goal was to verify that the helium gas
barrels within the constraints of the 20-Hz cooling circuit had a sufficiently low
laser repetition rate. The photography sys- pressure drop at operating temperatures to
tern for the ORNL testing period used both a allow operation at TFTR with a closed
CID camera _guns 2 aiad 3) and a charge- cryogozic helium system developed for the
coupled device (CCD) camera (,guns ! and TFI'R neutral beam injectors. It was found
4). The system for the TFI'R D-T operations that the gun copper cooling cryostat could be
will use only CID cameras designed to maintained at the 9 to 12 K range needed tbr
function at integrated dt.ses esumated tor the deuterium pellet labrication with a dewar
D-T phase. Windows used for pellet speed pressure of 3 to 4 psi. Cold helium gas at 5
measurement and photography were kept at co 6 K was used tbr gun cooling; this gas
minimum size and tested at 2.5 aun to was generated by irnmersion of a 50-_

provide a reliable tritium barrier tot the D-T electrical heater into a 5(_)-L liquid helium
phase. A rnicrowave cavity system was also dewar. Steady-state heater currents of 0.3 to
implemented _br TPI. It operates at a 0.4 A indicated a liquid helium consumption
nominal resonant ;requency ot"4.21 GHz of 8 to 12 L/h, meeung a TPI design goal.
and provides a relative measme 9t' pellet Testing of the thlee single-stage light gas
mass. It was initially calibrated at ORNL by guns veritied the ability to make 3.4-mm
measuring the fast pressure rise due to a and 4-rnm deuterium pellets at aspect ratio,,
pellet striking a target plate in a known of 1, 1.25, and 1.5. Each single-stage light
volume tank. A photograph of a 3.4- by gas gun was tested at various hydrogen
4.3-mrn pellet at a speed of---1.4 km/s and propellant supply pressures in the range
the corresponding microwave cavity signal from 69 to 138 bar. In particular, it was
are shown in Fig. 4.6. verified that the upgraded propellant power

The TPI was initially tested at ORNL supplies could open the electromagnetic
over a three.week period. This testing propellant valws at the design pressure of

emphasized initial operation of the three 138 bar. Figure L7 shows a scan of pellet
single-stage light gas guns (guns 1, 2, and 3) speed as a function of breech propellant gas
and the two-stage driver (gun 4) and pressure for gun 1. Also shown are predicted
integration of gun mechanical systems into values from interior ballistics theory. 11

Initial testing of the two-stage light gas
gun was conducted to quantify operating

ORNL-DWG92M-2595FED valve response and gas dynamics time_- 0.2 t
scales. The results of these initial timing.,.I

z runs were used to program the fire sequencer
O

._.0- and PLC to provide consistent performance
-_ from the two-stage light gas gun. Pellet

t
speeds in this initial phase ranged from 1.5

-2.2- to 2.2 km/s and were limited by a leak in the
,-° pump tube high-pressure head metal O-ring
-_ seal, which developed as high pressures (up_E -3.4 .... I i

2330 2350 2370 2390 tO 11O0bar) were attained during the shot.
TIME(¢ts) This small, transient leak limited the pellet

Fig. 4.6. Microwave cavity signal and speed performance and caused occasional
photograph of a 3.4- × 4.3-ram pellet at 1.4 km/s. lockup of the titanium piston in the pump
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OFINL-DWG92M-2_FED pressure levels. In addition, some com-
1_o ' ' ' ..........' ponents are subjected to and must survive

121"IHEORY severe operating conditions, which include
o DATA rapid cycling to high pressures and

17oo- °/° - temperatures (up to thousands oi bars and
o p" thousands of kelvins) and significant

2_" _ mechanical shocks. Small plastic projectiles

_" 1_oo- _ - (4-rnm nominal size) and helium gas have
o been used in the prototype device, whichwas equipped with a 1-rn-long pump tube

w 13oo- _ and a I-m-long gun barrel, to demonstrate
repetitive opmatZ,cm (up to 1 Hz) at relatively

=_ high pellet velocities (up to 3(}1_)m/s). The
highest experimental velocity is twice that

11oo- available from conventional repea;ing
single-stage tmemnatic injectors. The pellet

o test repetition rate ot 1 Hz is relevant for
9oo _ _ ......._ ' l'ueling applications on future large fusion0 20 40 60 80 O0

resealch devices.
BREECH PRESSURE (bar)

A 4-rnm-diarn pellet has been used in the
Fig. 4.7. PelletSlVeetlvs t_mechpressurefor ()RN L experimental studies, since this size

gun 1. is applicable to large present-day tokamak
fueling experiments. For instance, pellet
fueling systems on both JET 13 and TFI'R 5

tube. A new seal conl'iguration is being are now eqmpped with this pellet size.
developed at ORNL and will be retrofitted

Projections indicate that nominal pellet
on the TPI at TFTR. diameters o1'6 to 1() rnm will be required to

fuel reactor-grade plasmas (a pellet diameter
4.1,1.3 Two-stage light gas gun of =8 mm is the baseline design parameter

S. K. Combs, C. R. Foust, D. T. Fehling, l'or the high-speed injection system t'or the
M.J. " ,_Gouge proposed ITER experimentl4). Previous

papers 9,15,16describe initial results of
Some preliminary results frorn a ORNL experiments using two-stage light

repetitive two-stage light gas gun were gas guns. With 35-rag plastic projectiles
reported in the last progress report. 12 In (4 mm in diarn), speeds of up to 45(X)m/s
general, applications of the two-stage light have been recorded in single-shot tests.
gas gun have been limited to only single Also, by using the "pipe-gun" technit_ue 17
shots, with a finite time (at least minutes) for fret.zing hydrogen isotopes in situ m the
needed for recovery and preparation for the gun bmTel (at temperatures of =i0 K) in
next shot. The new device overcomes combination with a two-stage light gas gun,
problems associated with repetitive opera- single deuterium pellets (nominal diameter
tion, including rapidly evacuating the of 4 mm) have been accelerated to velocities
propellant gases, reloading the gun breech of up to 2850 m/s. To aid in understanding
with a new projectile, returning the piston to the physical phenomenon, two computer
its initial position, and refilling the first- and codes 18,19 that model the gas dynamics of
second-stage gas volumes to the appropriate the two-stage gun processes have been used
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in designing the equipment and in evaluating polyimide with 15% graphite filler by
the experimental data. weight (supplied as Vespel ® by E. I. du Pont

A schematic of the repetitive two-stage de Nemours & Co., Inc.). Typically, a piston
light gas gun and key subsystems is shown survived for up to hundreds of shots without
in Fig. 4.8, and physical parameters of the excessive wear/damage or significant effects
gun and operating test ranges are listed in on gun performance. Various plastic pellets
Table 4.1. The actual layout of most key (nylon, polypropylene, polycarbonate,
componenLs is shown in Fig. 4.9. The device acetal, etc.) with a 4-mm diameter were used
compri_s several components (and features) in this study, including two geometric forms
that must interact precisely to accomplish (right circular cylinders and spheres).
repetitive operation. The repetitive device Special .components developed tbr repetitive
consists of some standard components for operation include a fast valve, mechanisms
two-stage light gas guns: a first-stage for automatic pellet loading, and a pneu-
reservoir for high-pressure gas (2.2-L matic clamping device for sealing the pump
internal volume), a pump tube (27.0 mm ID tube/gun barrel interface. Necessary
and 1.0 m long), and a gun barrel (4.0 mm techniques for rapid filling and evacuation
ID and 1.1 m long). The typical piston was of gases and control of pressure levels were
--40 mm long (with a 45° taper on the front) also developed. A schematic diagram of the
and weighed 25-30 g; it was constructed of control/data acquisition system is shown in
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Fig. 4.8. Schematic of ()RNI. repetitive two-stage light gas gun.
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Table 4.1. Parameters for repetitive two-state light gas gun

First stage
Material 304 stainless steel

Volume, cm3 2250

Length, m =0.42
Inside diameter, mm =82
Gas Helium

Initial pressure, bar >10 (typically 50--100)

Activation mechanism Fast valve

Second stage a

Pump tube material 4130 carbon steel
Volume, cm3 585

Length, m 1.02
Inside diameter, mm 27.0
Wall thickness, mm 5.6
Gas Helium

Initial pressure, bar <1 (typically 0.8)

Piston
Material Plastic

Geometry Solid cylinder with tapered front
Diameter, _mn 27.0

Mass, g 25-30

Gun barrel
Material 4130 cartx)n steel

Length, m 1.!4
Inside diameter, mm 4.0
Wall thickness, mm 2.8

Pellet
Material Plastic

Geometry Solid cylinders, spheres
Diameter, mm 4
Mass, mg 29-55

alncludessmallsection(4.0mmID,=38mmlong)betweenendofpump
tubeandbaseofprojectile.

Fig. 4.10. The key components and features switches the valve output from vacuum to
are described briefly below. The device is high pressure to drive the piston and shoot
described thoroughly in ref. 20. the pellet; the controller-type fast valve then

The operating sequence consists of the automatically switches back from pressure
following cycle (see Fig. 4.8). (1) A pellet is to vacuum and dumps the remaining 2as to
automatically loaded into the slide bar when the vacuum system after a finite time, which
it moves to position 2 (initially the valve is adjustable. (4) The clamp is released; this
output is connected to the vacuum system automatically starts the refill of the pump
and the clamp is disengaged). (2) After the tube with gas from the volume surrounding
slide bar returns to position 1, the pneumatic the pump tube/gun barrel interfaces (this
clamp is engaged and held. (3) While volume is relatively large and regulated at a
clamped, the fast valve is triggered. This constant pressure); and the gas flow (and
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Fig. 4.9. Assembly drawing of ORNL rel_etttive two-stage light gas gun.

pressure) also ensures that the p_ston returns o,,_.o,_,,.=,_,o
to its home position (.where it seals against A_,_,,o,,_
an O-ring). q_e cycle is then repeated. °Lc,._ ..

FIRE51_NALE_ULSE

In laboratory tests with this device --------
SEQUEN4

exhausting into a 450-L vacuum vessel, the _A"'"___.__2_
gun was operated using helium gas in both IOPE_ORI

I INTERFACE] DIGI11ZER Y

stages and plastic pellets of 4-ram nominal
diameter. To demonstrate repetitive
operation of the two-stage light gas gun, F-----q

SEUUENCER
I 2 CHANNEL.&/DIGITIIZER

VlTH I _ [ WITH INDEPENDENT

experiments were carried out in which [R,St_,UT,ONIFREOUENC,ES

pellets were fired consecutively at fre- II_o.__ - _,;_,E |

quencies of up to 1 Hz. Experimental data IOIAGNO_'I_
for tWOten-pellet test sequences (1056 and _IGNA_
1109) are summarized in Table 4.2. -,
Examples of the transient data recorded by RO__,GNA_,N_FEE0_A__.....

120V FIRESIGNAL j REPEg|GTHIVE_-uSTAGE1

the CAMAC digitizers for an individual _= ,L J

pellet (fifth pellet of test sequence 11/)9) are
shown in Figs. 4.11 and 4.12. All times are Fig. 4.10.Schematicdiagram ofcontrol/dala
relative to the start of the initial fire pulse acquisitionsystem.
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Table 4.2. Experimental data ['ortwo ten-pellet test sequences with repetttive
two-stage light gas gun operating at 1 Hz

Trmtslent timing data" (s)

Pellet GuIt muzzle Target plate Flight ttme b Pellet velocity
nmn_r hght gate accelerometer (ms) (m/s)

Test sequence 1056

hrst-stage p_essure: 62 bar Piston mass: 25 g Pellet material: acetal
Secon,.1-stage pressure: 0.8 bar Pellet mass: 0.055 g Pellet shape: solid cylinders

Pellet size: 4.0 nun aiam x 3.5 mm long

I 0.071106 0.071811 705 2130
2 1.0737659 1.0'145409 7'15 1935
3 2.0740361 2.0"14'781 745 2015
4 3.074631 3.075371 740 2030
5 4.075336 4.0760'108 735 2040
6 5.0758257 5.0'/6561 735 2040
7 6.076481 6.077211 730 2055
8 7.0688057 7.069541 735 2040
9 8.077"776 8.078511 735 2040

10 9.070187 9.070921 734 2045

Avg = 2040

Test sequence 1109

Filst-stage plessute: 100 bar Piston mass: 30 g Pellet material: polyplopylene
Second-stage pressure: 0.8 bar Pellet mass: 0.029 g Pellet shape: solid spheres

Pellet size: 4.0 nun diana

1 0.051846 0.052321 475 3160
2 1.0476309 1.0481009 470 3190
3 2.0481758 2.048681 505 29"70
4 3.0510309 3.0515509 520 2885
5 4.048901 4.0494113 510 2940
6 5.049611 5.0501113 500 3(100

7 6.0423713 6.042881 520 2885
8 7.0497513 7.050221 470 3190
9 8.050951 8.05148 529 2835

10 9.051056 9.051620 5tv4 2660

Avg = 29'70

aTakenas lameot abruptchangein instrumentsignalsas deterwmnedbysottwarecodethatanalyzes
rawtraitslentdata.

bSeparauondistanceof 1.5mbetweennmzzlelightgateandtargetplate.

from the PLC, which serves a: the zero time which is initially subatmospheric (0.8 bar

reference, absolute), suddenly increases to =45 bar as

In Fig. 4.11, the top trace is the pressure the u'ansducer is exposed to the first-stage

at the upstream end of the pump tube (values gas upon the piston transit; the piston

shown were obtained by multiplying the actually oscillates in the pump tube alter the

voltage signal from the pressure transducer pellet is shot, as indicated by the cyclic

by its calibration constant). The pressure, nature of the signal. The decay of the
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Fig. 4.11. Experhnemal data for fifth pellet of test sequence 1109: (a) pressure in upstream end of pump
tube and (b) output signal from shock accelerometer located at downstream end of pmnp tube (data sampling
rate of 50 kttz).
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Fig. 4.12. Experimental data for fifth pellet of test sequence 1109: (a) output of di(xle that monitors light
intensity at gun muzzle light barrier and (b) output signal from shock acc¢ler(-,meter kx:ated on target plate (data
sampling rates of 200 kHz and 100 kHz, respectively).
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pressure toward the end of the data trace performance test sequence 1109, solid
corresponds to the switching of the fast 4-mm-diam spheres of polypropylene were
valve output back to the vacuum mode and used for the pellets, and the first-stage
the dumping of the remaining gas from the pressure was maintained at 100 bar. For this
pump tube. The bottom trace in Fig. 4.11 is ten-shot sequence, the average pellet veloc-
the output of the shock accelerometer ity is 2970 m/s with all pellets falling within
mounted at the downstream end of the pump about 10% of the average.
tube. Although there is some uncertainty, the In Fig. 4.13, we show data for all ten
data provided by these transducers can be pellets of test sequence 1109 by plotting the
used to estimate the flight time for the piston data over the entire time window of data
to travel the = 1-m length during the initial acquisition (data were actually collected for
compression. As shown in the expanded only a small time window for each pellet, as
traces on the right-hand side of Fig. 4.11, the shown in Figs. 4.11 and 4.12, with the time
time for the piston to travel from the interval between pellets void in Fig. 4.13).
transducer (peak pressure at 4.0438 s) to the Thousands of pellets have been fired in this
end of the pump tube (shock signal peak at study, including hundreds of multiple-pellet
4.0486 s) is estimated as 4.8 ms. sequences. The data presented here are

Accurate pellet velocities were deter- typical, with test sequence 1056 represen-
mined using timing data from instruments tative of modest operating parameters and
located in the pellet injection line down- test sequence 1109 exemplifying the highest
stream of the gun barrel as shown in performance parameters observed to date for
Fig. 4.12. A -_10-ns flash from a nitrogen repetitive operation. No more than ten
dye laser was used to freeze the in-flight pellets were fired in standard test sequences;
pellet in a shadowgraph, which was the number was limited by the capability of
monitored and stored by a standard video the original data acquisition system. Also,
camera and recorder; the shadowgraph for some gun components were exposed to
the test shot is shown in the inset of high-temperature gases during operation,
Fig. 4.12(a). Only test sequences with and active cooling may be required for test
photographs for all pellets are reported in durations much longer than --10 s. However,
this study, and this guarantees tha'_the ten-pellet sequences were sufficient to
correct times for these events wer _ selected, demonstrate the feasibility of repetitive two-

Table 4.2 summarizes the experimental stage gun operation.
data for the two ten-pellet test sequences In addition to the repetitive work, the
(1056 and 1109). The key differences in larger two-stage gun (pump tube ID of
input parameters for the data sets were the 41.3 mm) was equipped with a rifled 6-mm-
type and mass of the pellets and the first- diam gun barrel, and velocities of up to
stage pressure. In test sequence 1056, solid 5.1 km/s were achieved with 140-mg plastic
4-mm-diam, 3.5-mm-long cylinders of pellets. This system provides a test bed for
acetal plastic were used for the pellets, and evaluating pellet/sabot arrangements. The
the first-stage pressure was regulated at larger gun bore gives more versatility in the
62 bar. For this test, the average pellet ve- sabot geometry design; for example, a 6-
locity is 2040 m/s with all pellets falling mm-OD, 4-mm-ID shell is a reasonable size
within 5% of the average; examining only for sabots encasing nominal 4-mm-diam
the last eight pellet speeds indicates a maxi- hydrogen pellets. Rifled barrels will be used
mum variation of only 30 m/s (or 1.5%) to test the "spin-separation" technique. This
from the average. For the higher- involves launching sabot packages from
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Fig. 4.13.Experimentaldata for testsequence1109:(a)pressurefromIransducerlocatedin upstreamend
ofpumptubeand(b)outputsignalfromshc_kaccelerometerlocatedon targetplate(datasamplingratesof
50kHz and100kHz,respectively).

rifled tubes that spin them at high angular same parameters as those for actual two-
velocities. The sabot elements then travel stage gun operation with projectiles. Differ-
away from the nominal launcher trajectory ent piston designs were evaluated, and
at prescribed angles because of centrifugal pistons constructed of titanium alloys were
effec' bile the projectile payload travels cycled for thousands of shots with the
alon_ the original trajectory since its center corresponding wear recorded. Along with
of rotation and center of gravity are thorough testing of all prototype corn-
concentric with the trajectory, ponents, operating ,sequences were

In CY 1991, a si_;nificant effort in developed for the two-stage driver. These
support of the two-stage driver for the TPI, results are described briefly in ref. 21. In
described in Sect. 4.1.1.2, was carried out. general, the information obtained from
The support work included the construction experiments on the test stand has been
of a test stand for two-stage component incorporated in the final design of the TPI
development. A large-orifice fast valve two-stage driver, and this should improve
closely coupled to a 0.64-L volume was the initial reliability of the equipment in
developed and used to propel the piston in pellet fueling experiments on TFTR.
the pump tube. The pump tube was sealed at The next step in developing a functional
the downstream end where the pressure was high-speed repetitive hydrogen pellet
measured. With this experimental arrange- injector is to combine the acceleration tech-
ment, the piston essentially experiences the nology described here with the cryogenic
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extruder technology for supplying hydrogen Previous experiments with 4-mm pellet
ice previously developed at ORNL (see, e.g., iniection in H-mode discharges yielded a
ref. 16). The key elements of the present fusion product of 5 × 1020m-3.keV*s. This
design can, however, be readily integrated performance was enhanced by iniection of
into a pellet injection system, with or the pellet and formation of the H-mode
without sabot-handling ca0ability. Other key plasma early in the discharge before a q = 1
development issues for applying this tech- surface formed and sawteeth appeared. A
nique to plasma fueling include piston fusion product of 7 x 1020 m-3°keV.s was
design, incorporation of active cooling for produced in plasmas having nearly the same
long-pulse operation, and sabot configu- electron and ion temperatures of 10 keV. The
rations including separation techniques, thermonuclear neutron rate of these
Even though a singlz standard plastic piston deuterium discharges was approximately
appears adequate for uo to hundreds or l016 s-1. The central electron and ion ther-
thousands of shots, longer lifetimes (at least mal conductivifies in these PEP H-mode
tens of thousands of shots) are needed in a discharges are reduced by a factor of two to
practical plasma fueling system. Active three with respect to the usual anomalous
cooling of some of the gun components will values and may be related to negative shear
probably be reouired to limit the exposure of in the core, which may be brought about by a
bulk materials to elevated temperature substantial bootstrap current.
during long-pulse operation. Reliable Further PEP H-mode studies were made
techniques to continuously supply sabots to in 1991 with 6-mm pellets. Central densities

the gun and to accomplish the stripping of 2.2 x 1020m-3 were achieved in 4-MA
action near the gun muzzle are yet to be di_harges; these were significantly higher
demonstrated, than the density achieved with the 4-mm

In general, the designs of all components pellets, as shown in Fig. 4.14, where the
need to be reexamined with respect to mater- density profiles measured by light detection
ials and operating lifetime. In summary, and ranging (LIDAR) Thomson _attering
even though considerable progress has been 20 ms after 4-mm and 6-mm pellet injection I
made, a significant development effort is are overlaid. As much as 11 MW of neutral
still required before a practical plasma beam injection (NBI) and 10 MW of ICRF
fueling system based on the two-stage heating (ICRH) were applied following 6-
light gas gun can demonstrate reliability mm pellet injection and resulted in central
approaching that attained by present pellet electron temperatures of 5 keV. The power
injection systems (see, e.g., ref. 22). density available on JET was determined to

be insufficient to heat the dense plasma

4.1.2 Pellet Injector Applications following 6-mm pellet iniection to values as
high as that achieved with 4-mm pellet

4.1.2.1 JET pellet injector iniection.
The PEP mode has been found to be ter-

L. R. Baylor, S. L. Milora, W. A. Houlberg, minuted by an abrupt loss of central pressure
S. E. Attenberger, and L. A. Charlton often associated with magnetohydrodynamic
PEP H-mode experiments (MHD) phenomena. This termination

appears to be the result of an instability with
The primary focus of pellet experiments a fast time scale that is triggered when the

in the JET 1990 and 1991 campaigns was the safety factor drops below 1.5. The ideal
coupling of the PEP mode with the H-mode. infernal mode has been studied in relation to
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O,,L-_O,_,,O_D at JET was modified to allow modeling ofI I I 1 1 I '"

the density profile evolution with the
2.0- nonlinear transport model used successfully

by R. Hulse to model a TFTR pellet-fueled
discharge. The same model and variations

A 1.5-
"E were applied to a variety of JET pellet-
_, fueled discharges in Ohmic, L-mode, and
=.1.o_ _/ H-mode conditions and resulted in poor

E¢s_,m_Ea_'rs agreement with the measured density profileINJECTED63 s

0.5 INTODISCHARGE evolution.
4-ramPELLETS

INJECTED3.0 OR
5.0 s INTO

DISCHARGE

o , , i _ Pelletpenetration experiments
1.5 2.0 2.5 3.0 3.5 4,0

R (m)

The pellet penetration analysis begun in
Fig. 4.14.Density profiles measured20 msafter 1989 was completed in 1991.25 The con-

pellet injection by LIDAR Thomson scattering, clusion of this work is that the scaling of
pellet penetration depth with plasma and
pellet parameters agrees with predictions of

these discharges and is thought to be a
candidate for the instability. 23 the neutral gas shielding (NGS) ablation

model; however, the penetration depth is

Particle transport analysis
ORNL-DWG89M-2936R FED

A 0.4 I I I I IThe particle transport analysis of pellet-
fueled discharges begun in 1988 was _ o NOPELLET
summarized in 1990.24It was found that the '_cl _ _DoHCURRENTDEcAyRISE

, _ 0 ICRF DECAY
effective particle diffusivity in pellet-fueled _ 0.3 - 1:3 9 MONSTER -

\\ o SAWTOOTH

discharges was a strong function of the _'> _' o
density profile peaking factor ne(O)/(ne). The _ cD \
effective particle diffusivity from a number _= 0.2- o _, vo " _
of discharges is shown as a function of _ _ \\
density peaking factor in Fig. 4.15. The o_ _ ,, _.OHDECAY

_- U CX> _.A ",, I
= o o _ "'< o'._ wP,cA,.effective particle diffusivity in the core <_- 0.1 - - _._ • ,_ UNCERTAINTY -

region is as low as 0.04 m2/s in discharges _-, ', _, %-"o_''_ ]J

with highly peaked density profiles. The o_" _t_ _..
dependence of the effective particle -tu I I I I I

diffusivity on density profile peakedness °_.0 1.5 zo 2.s a.o 3.s 4.0
correlates well with the effective thermal ne(0)/(ne)

diffusivity from power balance calculations.
Both pellet-fueled and non-pellet-fueled Fig. 4.15. Effective particle (electron)diffusivity

sawtooth-free discharges were satisfactorily at r/a--0.3as a functionof density profile peaked-

modeled without any anomalous convective ness.Theparticle diffusivity is derivedfroma
(inward pinch) term. particle balance calculation assuming no anomalousinward panicle convection. Values are averaged over

Further analysis of the particle transport 400 ms during a discharge, and each point represents
in pellet-fueled plasmas was performed in a different discharge. The time history of Ohmic

1991. The PTRANS code developed earlier discharge 16227 is shown on the same plot.
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nearly twice that predicted by local ablation and have thus far been unable to diagnose
calculations. Additional shielding mech- any fast response; of the plasma that might
anisms need to be incorporated in the model mask the effective ablation rate.
to explain the discrepancy.

Pellet deposition analysis 4.1.2.2 Tore Supra pellet injector
C. A. Foster

A study of pellet deposition in JET pellet
injection experiments was begun in 1990. A centrifuge-type pellet fueling,,system,
The goal of the study was to examine the shown in Fig. 4.17, has been in operation on
measured density profile shortly after pellet Tore Supra since the fall of 1989. Tore
injection and infer the pellet ablation rate Supra is a long-pulse superconducting
required to produce the resulting density tokamak experiment located at Cadarache,
profiles. Measurements of the density profile France, administered by the French for
on JET were made with the LIDAR Euratom. This injector was developed at

Thomson scattering diagnostic within 4 ms ORNL to provide a quasi-continuous pellet
of injecting a pellet. These profiles were source for plasma discharges lasting up to
analyzed to determine the effective ablation 30 s. Deuterium ice is formed by freezing
rate required to produce the resulting density gas on a rotating copper disk, which is

_ profile. An example of this analysis is cooled to 4.3 K by liquid helium. Pellets are
shown in Fig. 4.16, which shows the then cut from the rim of the ice and injected
effective ablation rate for three identical into a high-speed rotating track in which
Ohmic discharges after 4-mm pellet they are accelerated to 800 m/s and injected
injection and the calculated ablation rate into the tokamak through a guide tube. Up to
using the NGS model with the neutral 100 pellets can be injected at a time at a rate
shielding enhanced by a factor of 15 over of up to 10 Hz. By adjusting the cutting
the standard NGS model. We find a strong knife, the mass of the pellets can be varied
discrepancy between the model and the data from 3 to 10 torr.L per pellet (equivalent gas

content).
ORNL-Dwa_2M.2312FEe The experimental program is continuing

,,_ with the goal of producing long-pulse,
JET

o #22561 / '_ " pellet-fueled discharges with continuous
= 1.00 - #22567 i ,_1,

.............. #22568 _"X _ pellet fueling and plasma exhaust using theIZ

0.75- NGS + _ "///'\\ [ ergodic divertor and pump limiters on ToreMODEL I \ .. : Supra. Figure 4.18 shows data from a l O-s
z

o discharge 26 that was fueled by 23 pellets
o.s0- ,, . .':.....",_ with Ohmic plasma conditions and used the

preconditioned graphite walls to pump the
> 0.25 -

r-- plasma exhaust. Experiments with auxiliaryO

heating were started in 1991. Figure 4.190
_.0 a.2 a.4 a.6 a.a 4.0 4._ shows data from an experiment combining

R(m) pellet fueling with lower hybrid heating

Fig.4.!6. Theeffectiveablationratescalculated (LHH). 27 Normally, LHH produces non-
for4-mmpelletsinjectedinto identicalOhmic thermal electrons in the edge of the plasma
dischargesandtheablationrate calculatedfromthe that prematurely ablate pellets, causing poor
NGSmodelwithenhancedshielding, fueling efficiency. In the experiment shown,



Fig. 4.17. ORNL centrifuge pellet injection system in operation a ORNL prior to shipment to Tore Supra.
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Fig. 4.18. Long-pulse Ohmic discharge fueled by multiple pellet injection.
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normal pellet penetration was achieved by power dissipation in the shield itself. In
temporarily turning off the LHH power just addition, the effects of slotting the antenna
prior to each pellet. The experimental side walls and septa have been modeled and
program will continue with the addition of measured experimentally.
both rf and neutral beam heating along with Applications of rf technology included
a full set of pump limiters, work on ATF at ORNL, continuing collab-

orations on the Tore Supra tokamak and on
TFTR, and a new effort on JET. A single-

4.2 RF TECHNOLOGY strap antenna was modified and reinstalled
on ATF, where it operated at power levels

The rf technology area comprises basic up to 900 kW. The two-strap antenna for
development, applications, and modeling. In Tore Supra was installed and operated at
the basic development area, work continued power levels up to 2 MW.
on the development of fast-wave current In the collaboration on TFTR, a corn-

drive (FWCD), the folded waveguide bined total of 6 MW of ICRH power has
(FWG), and Faraday shields. The four-strap been injected into TFrR using the Bay M
FWCD phased array launcher was com- and modified Bay L antennas. A new ini-
pleted and installed on the DIII-D tokamak tiative on TFTR is a microwave reflect-
at General Atomics in San Diego. After the ometer, designed at ORNL, which will
inital operation phase was completed, the initially be installed in a toroidal sector
antenna was returned to ORNL for upgrades removed from the antennas. After its initial

to the Faraday shield and antenna box and operation, it will be installed inside one of
then reinstalled on DIII-D. the two additional TFTR antennas. The

The 80-MHz folded waveguide (FWG) reflectometer will allow measurement of the

was tested in the Radio Frequency Test edge density profile and of the effects of rf
Facility (RFTF) plasma. The maximum power on the profile.
power achieved was 730 kW. Higher powers A collaboration was begun to design a
should be available in a device with higher

power coupler for the new A2 antennas for
plasma loading. A 433-MHz FWG was JET. This work involved extensive modeling
constructed for low-power testing. A

of the complicated A2 antenna geometry tocollaboration with the Frascati Tokamak
predict the mutual coupling between antenna

Upgrade (FTU) team in Frascati, Italy, was elements. The power coupler will be
begun; this effort includes the design, designed to optimize power flow from the
fabrication, and installation of two 5(X)-kW, individual transmitters to the antenna straps433-MHz FWG antennas.

over a broad frequency range for arbitraryNew materials and fabrication tech-
values of antenna phasing.

niques for Faraday shield tubes were
Design work on heating schemes and

developed and tested. The effects of Faraday antennas for the proposed Burning Plasma
shield geometry and material on the antenna Experiment (BPX) was performed inwere calculated, and the results were com-

collaboration with the Fusion Engineering
pared to measurements. The calculations can

Design Center during the period. This effort
predict the effect of different shields on

will be redirected to support the Toroidal
magnetic shielding, antenna inductance,
phase velocity of the launched waves, and rf Physics Experiment (TPX) proposal.
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4.2.1 Basic Development single power source. The fact that all array
elements are driven by a single source

R. H. Goulding, F. W. Baity, W. L. Gardner, requires that control of phasing and
G. R. Haste, D. J. Hoffman, balancing of currents occur at high power.
D. A. Rasmussen, P. M. Ryan, Progress has also been made in the
and D. W. Swain modeling ,_fthe self-consistent behavior of
4.2.1.1 Fast wave current drive the system composed of the feed circuit,

antenna array, and plasma during phased
DIII-D operation. Measurements in air of the rf

magnetic fields generated by a mock-up of
The successful operation of the DIII-D the antenna array (Fig. 4.2 l) have been used

FWCD antenna array, as described in Sect.
4.2.2.2, is due in part to the development of as input to the ORION code in order topredict changes in antenna loading caused
a new tuning algorithm. The algorithm is by changes in phasing and the relative
used to adjust five tuning elements so as to
obtain equal current magnir :des on each of magnitudes of array element currents. 28In
the four antenna elemeots with the desired this way the performance of the system

under varying plasma conditions and the
phasing and a match to the transmitter

effects of modification_ of antenna geometry
impedance. Voltage and impedance can be predicted.
measurements obtained during a particular

shot are used to improve settings for the JET
following shot. Figure 4.20 is a graph of the

phases of the voltages measured using A power compensation system has been
probes on three of the feed lines relative to developed to allow full-power operation of
that of the first feed line as a function of the JET ICRF heating system in a FWCD
time during a shot. The target for the phase mode in which neighboring antenna ele-
difference between neighboring lines for this ments are arbitrarily phased with respect to
shot was 90°, and as the figure shows, the one another. The system has been designed
actual phase obtained was very close to this to operate in conjunction with the four-
target value. This result represents the first element A2 antenna arrays that will be
time in which a phased antenna array installed in 1993.29 Phased operation is
operating in the ICRF has been driven by a difficult because power is transferred

ORNL-DWG 92M-3392 FED
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o,,,.Dwo,,._,5_o on a proposal by G. Bosia of JET, to use a

four-port quarter-wave coupler to transfer
1_10 power equal in magnitude and opposite in

.0 _ direction to that transferred at the antennas.
,8 'E
7 -. The magnitude and direction of the power
:_ -_ transfer are controlled using capacitors

_ (Fig. 4.22), which can be adjusted by
._ - automatic feedback control to obtain equal.5548

radiated powers with equal input powers.

_ ,F''°'°_ We have developed coupled transmission
_,e,_.262s vI,,I line models of the antenna array, quarter-

°"_i _='m_'__ _,ff_168 wave coupler, and feed lines in order to

° " '_z,_l _ _.,, rm_g predict the performance of this system. The,, model predicts that available power can be
increased by nearly 50% for a relativeFig.4.21. Toroidalrf magneticfieldamplitude

measured5 cm in frontof the Faradayshield,rlere Y antenna phasing of +90 ° (Fig. 4.23).
is the poloidal direcOon,withthe bottomof the Installation of a prototype version of this
antennabox at Y= 0, andZ is thetoroidaldirection, system on JET is planned for early 1993,

with FWCD experiments expected to
commence the following year.

between antenna elements due primarily to
their mutual inductance, with the magnitude
of the power transfer proportional to the sine
of the relative phase angle. If the input
power to each element is equal, then there
can be a large imbalance in the radiated 0_Nt-oWG92M-3393RFED
powers due to this transfer. This imbalance

P1 "f P2 "J P3 =u P4
reduces the power handling capability of the

system, as well as producing a degraded FROM_ _ _ _wave spectrum. JET has previously operated AMPLIFIERS

the A1 ICRF antennasin a phasedmodeby _ /
using unbalancedinput powers to compen-
sate for the transfer, but this method reduces DIRECTIONOFPOWER FLOW _ "" TUNING

the total available power by as much as THROUGH _ "-" STUB

The JET A2 antenna elements will each ._---IH=,

be driven by a separate transmitter, in con- c,]
trust to the DIII-D case in which a single ] FOUR-PORT ] ]

power source drives all elements. Thus, it is _ COUPLER

possible to control the amplitudes and
_._,asesof currents on the elements auto- / ks / _ /_ _X
matically using feedback. To t_e advantage

DIRECTIONOF POWERTRANSFER
of these capabilities, the power compen- THROUGHANTENNAS

sation problem for JET had to be solved in a

completely different way than that used for Fig. 4.22.Powercompensationsystemfor the
DIII-D. A system has been devised, based JET A2antenn,'ts.
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ORNL-DWG92M-3394FED After these improvements were made, it
9 ' 4-LINE I ......, ' became possible to operate the FWG proto-COMPENSATOR

_" a __;;_ type at input power levels of 550 kW in

'" 7 1 vacuum and 736 kW with plasma, corres-
/_ ponding to a maximum internal electric fielda. _, 2-LINE / \

a.:3 _o_MCOMPENSATORS_/ATo__''_ in the waveguide of 20 kV/cm. When a loop
z s - antenna was operated at approximately the
(_ 4 - PEN • - same plasma density (ne ~ 1017m-3), the

maximum achievable power level was3 ] I I I I
-18o .12o -60 0 60 12o 18o between !00 and 135 kW. Thus, the b'WG

PHASE(DEG) performed approximately seven times better

Fig.4.23.Inputpowervs phasewithandwithout than the loop in power handling. Note that
powercompensatorsassumingequalcurrent the power density of 400 W/cm 2 is
magnitudesat thearrayelementgrounds, extremely high, given the sparse plasma

load.These power handling results indicate
that the FWG concept has been sufficiently

4.2.1.2 Folded waveguide developed for application on a tokamak.
Figure 4.24 shows the FWG that is being

The 80-MHz prototype FWG has now designed for use on the FT-U tokamak. The
been operated at power levels above 700 kW
in the presence of plasma. The very large ORNL-DWG92-3395FED
increase in power handling capability has
been achieved as the result of both design
changes and advances in conditioning
methods. A movable shorting plate located
at the back end of the waveguide was
replaced by a fixed plate to eliminate
problems with finger stock in this high-
current region. Arcing at high power was
sharply reduced by eliminating gaps
between the waveguide vanes and the
polarizing plate bolted to the front of the
waveguide and by improving connections
between the feed coaxial outer conductor

and the waveguide.
In addition, a new surface conditioning

technique was employed following vacuum
openings. It consists of a bakeout at 150°C
for 8 h or longer, followed by application of
rf at power levels _<2 kW to produce a multi-
pactor discharge, which is run continuously
until improved surface conditions cause it to
terminate spontaneously. A final improve-
ment was the addition of a water-cooled

stainless steel face plate mounted over the Fig. 4.24.Thefoldedwaveguide antenna for
polarizing plate. FT-U.
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concept is also being considered for appli- The maximum temperature observed in this
cation on PBX and JT-60 and could be a case was 397°C, with the temperature rise
prime candidate for ITER. distributed more broadly over the shield than

it was for the TiCN-coated shield. The

4.2.1.3 Faraday shield studies power deposited in the shield in this case is
the same as that which would occur if the

Uncooled bent-rod Faraday shield antenna were operating at a power level of

A prototype bent-rod Faraday shield has -1 MW in the presence of a 4-f2 resistive
been built for the single-strap development plasma load.
antenna in order to test the performance of Short-pulse (l(X)-ms) tests of the shield
the concept during long-pulse operation with have also been performed in low-density
no active cooling. The shield is a single-tier (ne <-1017 m-3) plasmas, in which maximum
open design in which the rf losses are mini- antenna voltages of 40 kV peak and maxi-
mized by a large spacing between elements, mum currents of >1 kA rms have been
The shield elements are readily inter- attained.
changeable so that a wide variety of pro-
tective coatings can be tested. A principal Mechanically attached tiles
advantage of the bent-rod design is that it Mechanically, attached tiles have an

should have much lower thermal stresses advantage for use on uncooled Faraday
than a straight-rod design, shield elements in that there is little thermal

Very good results have been obtained in contact between them and the underlying
long-pulse experiments performed in support rod. This acts to reduce the peak
vacuum on RFTF. The shield was run with temperature reached by the support rod,
copper-plated, TiCN-coated stainless steel since much of the heat generated in the tiles
rods for pulse lengths up to 20 s and a trans- is radiated to other surrounding surfaces
mitter power level of 40 kW at an operating rather than conducted into the rod. In

frequency of 42 MHz. An infrared camera previous tests, files attached to a stainless
was used to monitor temperatures, which steel tube by metal pins were successfully
reached a maximum of 290°C at the end of a tested in the High Heat Flux Test Facility
series of 17 pulses. The maximum (HHFTF).31 In subsequent rf compatibility
temperature rise during a pulse was 50°C. tests, two tubes covered by brazed graphite
The heating appeared to be very localized, tiles in the original development antenna
with high temperatures limited to several Faraday shield were replaced by solid rods
tubes near the shield center and occurring covered by tiles attached with pins. The
only in the region of the 90 ° bends. There modified shield was tested in RFTF using
was no observable damage to the shield rods the development antenna with strap currents
when they were inspected alter the test, A up to 9(1()A and pulse lengths to 2 s. Tile
second test was performed using lnconel surface temperatures up to 9(X)°C were
rods covered with brazed graphite (POCO achieved without any arcing observed in the
AXF-5Q) tiles. In this case, average vicinity of the tiles, indicating that this
transmitter power levels of 55 kW were method of tile attachment is compatible with
attained for 25-s pulses, and power levels of the presence of high rf fields.
up to 39 kW were attained for 38-s pulses.
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4.2.2 RF Projects French antennas were replaced with a new
design that incorporates a single layer of

4.2.2.1 Tore Supra cooling tubes, coated with B4C on the

G. R. Haste, F. W. Baity, and T. D. Shepard surface facing the plasma. In addition, a new
central septum with water cooling replaced

Three ICRF antennas are installed on the original septum between the two antenna
Tore Supra. All three antennas use the same halves. These changes resulted in a higher
basic design, which was developed at Q; that is, the rf losses in the Faraday shield
ORNL, but there are differences in their structure were significantly reduced.
final configurations that were deliberately Detailed comparison of the properties of the
introduced to test various design concepts, antennas and of their interactions with the

One of these antennas was built at ORNL, plasma are planned for 1992.
and the other two were built in France. Each

one has two independent current straps and
is installed in its own port on Tore Supra. 4.2.2.2 DIII-D

When first operated, all three antennas
F. W. Baity, R. H. Goulding, and

had Faraday shields with double layers of P. M. Ryan
cooling tubes. The inner half of the inner
layer of tubes (that facing the plasma) had Noninductive current drive appears to be
semicylindrical carbon tiles brazed to the required for a tokamak fusion reactor.
tube surface. Protection along the sides was Among existing fusion experiments, the
provided by "bumper" limiters. On the two DIII-D device at General Atomics offers the
French antennas, the bumper limiters have a best opportunity for testing FWCD, which is
single cooling passage and flat, planar one of the most prontising candidates for
surfaces to which graphite tiles have been noninductive current drive. The ORNL rf
brazed. The ORNL bumper limiters have technology group designed and constructed
three cooling passages and curved carbon an FWCD antenna array for a proof-of-
tiles, principle ICRF current drive demonstration

Initially, all three antennas used integral on DIII-D.
feedthroughs in which the ceramic insulation The DIII-D array is designed to operate
was brazed to the metallic parts. All of the at 2 MW for a 2-s pulse every 10 min and to
antennas have proved vulnerable to prob- cover the frequency range from 30 to
lems with the coaxial vacuum feedthroughs, 60 MHz. The antenna array is mounted in a
and the French design has been changed to 50- by 100-cm recess in the DIII-D vacuum
use O-ring seals, thus avoiding the trouble- vessel wall covering the 285 ° and 300 °
some vacuum braze procedt.re. As a side ports. Key features of the antenna array
benefit, it has proved possible to change the include a highly directed wave number
feedthroughs without removing the antennas spectrum and external control of the relative
from the port. With the brazed design, the phasing between adjacent radiating
antenna must be removed to replace the elements. Algorithms for tuning and
feedthrough, matching the array were developed with the

During spring 1991, while operating aid of a full-scale antenna mock-up.
with the two-layer Faraday shield, one of the A magnetic loop probe was used to make
two French antennas achieved a power level two-dimensional (2-D) measurements of the
of 3.2 MW at 57 MHz for a 3-s pulse, magnetic field patterns in front of the
During fall 1991, the Faraday shields in both antenna array before it was shipped to
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DIII-D. The array was installed on DIII-D the tokamak loop voltage dropped, with the
by ORNL personnel, with assistance from reductions exceeding those expected on the
General Atomics staff, in June 1990, and basis of increased electron temperature and
operations began in September 1990. the bootstrap effect, thus indicating probable
Minority heating experiments at 32 MHz current drive. The rf power in these experi-
were conducted first to qualify the hardware ments was generally limited to < 1 MW
and test the tuning algorithms. Typical because of voltage limitations in the trans-
plasma conditions were a toroidal field of mission line system, and electron tempera-
2.15 T, a plasma current of 1 MA a line- tures were less than optimum owing to
averaged density of (2---z!)x 1013 cm-3, and inoperative waveguides in part of the ECH
less than 2% hydrogen, Up to 1.5 MW of system. Consequently, the magnitude of the
power was applied, and almost all experi- FWCD was small, on the order of 100 kA, in
ments were conducted with n phasing most cases. In addition, the FWCD was
between adjacent loops, observed to be positive regardless of the

Next, the direct absorption of fast waves direction of the launched rf wave spectrum,
at 60 MHz was verified in low-density contrary to theoretical predictions.
plasmas at 1 T with the antenna array phased The double-tier, Ti(C,N)-coated Faraday
symmetrically. A threshold of about 1 keV shield was removed during the fall vacuum
in the electron temperature was required for opening of Dill-D, and the antenna housings
significant absorption of the rf waves, were modified to increase the mutual
Strong single-pass absorption of the rf is coupling between antenna elements so as to
desired for FWCD, since the directionality increase the directionality of the launched
of the waves may be compromised by wave spectrum. The antenna array was
multiple passes through the plasma. The reinstalled in DIII-D without a Faraday
absorption increases with increasing electron shield in order to study the effect of the
temperature, so current drive is expected to shield on plasma loading and impurity levels
be most efficient during high-power ECH. during high-power rf operation. These
However, the high cost of operating the experiments are expected to continue for a
DIII-D ECH system limited its availability few months, after which a new single-tier,
to one DIII-D run period during the phased B4C-coated Faraday shield, with rods tilted
experiments that followed the symmetric at 12° to match the pitch of the toroidal
phasing runs. magnetic field lines at the antenna radius,

After these experiments, the first will be installed. The B4C coating is
attempts were made to drive current with expected to help reduce impurity generation
fast waves from antenna elements phased at during current drive experiments at 90°
90 °. In shots both with and without ECH, phasing.
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4.2.2.3 TFTR density profile (and, implicitly, the coupling)
has changed since the early runs. This is due

ICRF collaboration in part to the installation, around the TFTR

D. J. Hoffman, F. W. Baity, W. L. Gardner, vacuum vessel, of additional "rf" plasma
limiters. The modified Bay L antenna

R. H. Goulding, D. A. Rasmussen, achieved a power of 3.5 MW with an
T. S. Bigelow, I. Collazo, G. R. Hanson,
J. B. Wilgen, R. C. Goldfinger, antenna voltage of 50 kV (the typical
J. R. Wilson,* J. C. Hosea,* J. H. Rogers,* operating voltage of the previous runs). In
G. Schilling,* J. Stevens,* experiments in which the density was

ramped during the rf portion of the
and C. K. Phillips* discharge, the loading was maximized at

The TFTR rf program conducted experi- different densities for the two antennas. Two
ments in a variety of plasma conditions, more antennas of similar design are
including plasmas with rf heating and with scheduled to be installed on TFTR, which
Ohmic heating, pellet fueling, and NBI. should lead to a total antenna power of
Total power launched from the two TFTR 12 MW.
antennas exceeded 6 MW. Previous ICRF Physics issues investigated during the
experiments on TFTR used two ff antennas reporting period are

of different design.32,33 The loading charac- 1. central heating of ions and electrons,
teristics of these two antennas were quite 2. sawtooth stabilization,
different. In order to determine whether the 3. enhancement of neutron production
design features or local plasma/antenna when pellet injection and rf operation
geometry effects were responsible for the were combined,

difference in loading characteristics, the 4. impurity injection from the antennas
design of the Bay L antenna was modified (typically low), and
during 1990 to make it similar to the Bay M 5. modification of the edge conditions by
antenna. The changes included modifi- the ff power.
cations to the Faraday shield geometry and
the protective tile geometry and slotting of
the antenna side walls and septum. Some Microwave densi_ profile reflectometer
significant differences between the two T. S. Bigelow, G. R. Hanson, J. B. Wilgen,
antennas remain. The toroidal separation and I. Collazo
between the two straps in each antenna is
different, which produces different kll The design of a microwave reflectometer
spectra. Also, one of the antennas is closer for edge density profile measuremcnts on
to the plasma than the other, which may TFTR was undertaken in 1991, with
result in different plasma density profiles at conceptual design completed by the end of
the antenna faces, the year. The reflectometer will eventually

Initial experiments indicate that the be used to facilitate the coupling of ICRF
design differences may have been respon- power to the plasma; it will also provide
sible for the previously observed differences edge density profile and fluctuation data that
in antenna loading, although the edge are not readily available from the existing

diagnostics.
The reflectometer launches a swept-

*PrincetonPlasmaPhysicsLaboratory, frequency (90- to 115-GHz) test wave into
Princeton,NewJersey. the plasma edge. This wave reflects off the
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extraordinary-mode cutoff layer and returns when beam heating was initiated. Thus, the
to the launcher. Measurement of phase shift plasmas had a central electron temperature
vs frequency of the reflected wave can be of 50--100 eV when the ICRH was applied.
inverted to reconstruct the density profile. A This "target" plasma would remain in a
new dual-frequency, differential-phase collapsed stored energy state throughout the
configuration that has been developed discharge unless ICRH was applied. When
reduces the effect of density fluctuations and more than 200 kW of ICRH was applied, the
eliminates problems with the long path plasma edge would heat, and as a con-
length from the generator to the plasma. The sequence more efficient coupling of NBI
diagnostic will initially be installed away power would result in a global plasma
from the antennas so that it can share the "reheat."

existing TFTR fluctuation reflectometer With further conditioning of the beams
waveguide system. Plans are to later build a and vacuum vessel (via titanium gettering), a
waveguide system to connect to a launcher limited number of discharges was obtained
mounted inside one of the two new ICRF in the second mode, with "noncollapsing"
antennas, target plasmas. The addition of ICRH

appears to result in a modest increase in

4.2.2.4 ATF heating for these discharges for the initial
portion of the rf pulse, but it also seems to

Ion cyclotron heating experiments with an accelerate the collapse of the stored energy.
asymmetric resonant double loop antenna This earlier collapse is probably the result of

impurities (increased titanium radiation is
D. A. Rasmussen, R. H. Goulding, measured) entering the plasma after being
T. D. Shepard, D. J. Hoffman, F. W. Baity, sputtered from the vessel walls because of
R. C. Isler, C. E. Thomas, M. R. Wade, and

the rf heating of the edge plasma. Because of
M. Kwon the limitations on ATF operating time, the

ICRF waves were used in heating exper- antennas could not be adequately con-
iments on the ATF plasma. A single-strap ditioned for high-power operation. It is
tunable asymmetric resonant double loop expected, on the basis of results from other
antenna with carbon limiters was used at devices, that significant heating will occur

power densities up to 13.6 MW/m 2 once the impurity level is reduced by
(9(10kW). Hydrogen minority heating conditioning the antenna and vacuum vessel
experiments at 14.4 MHz were performed with high-power rf.
for various central density levels from 5 x

1012cm -3 to 2 x 1013 cm -3 in deuterium ECH systems
plasmas formed initially with both second
harmonic ECH and NBI. Because. of the low T.S. Bigelow, C. R. Schaich, J. B. Wilgen,

level of plasma coupling, no significant J.A. White, T. L. White, M. Sato,* and
ICRH was observed in the low-density ECH S. Kubo*

target plasma. Significant progress was made with the
Two distinct operating modeo with both ECH system on the ATF stellarator in 1990

NBI and ICRH were observed. In the first, and 1991. Accomplishments include
the combination of relatively low beam
input power (=600 kW) and inadequate
machine conditioning resulted in discharges *NationalInstituteforFusionScience,Nagoya,
that suffered a collapse of the stored energy Japan.
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(1) making a second 200-kW gyrotron sys- A 35-GHz, 200-kW gyrotron system was
tem fully operational, (2) upgrading the also added to ATF to allow experiments
high-voltage dc power supply to signifi- with high plasma beta at lower magnetic
cantly higher power capability, (3) installing fields with very long pulse operation and
a 35-GHz, 200 kW gyrotron system, edge heating. A new gyrotron socket was
(4) carrying out detailed measurements and constructed, and a portion of a waveguide
analysis of the launcher performance, and transmission system was installed. The
(5) measuring plasma absorption and leak- gyrotron was obtained from the MFTF
age on ATF. Operation of two gyrotrons at project at LLNL. Operation of the tube has
pulse lengths up to 20 s has become routine, been quite successful, although coil prob-

The launcher configuration developed lems on ATF limited pulse lengths to 21 s.
for ATF is shown in Fig. 4.25. This launcher Researchers from the National Institute for
converts the unpolarized TE01 input wave Fusion Science in Japan provided assistance
from the gyrotron into a polarized beam.
The plane of polarization can be rotated
arbitrarily by rotating a corrugated-surface oR,,._=.,_,_
twist reflector. The beam is focused slightly
to produce a narrow pattern at the plasma
edge. Laboratory measurements of the
launcher beam were made; a contour plot of W,VEaU_D_(togyro1_on)

the measured pattern is shown in Fig. 4.26.
Numerical analysis of the beam pattern
indicates that the-20-dB beam efficiency is oowNrAPERro

3.83.cmWAVEGUIDE

~80%, which includes side-lobe and cross- VACUUM "_
ISOLATION I

polarized power loss. First-pass absorption C_rEVA_VE
of the beam was measured under a variety of -_ I _o0,
conditions, and general agreement with I
theory is obtained when polarization rotation SP,ER,CALFOCUSING _ .,--11

MIRROR_ ROTATING

effects caused by magnetic field shear are rw_rnER._croR
included in the model.

The upgrade to the ECH high-voltage dc ,. , _,
power supply was completed in preparation
for installation of a 106-GHz, high-power ROr,_O_LI_L_ v^cuuM
gyrotron system to be installed on ATF in _EEor.noua.
collaboration with the Heliotron-E project in
Japan. New transformers and rectifiers, ,_-
obtained from the Mirror Fusion Test /FOCUS

Facility (MFI'F) project at Lawrence ,r
SADDLEPOINT 7- ATFVACUUM

Livermore National Laboratory (LLNL), ./ vesta
were installed on ATF as shown in Fig. 4.27. -7 1 _--

DOMESHAPED_ ----- - - ",,, /

The power supply capability is now -90 kV SCArrE_,NG_, _,_SCRE_ _;...... _ a_ssw,Noow
at 90 A for 30-s pulses and 50 A cw. The _'_'--ou_Po_ON
upgrade was completed in three months, and RECE,V,_.ORN
the performance of the new system is
excellent. Fig. 4.25 The ATF ECH launcher.
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ICRF antennas, Faraday shields, and
10-

FWCD launchers for a variety of devices

_o_" s _ ___0"_ 0 IN.._ )_'_q_'%_ werereportingdesignedperiod.and/orMuchanalyzedofthis workdUringwasthe

0 - _ ", done in collaboration with the Plasma
• Theory Section. Some of the new compu-

-_ -s - - tational techniques developed during thisl:1

period are described.-10 -

-is .... _ _ = i = , 4.2.3.1 Faraday shield loading-15 -10 -5 0 5 10 15

TOROIDALDIRECTION(cm) A method was developed to calculate the

Fig. 4.26. Contour plot of the ATF launcher rf power dissipation arising from the eddy
pattern. Contours indicate -3-dR steps, currents induced in the Faraday shield of an

ICRF antenna. 34 The analyses are performed

with magnetostatic codes35 in two and three

in construction of some of the waveguide dimensions, with all metallic surfaces

components and participated in the 35-GHz represented by perfect conductors. Once the

heating experiments, current distributions are determined, the

ORNL-DWG92M-3397FED
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Fig. 4.27. ECH systempower supply configuration.
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power distributions are calculated by Table4.3. Comparisonof loadingmeasurements
employing a nonzero surface resistance that andcalculationson theORNLdevelopment

is a function of the operating frequency and antenna for differentshield materials

of the conductivity and distribution of the Loading(rag1)
shield materials. The total power dissipated
in the shield can be expressed in terms of the Materialandresistivity CalculatedMeasured

strap current as a loss resistance that is in Copper, 1.673 lagl.cm
series with the plasma loading resistance. At 29MHz 4.44 4.137
Figure 4.28 compares the calculated and At 57MHz 5.79 5.746
measured loss resistances at 55 MHz for a At 81 MHz 6.51 6.227

single-tier Faraday shield consisting of Stainless steel, 69 _ocm

0.375-in. copper tubes with 0.0625-in. At 29 MHz 26.0 25.35
graphite tiles brazed to the front surface. At 57 MHz 33.9 35.21At 81 MHz 38.2 38.16
This figure demonstrates the role of the
shield geometry in determining the rf losses; Solidgraphite, 1340 Ix.GocmAt29 MHz 113.9 83.28
the losses increase as the gap between tubes At 57MHz 148.4 136.2
(optical transparency) decreases. The At81 MHz 167.0 166.3

dependences on shield material (electrical ltalf graphite, 1340la_°cm
resistivity) and operating frequency can be At 29 Mltz 56.7 43.03
seen in Table 4.3, which compares At 57MHz 74.1 71.96
calculated and measured loss resistances for At 81MHz 83.5 95.95

a fixed shield geometry.

4.2.3.2 Septum slotting
also changes the wave spectrum by redis-

Providing slots in the side walls of ICRF tributing the return currents, at the expense
antennas is a method of allowing expansion of increasing the interstrap coupling. The
of the current strap's magnetic field distri- effectiveness of such slots is determined by
bution, thus downshifting the peaks in the their transparency to magnetic flux, which is
toroidal wave spectrum and increasing the a function of slot shape, area, position,
plasma loading. Placing slots in the septa thickness, and poloidal periodicity. A
that separate straps in multiple-strap arrays method was developed to determine the

fields of a slotted side wall/septum antenna
over one poloidal field period using the

OR_L-D_',a_._398FE0 three-dimensional (3-D) magnetostatic1 I I I I

to code. 36 The mutual inductance, or interstrap
o MEASURED coupling, can be calculated from these 3-D

.Z 0.1 0 CALCULATED
'" ,, fields and used to define an "effective" solid<

q [] o septum that gives the same mutual induc-

" [] Do [] o o tance; this equivalent solid septum can then
o.ol _ _ _ _ j be used in 2-D codes. Figure 4.29 compares

o.o o.1 0.2 o.a 0.4 o.s the measurements of the Bz component in
OPTICALTRANSPARENCY front of the antenna with the results of 2-D

and 3-D calculations (the 2-D calculationFig.4.28. Calculatedand measuredloadingfora
single-tierFaradayshield(0.375-in.coppertubes uses a solid septum adjusted to give the
with 180°, 0.0625-in.graphitetiles), same mutual coupling between straps).
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ORNL-DWag2U-339,_EO where li is the current in strap i; Ci' is theMEASUREMENT OF SLOT EFFECT

W,THOUTSLOTS capacitance to ground per unit length of
1,2 I '" I I I .... I I /

1.o- ,UTUAL,NDUCTANCE_ strap i; Li is the self-inductance per unit
,z o.8, CALCUt_TED1.8_'. /" - length of strap i; Ri' is the resistance per unit

_' 0.ep-EX_O i length ofstrapi(plasmaloading);M_nisthe
0, i1

_o.2 mutual inductance (positive or negative) per
_ 0.0

z-o.2, unit length between current position on strap
-o.4 i and the appropriate position on strap mi I I I i_ MEASUREMENT ' I

(O 2-DCALCULATIONI (note: m can equal i, indicating self-couplingWITH SLOTS "-'{ o 3-D CALCULATION1.2 1 I 1 1

1.0 - MUTUAL INDUCTANCE _ to another position on the same strap); Kim
m_ 0.8 - CALCULATED4.9*/. _ - - is the mutual capacitance per unit length

o.4 between current position on strap i and the
_ 0.2

_, o,o, appropriate position on strap m; x-is the
= .o.a - present position along strap i, r _'-enced to

.0.4 _ , , _ , , i the ground point of i; Xm is the ,-t. ropriate0 2 4 6 8 10 12 14

SIDE WALL TOROIDAL POSITION (cm) CURRENT STRAP position along strap m, referenced to theCENTER

ground point of i, to which current at xi
Fig. 4.29.Measuredandcalculatedtoroidal couples; dim is the distance from strap i to

magneticfieldBz foran antenna(a) withslotsand strap m (phase lag effect); and Sim is the
(b)withoutslots, direction of Xmcompared to xi (if sire = +1,

th.enxm increases with increasing xi; if Sim =

-1, then Xmdecreases with increasing xi).
4.2.3.3 Arbitrarily coupled, lossy The input conditions specify the mag-

transmission line antenna model nitude and phase of the current at the ground

A transmission line model was point of one of the pair of parallel straps.

developed for modeling the complicated, The magnitude (and, if necessary, the phase)
highly coupled geometry of the JET A2 of the current at the ground point of the
antenna array. The ,scattering matrix, port other strap is adjusted so that the voltages
impedances, and poloidal current (magnitude and phase) match at the mutual
distributions on the N straps of the antenna feed point (i.e., the input port). Typically,
come from the solutions to a set of coupled the magnitudes of the ground point currents
transmission line equations: of all the upper straps are held fixed, while

those of the lower straps are allowed to
_21i _ adjust themselves; this convention is

--jcoC[(jo_Li' + R[)Ii(xi) arbitrary. The input inductance and
N capacitance matrices are calculated with the

- _., jo3C;n(j(oM[rn)Im(xm) 2-D and 3-D magnetostatic codes. This
m=l model is being tested and refined by

( _ ) comparison with detailed measurements× exp -j dim carried out with a JET A2 mock-up antenna.

N

+ Zjo3K:,n(jO3L;n + R_n)simlm(xm)
m=l

/
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5. ADVANCED SYSTEMS PROGRAM

SUMMARY OF ACTIVITIES

The Advanced Systems Program serves as the focal point for design studies for future
fusion experiments. The Fusion Engineering Design Center is the major engineering resource
for the program. During 1990 and 1991, activities in the Advanced Systems Program
included the International Thermonuclear Experimental Reactor (ITER); the Burning Plasma
Experiment (BPX); a Steady-State Advanced Tokamak (SSAT) with resistive, demountable
coils, designated SSAT-D; the Advanced Reactor Innovation and Evaluation Study (ARIES);
a small, steady-state tokamak (triple-S tokamak, or TST) for integrated divertor testing; and
support for systems code development and application.

The three-year Conceptual Design Activity (CDA) phase of the ITER program, an inter-
national program for cooperation on the design of a fusion test reactor, was completed in
December 1990. The CDA established a reactor configuration as the basis for the next project
phase, the Engineering Design Activity (EDA), scheduled to start in late FY 1992. The CDA
also established a five-year research and development (R&D) plan for the major reactor sys-
tems to be conducted in conjunction with the design activities during the EDA. ORNL was a
major participant in the ITER physics, engineering design, and R&D activities at the national
and international levels.

The BPX project, led by Princeton Plasma Physics Laboratory (PPPL), was directed
toward developing a lower cost successor to the Compact Ignition Tokamak (CIT). ORNL
served as a major partner in the project, with design and R&D responsibility for remote main-
tenance, vacuum system and thermal shield design, rf heating, and pellet injection. Design
Center staff also carried out calculations of plasma shape control and plasma disruptions in
collaboration with PPPL. The BPX project was cancelled in September 1991.

The mission of the SSAT is to demonstrate integrated steady-state operating modes char-
acterized by a noninductively driven plasma current, a high power density, an actively cooled
and actively pumped divertor, and disruption-free operation. In addition, this device would
provide a database on physics regimes that could be extrapolated to a more attractive fusion
reactor than that projected by the present database. The design concept for an SSAT with
resistive, demountable coils, identified as SSAT-D, was developed in a design study initiated
in fall 1991 to determine whether the SSAT mission could be accomplished in a facility with
a moderate capital cost (near $400 million) sited in the present Tokamak Fusion Test Reactor
(TFTR) facility at PPPL and making maximum use of available TFI'R assets. Design Center
staff developed both a configuration with a major radius R0 = 2.25 m and an alternative con-
figuration with R0 = 1.5 m.
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As part of the ARIES program, a D-3He-fueled tokamak reactor, ARIES-Ill, was
designed. Key features of this reactor include a standard aspect ratio, high poloidal beta, and
dominant bootstrap currents (approximately equal to the plasma current). Potential advan-
tages include high beta, which contributes to reducing the size and magnetic field of a fusion
reactor, and modest current d_ive rcquirements, which reduce the recirculating power needed
to maintain the plasma current in steady state.

The design study for the TST addressed the need for development of divertors and the
associated plasma power and particle handling. These systems will be required for ITER and
for all large, steady-state tokamaks that are driven with high auxiliary power. The TST,
which could fulfil this R&D need in the near term, relies only on the physics and technology
data of existing small to medium-size tokamaks and uses the facilities and equipment avail-
able at a typical fusion research institution such as ORNL.

In the systems code area, final development of the TETRA (Tokamak Engineering Test
Reactor Analysis) code was completed, and the code was applied to the ITER CDA concept.
In an effort led by Lawrence Livermore National Laboratory, a new code, called the
Supercode, was created. The Supercode was applied to the conceptualization of the SSAT.

5.1 ITER scheduled to start in late FY 1992. The CDA

also established a five-year research and
N. A. Uckan, D. C. Loustcau, C. C. Baker, developmenl (R&D) plan for the major reac-
D. L. Conner, F. C. Davis, B. R. Everman,

tor systems to be conducted in conjunction
C. A. Flanagan, P. J. Fogarty, with the design activities during the EDA.
J. D. Galambos, P. L. Goranson, In the period between the completion of
M. J. Gouge, J. N. Herndon, T. J. Herrick, the CDA and the start of the EDA, work was

J. T. Hogan, M. J. Hollis, W. A. Houlbcrg, performed by the U.S. Home Team in order
G. H. Jones, B. E. Nelson, B. W. Ricmer, to provide continuity to the project by
R. O. Sayer, D. W. Swain, (1) answering technical questions identified
D. E. Williamson, and J. J. Yugo cithcr by the international team during the

The International Thermonuclear CDA or during reviews of the CDA con-

Experimental Reactor (ITER) program was ducted within the United States and
prompted by international agreements in (2) assessing modifications to the CDA
1986 for cooperation on the design of a design resulting from systems optimization
fusion test reactor. The three-year joint Con- studies conducted within the United States.
ceptual Design Activity (CDA) carried out In the latter category, a high-aspect-ratio
by the United States, the European Corn- design (HARD) option was identified and
munity, Japan, and the former Soviet Union characterized.
was successfully completed in December ORNL was a major participant in the
1990. The CDA established a reactor ITER physics, engineering design, and R&D

configuration, agreed on by the four parties, activities at the national and international
as the basis for the next project phase, the levels. In physics, ORNL was active in the
Engineering Design Activity (EDA), areas of confinement, operational limits,



i19

alpha particle physics, fueling, rf heating in the reference ITER CDA scenario has
and current drive, disruptions, and physics about the same impact on ignition capability
R&D. ORNL led the U.S. design efforts in as increasing the plasma current by about
remote handling, containment structures, 15% (from the baseline value of 22 MA to
electromagnetic analysis, configuration inte- >25 MA). It might be possible to further
gration, and fueling. In addition, ORNL was optimize the ignition capability of ITER if
responsible for specific components of the rf some of the limits on operational boundaries
heating system, the blankets, and the diver- can be relaxed by tailoring plasma profiles.
tors and for performing systems-level trade

studies. At the international level, ORNL 1 V2-Dtransport studies "
supplied full- and part-time participants to
the four-party joint working team at We have used the time-dependent, one-
Garching, Germany, in facility design, reli- and-one-half-dimensional (11/2-D) WHIST
ability/availability analysis, and cost esti- transport code to examine two reference
mating in addition to the physics and engi- operational scenarios for the ITER CDA
neering areas previously listed. In addition design' an ignition scenario (22 MA, 1:E~
to ITER-specific R&D in fueling, materials, 2 × X/,J'I'ER89-I,with 3{)MW of ICRF
and ion cyclotron range of frequencies heating) and a long-pulse scenario (15.4
(ICRF) heating discussed in Sect. 4 of this MA, xE ~ 1.2 × '_EI'H:_R89"P with 75 MW of
report, plans were drawn tbr new R&D pro- neutral beam heating for cun'ent drive).
grams at ORNL in remote handling and Plasma profiles were evaluated sell'-
containment structures in response to direct consistently from the source profiles and
project needs identified during the CDA. radially dependent transport properties.

Among the time-dependent issues addressed

5.1.1 Physics Studies were the time scales for startup and
shutdown as determined by current profile

N. A. Uckan, J. T. Hogan, W. A. Houlberg, relaxation rates (skin times), fueling and
R. O. Sayer, and D. W. Swain particle pumping rates, and auxiliary heating

and current drive sources. Operational5.1.1.1 Confinement and plasma
performance constraints were monitored throughout the

simulations: 13(toroidal and poloidal), li,
Confinement capabili_, line-average electron density ne, he(a), etc.

In general, the simulations confirmed the
We have examined the confinement consistency of the reference ignition and

capability of the ITER CDA design for a long-pulse scenarios as initially determined
number of operational scenarios. The refer- from global models. It was observed that
ence ITER CDA physics baseline scenario simultaneously keeping the density below
(Ip = 22 MA) allows ignited burn under empirical limits and precipitating a thermal
H-mode conditions [xE(H-mode) ~ 2 × quench so that the current in the center of
xtfl'ER89-1'(L-mode)]. At the higher plasma the plasma can resistively decay may not be
currents (Ip = 25-28 MA) at which ITER easy with only particle pumping and toroidal
can operate for limited pulse durations, there current control. Longer ramp-down times
is an increased ignition margin if low-q and impurity pellet injection may be needed.
operation proves acceptable. A reduction of
about a factor of 2 in helium ash concentra-
tion (from the baseline value ot"10% to 5%)
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Physics R&D assessment density profile shape, density, and toroidal
mode number were examined.

We have analyzed the ranges of
confinement-relevant (dimensional and

5.1.1.2 Physics basis and guidelines
dimensionless) plasma parameters for the
major tokamakswincluding the Joint ORNL was responsible for preparing and
European Torus (JET), JT-60U, the compiling the ITER physics design guide-
Tokamak Fusion Test Reactor (TFTR), and lines during the ITER CDA. 1The U.S.
DIII-D--that are expected to contribute to studies during the period 1990-91 have
the ITER physics R&D in the 1990s to indicated that there may be significant bene-
characterize confinement and plasma fits in moving the ITER CDA design point
performance in ITER-l'ke designs. We from the low-aspect-ratio, high-current base-
found that the largt, tcl'_:,i,ks (JET, line (A = 2.79, I = 22 MA) to a high-aspect-
JT-60U) should be able to demonstrate ratio machine at A ~ 4, I - 15 MA, espe-
H-mode operation [with edge-localized cially in terms of steady-state technology
modes (ELMs), as in ITER] with nXETi val- testing performance. To assess the physics
ues within an order of magnitude of those and technology testing capability of design
required in ITER and should have relevant options at higher aspect ratios, several
dimensionless plasma parameters (p/a, v,, changes were proposed to the original ITER
etc.) within a factor of 2 of those in ITER. guidelines to reflect the latest (although lira-
Extrapolations from dimensionally similar ited) developments in physics understanding
discharges in DIII-D and JET show high- at higher aspect ratios. These changes were
Q/ignition operation in 1TER-like plasmas at compiled and published in ref. 2. The critical
plasma currents (-16 MA) well below the issues for design options with higher aspect
nominal (22-MA) design value. Another ratios include the uncertainty in the scaling
critical issue for achieving ignition-level of confinement with aspect ratio, the varia-
plasma performance is the anomalous alpha tion of vertical stability with elongation and
particle effects, mainly the toroidal Alfvrn aspect ratio, plasma shaping requirements,
eigenmode (TAE mode). The deuterium- the ability to control and maintain plasma
tritium (D-T) experiments in TFTR and JET current and q profiles for magneto-
(and simulations using fast beam ions) hydrodynamic (MHD) stability (and volt-
should realize alpha particle (fast-ion) second consumption), access for current
parameters roughly similar, in relation to drive, and restrictions on field ripple and
TAE mode thresholds, to those projected for divertor plate incident angles.
ITER.

5.1.1.3 Operational limits
Alpha particle studies

MHD stability considerations at high aspect
We have examined the TAE instabilities ratio

for the beam current drive scenario of the

ITER CDA technology phase. The TAE/FL We have carried out global MHD stabil-
initial value code was applied for ITER ity calculations using the PEST code as part
parameters and profiles obtained from ITER of the U.S. ITER Team's HARD study.
transport simulations. Unstable regimes Approximately 15,000 cases were evaluated
were found, and sensitivities to the fast ion for both global and local (ballooning)

modes. In addition to the aspect ratio
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variations (2.78 < A < 5), a range of plasma and forces. Vertically moving, disrupting
shapes (1.5 < _¢< 2, 0 < 8 < 0.6) was plasmas with and without a surrounding halo
examined, and the safety factor was varied: have been modeled. Before thermal quench,

1.05 < q(0) < 1.85 and 1.85 < qv(95%) the plasma drifted vertically as much as
< 4.55. For global aspect ratio scaling, these 1.0 m off midplane. Initial plasma param-

results show no significant increase or eters were Ip = 22 MA, _ = 5.6%, 13pol=
decrease in the maximum Troyon parameter 0.47, R0 = 6.01 m, a = 2.06 m, and _¢95=
(gmax) within the level of variation imposed 1.81. In the TSC model, a low-density, low-
by profile differences: the scaling of gmax is temperature "halo" region is located outside
found to be independent of A if optimal the main plasma. In this region, force-free
profiles are considered at each aspect ratio, currents may flow along open field lines,
There is some reduction in gmax as A intersect conductors, flow along minimum

increases for q_ < 3.2, but gmax is still -2.5 impedance paths, and return to the halo
for A = 5 at low q, and gmax ~ 3-3.5 is plasma. For the halo simulation the tempera-

obtained lbr 3.2 < qv < 4.5. Specific results ture was 2.0 eV, and the halo extent corres-
for the HARD configuration (A = 4, x:= 2, ponded to 40% of the initial poloidal flux.

8 = (I.4, q_ = 3.1, 4) show that the required g The plasma halo retards plasma vertical
can be obtained with values of 1i(3) ---0.65- motion and current decay. The maximum
0.85 in both the ignition and steady-state vertical velocity was 400 m/s, compared
phases, with 700--17(X) m/s for no-halo simulations.

Dramatic changes in the time evolution and

Density limit spatial distribution of in-vessel component
loads are produced by large poloidal cur-

We have constructed a database of rents flowing between the plasma halo and
results from the B2 edge transport code in first wall conductors. The extreme net vessel
order to extract scaling relations for divertor vertical force reverses sign and becomes
parameters and edge density limit. Approx- much smaller in magnitude for the halo case,
imately 1500 database entries have been in part because of slowing of vertical plasma
made for a range of separatrix boundary motion by the halo and in part because of
conditions and scrape-off layer (SOL) large poloidal currents in the bottom of the
geometries. Divertor results have been vessel. Because continuous poloidal current
compared with scaling relations derived paths connect in-vessel components, more
from the Next European Torus (NET)/ITER severe load distributions are found for the
Team's Harrison-Kukushkin-Hotston global halo case. Although poloidal segmentation
model and the NET Team's results of a would mitigate the inductive transfer of
similar B2 database for the ITER CDA poloidal current from the plasma to in-vessel
parameters. These results were also used for structures, conductive poloidal transfer
a preliminary comparison of density limit would still produce sizable forces. Further
scaling with the Borrass model, investigation is needed to determine opti-

mum configurations of connecting elements
to minimize such effects.5.1.1.4 Plasma disruption modeling

We have used the Tokamak Simulation 5.1.1.5 Reports of work
Code 3 (TSC) to model ITER CDA physics
phase disruptive episodes to predict the Members of the ITER physics team from
evolution of plasma motion, current decay, each ITER partner completed the collection,
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summarization, and distribution of reports of steady-state operation, and an acceptable
work done from October 1990 through divertor heat load can be maintained.
November 1991. These contributions were Overall device parametric studies
collected by the ITER Home Teams as part showed that, in comparison with the CDA,
of the Home Team activities between the the HARD has more favorable technology
end of the ITER CDA and the beginning of testing capabilities and a similar ignition
the ITER EDA. In the United States, the probability (with the ITER-89 Power scal-
reports were collected at ORNL, and ORNL ing). This result prompted the U.S. team to
has been responsible for coordinating the investigate the details of the HARD (see
summarization process and for distributing Sect 5.1.2.7). Other trade studies involved
the summary and R&D reports. During this scoping the European (NET) proposed
reporting period, most of the experiments in changes to the CDA.
the United States and Europe, as well as

some from the Commonwealth of Indepen- 5.1.2.2 Plasma disruption and
dent States, submitted reports. No reports electromagnetic effects
were obtained from JET or from Japan.

ITER is a tokamak with a major radius

5.1.2 Engineering Design of 6 m, requiring a plasma current of
22 MA. It employs a dual vacuum region

D. C. Lousteau, B. E. Nelson, F. C. Davis, formed by a toroidal vacuum vessel con-
P. L. Goranson, D. L. Conner, rained within a cylindrical outer tank. The
D. E. Williamson, M. J. Hollis, T. J. Herrick, interior vessel must not only contain the
J. N. Herndon, B. W. Riemer, J. J. Yugo, gases required for plasma operation but also
J. D. Galambos, R. O. Sayer, P. J. Fogarty, mechanically support reactor components
G. H. Jones, and B. R. Everman located in its interior. Instabilities can lead

to plasma disruptions and an accompanying
rapid loss of plasma current. When this

5.1.2.1 Systems analysis occurs, eddy currents are induced in surfaces

Systems analysis for ITER consisted close to the plasma. In combination with the
primarily of defining operational scenarios existing magnetic fields, the currents pro-
and of carrying out scoping studies for duce large forces. A significant effort at

ORNL has been directed toward accuratelyalternative devices. The nominal CDA

operational scenarios for technology testing characterizing these loads and incorporating
were defined through systems analysis, them into the design process for the individ-

ual components and their mounting system.which balanced the current drive, divertor TSC has been used to model the inter-
heat load, confinement, and beta issues. The

action of the plasma motion and currentdivertor heat load issue proved to be espe-
cially difficult for technology testing. Two decay with the conducting surfaces, in a

sell-consistent manner, to yield the time
primary modes of technology testing were evolution of plasma parameters and poloidal
identified: hybrid operation, which uses a
combination of inductive and noninductive flux. EddyCuFF, a code developed for use

on fusion projects, is used to calculate thecurrent drive, and steady-state operation,
which uses only noninductive current drive, resulting eddy currents and forces in the
Higher plasma density and wall loads can be reactor COh,ponents. A finite element code is
attained with hybrid operation than with then used to analyze the resulting stressesand evaluate the reaction loads at the
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required interfaces. TSC can also be used to 5.1.2.3 Pellet fueling system
study the sensitivity of the forces to the
current decay time and to various initial ITER will use an advanced, high-
conditions to determine the disruption velocity pellet injection system to achieve
scenario that produces the most severe loads, and maintain ignited plasmas. Three pellet

Figure 5.1 shows how these codes are injectors are proposed. For ramp-up to igni-
used to determine and analyze these effects tion, a highly reliable, moderate-velocity
in a typical in-vessel blanket/shield mod- single-stage pneumatic injector (1-1.5 kin/s)
ule. The plasma motion induces three- and a high-velocity two-stage pneumatic
dimensional (3-D) field effects in the injector (1.5-5 km/s), using frozen hydro-
module [see Fig. 5.1(a)]; these effects result genic pellets encased in sabots, will be used.
in the eddy current patterns shown in For the steady-state burn phase, a continu-
Fig. 5.1(b) and the load pattern in ous, single-stage pneumatic injector (or,
Fig. 5.1(c). Finite element stress analysis alternatively, a centrifuge pellet injector) is
programs are then applied to determine the proposed. This injector will provide a flexi-
resulting stress and deflections in the ble fueling source beyond the edge region to
modules, which are shown in Fig. 5.1 (d). aid in decoupling the edge region (con-

strained by divertor requirements) from the
high-temperature burning plasma.

oRNt.owa93M.26_sFEO All three pellet injectors are designed for(a) (b)

_ operation with a variable ratio of tritium and
deuterium feed gases. Table 5.1 lists the

p parameters of the two moderate-velocityI, single-stage light gas gun injectors and the

high-velocity two-stage light gas gun
inlector.

a_ The largest pellet (7.4 mm in diameter)

a,_ results in a 15% perturbation to an ITER
plasma at an average ion density of 1.2 x

,-B, 1020 m-3. Thus, during the density ramp-up,
the smaller (5-mm-diam) pellets will be first
injected into ITER at a constantly increasing

I_1 repetition rate. As the plasma density
becomes high enough, a transition will be
made to the larger 7.4-mm-diam pellets with
velocities in the range from 1 to 5 km/s at a

_. ..,,. lower repetition rate. The larger pellets will
penetrate farther into the plasma and provide

!I_ more control on the evolving density profileas the plasma temperature increases. The
-_ moderate-velocity injector will be used for

continuous fueling well beyond the edge
Fig.5.1. Plasmadisruptioneffectsonin-vessel region during the extended burn phase.

blanket/shieldmodules.(a)Blanket/shieldmodule
andplasma.(b)Currentsinducedin modulesby
plasmamotion.(c) Forcecomponentsresultingfrom
inducedcurrents.(d)Deflectionandstresscontours.

i

t
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Table 5.1. Pellet injector parameters

Moderate-velocity injectors High-velocity injector

Pellet speed, km/s 1-1.5 1.5-5.0
Barrel diameter, mm 5.6, 8.3a 9.0b
Pellet typec H, D, T, D-T H, D, T, D-T
Pellet species Nominal 50-50 D-T, variable to Nominal 50-50 D-T, variable

20-80 D-T, 80-20 D-T, pure D, to 20-80 D-T, 80-20 D-T, pure D,
pure T pure T

Repetition rate, Hz 0-5 0-2
Total number of pellets
During ramp-up 30 30
During burn phase Continuous Continuous (goal)
Availability,d % 96 94
Reliability,e % 99 95

aBarrel diameter accounts for radial growth to compensate for erosion loss in barrel; two pellet sizes obtained through two sepa-

rate light gas gun assemblies in common enclosure.
bBarrel diameter accounts for 2.0-mm radial growth for sabot; variable pellet size obtained through sabot design (wall thick-

ness).
CH: hydrogen, D: deuterium, T: tritium.

dAchieved through pellet injector and support component redundancy.

eAchieved through sound design, ptototyping, and missed pellet compensation system.

The moderate-velocity pellet injector sabots are separated from the hydrogenic

design is similar to the JET pneumatic pellet pellets in the injection line to the torus and

injector and consists of two single-stage allowed to hit a ruggedly designed target

light gas guns in a common vacuum enclo- plate. Two-stage light gas gun pellet injec-
sure. (As noted, a centrifuge injector could tors are under development at ORNL (see

be used instead to provide continuous Sect. 4) and in Eu" _pe.

plasma fueling just beyond the separatrix.) A plan view ot the pellet injector instal-

The high-velocity pellet injector is based on lation is shown in Fig. 5.2. Table 5.2 lists the
the two-stage light gas gun concept, in major components indicated by numbers in

which a piston is pneumatically accelerated the figure. The two-stage high-velocity
in a high-pressure pump tube and provides injector is located approximately 12 m from

adiabatic compression of a second stage of the flange on the ITER vacuum vessel port.

propellant gas between the piston and the The moderate-velocity injectors (single-

pellet/sabot. The resulting high pressures stage light gas gun and centrifuge pellet

(up to 6000 bar) and, more importantly, high injectors) are on either side of the two-stage

temperatures (40(08000 K) can accelerate pneumatic injector; the centerlines of the

the pellet/sabot payload to muzzle velocities three injection systems converge in the mid-
in the 4- to 5-km/s range. For the pellet/ plane at the ITER major radius of 6.0 m.

sabot combinations used for ITER, the A differentially pumped vacuum injec-

accelerated mass is usually less than 0.5 g, tion line uses tritium-compatible vacuum

and the mass per unit area is less than pumps and limits hydrogen propellant gas to

0.75 g/cm 2. This permits consideration of the ITER vessel to significantly less than

repetitive operation, because the pump tube 0.1 mbaroL/s. The pellet injectors are iso-

conditions are moderate enough to allow lated from the torus by a series of three

multiple shots with a single piston. The separately pumped vacuum chambers
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Fig. 5.2. ITER pellet injection cell. (Table 5.2 provides a key to numbered components.)

Table 5.2. Components of the ITER pellet injectors
Numbers refer to Fig. 5.2

1. Moderate-velocity injector 22. Rotatable targets
2. Moderate-velocity injector 23. Backing pumps

3. High-velocity injector (HVI) 24. Instrumentation cabinets
4. HVI pump tube 25. Airlock
5. HVI propellant re_rvoir 26. Crane, 10-ton capacity

6. HVI propellant compressor 27. Crane beam
7. Propellant gas manifolds 28. Crane beam gearmotors
8. Fuel gas manifolds 29. Crane rails
9. High-pressure cage 30. Crane rail columns

10. Low-vacuum chamber 31. Manipulator turret
11. Mid-vacuum chamber 32. Telescoping boom
12. High-vacuum chamber 33. Manipulator and camera
13. Torus isolation valves, breaks, bellows 34. Dual replaceable end effectors
14. Structural shielding wall 35. Manipulator bridge

15. Modular shielding 36. Manipulator bridge gearmotors
16. Normetex 1300-m3/h scroll pumps 37. Manipulator bridge rails
17. Normetex control cabinets 38. ITER cryostat

18. Turbopumps, 5000 L/s 39. ITER vacuum vessel, port 14
19. Turbopumps, 500 L/s 40. Metal room liner
20. Rotatable shielding drums and motors 41. In-port shielding
21. Flow-limiting fast valves 42. Centrifuge pellet injector



126

(volumes of 2-4 m 3) connected by boundary defined by the pellet injection bay
conductance-limiting pellet guide tubes and metal liner inside the reactor building and
flow-limiting fast-acting valves. The pellet double-walled piping for all penetrations of
injector bay is shielded by the structural this boundary. The third level of contain-
shielding wall, by a rotating eccentrically ment is the ITER reactor building itself.
bored shielding drum in each injection line In principle, activation of injector corn-
(to limit line-of-sight exposure of the injec- ponents can be low due to the small diam-
tors), and by modular shielding around the eter (a few centimeters) of the guide tubes
high-vacuum isolation chamber. The bay used for pellet transport in the vacuum injec-
also serves as a redundant containment tion line. With shielding around the guide
boundary and is sealed by bellows at the tubes, use of a shielded isolation valve when
shielding wall and by an airlock at the the injector is idle, a rotating synchronized
entrance. The walls, floor, and ceiling of the neutron shield plug for the continuous injec-
bay have a metal liner that acts as a tritium tor, and perhaps a slight curvature of the
boundary, guide tubes to eliminate a direct line of sight

Equipment in the pellet injector bay is to the vacuum vessel, the neutron flux to
serviced by a 10-ton crane and a bridge- injector components may be reduced to tol-
mounted articulated manipulator supported erable levels for limited hands-on mainte-
on curved rails. Instruments and control nance. A design goal is to maintain the
equipment for the pneumatic injectors and capability of hands-on maintenance for all
the vacuum components are located outside components beyond the modular shielding
the pellet injection bay. The high-pressure wall (item 15, Fig. 5.2).
propellant gas compressor and storage System reliability and availability goals
system is located in the pellet injection bay are believed to be achievable through
because of the possibility of low-level improvements to existing designs and the
tritium contamination (1% maximum) and is use of redundancy in the two moderate-
surrounded by an interior wall acting as a velocity pellet injectors, each with two
missile shield in case of a high-pressure gas different pellet sizes. There is also
rupture. The ITER vessel port is shared with redundancy in the pellet injection line vac-
neutron and gamma diagnostic systems (a uum components and the control system.
neutron spectrometer on one side of the pel-

let injection bay and an assembly of neutron 5.1.2.4 RF systems and design
and gamma cameras between the pellet
injection bay and the port 16 flange). Since The ORNL theory, rf development, and
all injectors will have tritium or D-T mix- engineering groups have been working for
tures in the gas fuel supply, three layers of the last year and a half on the design of a
containment will be provided throughout the current drive system for ITER that uses
pellet injection system. ICRF waves to drive a steady-state current.

The primary level of containment will be For ITER, fast-wave current drive (FWCD)
the pellet injector itself. It will have tritium- has been calculated to be competitive with
compatible materials throughout, including using neutral beams as current drive sources.
feed lines to the hydrogenic extruders, the Although the efficiency of FWCD is lower,
extruders, the pellet-forming mechanism, the the absence of a high-energy beam beta
breech/barrel assembly, the pellet injection component allows a comparable amount of
line, and the interface to ITER. The second current to be driven for equal injection
level of containment is the tritium isolation powers.
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In conjunction with other ITER collabo- more compact system that would take less
rators, the rf team has designed an FWCD blanket space. A conceptual design is being
system that will operate from 15 to 60 MHz. developed for a high-power antenna that can
This system can be operated at ~ 17 MHz to be remotely maintained with Faraday shields
deliver all of the rf power to the electrons for that can withstand the steady-state radiation
current drive, or it can be tuned to ion reso- environment of ITER. The rf development
nance frequencies for direct ion heating to group also is working with the ITER team to
ignition. The FWCD system will use an clarify the interfaces between the antenna
array of up to 42 contiguous antennas that and transmission line system and the rest of
will fit in and between the ITER main hori- the tokamak, most notably the blanket/shield
zontal ports, as shown in Figs. 5.3 and 5.4. assembly, and the routing of the
Each antenna is driven by a separate ff transmission lines in the torus room.
transmission and matching line, which is ORNL is also working on a collaborative
connected to a 3-MW rf power system. Up FWCD program on the DIII-D tokamak at
to 100 MW of rf power can be delivered to General Atomics. An FWCD proof-of-prin-
the plasma using this system, ciple experiment, using a four-element

Improvements in antenna technology to antenna array designed and built by ORNL,
allow higher power per antenna (with corre- should provide initial experimental results
spondingly fewer antennas) will result in a by fall 1992.
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5.1.2.5 Containment structure t/on of the upper and lower vertical ports
with the inboard side of the torus and is

ORNL led the design effort on the within design allowables.
double-wall vacuum vessel concept. This Figure 5.5 also shows the concept for
concept includes toroidally curved sections, assembly of the vacuum vessel modules for
vertical port sections, radial port sections, insertion into the reactor. Two opposite-
and stiffening beams as shown in Fig. 5.5. hand 1/32 vessel modules are welded

The toroidal sections have a total thickness together around a toroidal field (TF) coil to
of 25 cm, with 1.5-cm-thick face sheets sep- form 16 assemblies that can be installed

arated by rib stiffeners and box section vertically into the reactor. This approach
cooling channels, as shown in Fig. 5.6. The improves the original design concept by
face sheets and box sections are sized to reducing (by hal0 the number of poloidal
give the required toroidal resistance of welds that must be made in situ, allowing for
20 la_. The ribs are sized to accept the bolts the preassembly of the cooling manifolds,
that connect the semipermanent shield seg- and, most importantly, removing the field
ments to the vessel. The box sections are welds from areas where radiation damage is
sized for lateral stability to in-plane bending high and thus allowing for weld repair
loads. The vertical and radial port ducts have during most of the useful life of the reactor.
total thicknesses of 10 cm and 20 cm,

respectively, with 2-cm face sheets and a 5.1.2.6 Assembly and maintenance
system of rib stiffeners and box section
cooling channels similar to that used in the The arrangement of the components in
torus sections. The strength of the vessel has the top vertical port is critical to establishing
been checked with a finite element analysis a feasible concept for the remote assembly
for the pressure, thermal, and electro- of the blanket/shield modules within the
magnetic loads for a vertical plasma disrup- vacuum vessel. Figure 5.7 shows the
t/on. The peak stress occurs at the intersec- arrangement of the 48 pipes required to sup-

ply breeding and cooling services to the
divertor and blanket/shield modules in the

vacuum topology developed for mainte-
nance considerations. The arrangement
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Fig. 5.5. ITERvacuumvesselassembly. Fig.5.6. Crosssectionof ITERvacuumvessel.
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ORNL-DWG91-3432FED Structural restraint of the blanket/shield
(a)

CENTRALOUTBOARD module, one of the most difficult mechanical
COOUNGPIPES design problems in ITER, involves inter-

INBOARD I __' ICOOLING _,__!_!!l_ -I active efforts between electromagnetics,PP ,,,ocon inm ntst an,r mot! i - -an'wa stu'i' x  ns've'ya °   l2___ - magnitude and distribution of the electro-

IVERTOR P -i _1 magnetic forces resulting from the plasma
COOLING LATERAL OUTBOARD disruptions require that the in-vessel blan-
PIPES COOLINGPIPES ket/shield modules be tied to each other

TOPVIEW rather than to the vacuum vessel to avoid

(b) ___i._ ____ i i large local forces that would cause the vessel

- _ _,=_ s_ to fail. Approximately 2(X)of the connectors
.,._ _ shown in Fig. 5.8 are placed between the

SECONDARY CRYOSTATit _ adjacent faces of the blanket/shield modules

VACUUM VA M in each of the 16 machine sectors to provide
the toroidally continuous load path that
eliminates the need for radially tying each

P__ IIIIIIIIIII1CRYOSTAT 11 module to the vacuum vessel.In order to be

-_lI_ finn': r,,,__ VACUUM 1 structurally integral to the blanket/shield11]1 , . modules, the connectors must be located
30 cm from the first wall. Remote handling
design generated a concept for welding and
cutting of these connectors with equ:pment

SIDEVIEW carried on long-reach posilioners. Proto-
Fig. 5.7. Top port ammgement for ITER. typical welding equipment was designed and

(a) Top view. (b) Side view. procured, leading to a demonstration of the
ability to make the required weld between
connectors placed 30 cm deep in a 2-cm-

shown provides direct access for internal wide gap.
cutting/welding of divertor pipes from out-
side the external cryostat. Thus, it allows
replacement of divertors without disturbing
either of the two principal vacuum zones.
The headers for the blanket/shield module o,,_.owa91._,15FED

service pipes are located in a separate zone, __ _ __[_ _ WELDisolated from both the plasma and the cryo- "/:2_,._,
stat vacuum, that isolates potential leaks and
allows maintenance operations with the pri-
mary vacuum sealed. Remote pipe-joining
techniques must be used to allow the selec-

required for individual module replacement. /The modules will be handled with an over- BLANKETASSEMBLY _ONNECTORS

headcrane and special lifting fixtures using
contamination control techniques. Fig. 5.8. Blanket/shield module connectors.
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5.1.2.7 HARD figured to leave more radial clearance
between the vessel and the outer TF coil leg

The HARD concept was developed by or to leave clearance between the shield and
the U.S. ITER team as an alternative to the vacuum vessel.

low-aspect-ratio design developed during The comparative sections between the
the CDA. Systems code analysis conducted TF coils (i.e., through the vacuum vessel
jointly at Lawrence Livermore National ports) show a 1.1-m reduction in the mid-
Laboratory (LLNL) and ORNL identified a plane horizontal port height for HARD. This
set of machine parameters that provided the reduction, which is one of the most signifi-
same ignition performance as the CDA, in a
device of comparable size and cost but with cant differences in the two configurations, is
enhanced potential for technology testing, a result of the decreased spacing of the out-
An engineering design was then compiled in board PF coils, corresponding to a reduced
sufficient detail to allow comparison with vertical distance to the X-point in HARD.

The size of the vacuum pumping duct (the
the CDA design. The HARD option employs outboard lower port) was not changed from
the same physics and technology database as the CDA design. The duct opening remains
the CDA design in a device that has a major at 0.775 m and tapers to a 2-m-diam duct.
radius of 6.33 m, an aspect ratio of 4, and

Even though the height of the port has been
15 MA of plasma current, decreased, HARD retains three beam lines

per port by modifying the vertical stacking
Configuration integration arrangement.

Since the intent of the HARD study was
to preserve the CDA design concepts to the Vacuum vessel design
maximum extent possible, the resulting con-

In general, the HARD configuration
figuration closely resembles that of the CDA

produces only minor effects on the contain-device. HARD has 16 TF coils, the same
ment structures. Advantages include better

general poloidal field (PF) coil arrangement distribution of resistance and lower loads
(including a central solenoid), a double and stresses for the vacuum vessel. Disad-

vacuum vessel, and blanket/shield modules vantages include higher electromagneticand divertors located within the inner
loads on the outboard blankets, less margin

vacuum vessel. The increased major plasma in the stability parameter, and a possible
radius of 6.33 m results in a radius of 14.25 requirement to put passive loops on the
m at the outer surface of the cryostat vessel, inboard blankets. No significant change in
a 0.55-m increase from CDA. Figure 5.9 is a cost is expected.
comparison of the HARD and CDA designs. The CDA reference design uses a vac-

The clear bore of the central solenoid is uum vessel concept based on heavy steel
increased by 1 m. The increase in outboard sections bolted together across electrically
shielding available in HARD also can be insulated joints. An alternative concept is
seen in this section. This increase results based on a continuously welded, double-
from filling the space between the first wall wall sandwich structure that achieves the

and the outboard leg of the TF coil with required toroidal resistance without electri-
shielding and the primary vacuum vessel, cal breaks. Based on analyses to date, both
The total shield thickness so obtained is design concepts (thick-wall and thin-wall)
larger than that required for nuclear shield- meet the functional requirements and are
ing, and the vacuum vessel could be recon- structurally feasible.
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Either vacuum vessel concept can be Calculations were performed for an
used with the HARD parameters. The higher axisymmetric vacuum vessel of uniform
aspect ratio increases the circumference of thickness with a 100-ms time constant,
the inboard portion of the vessel, and this similar to previous ITER analysis models.
increase allows an increase in the toroidal A single-filament plasma centered at
dimension of the segment containing the R = 6,33 m and Z = -1.0 m, with an expo-
resistive elements (in the bore of the TF nential current decay of various durations,
coil). A wider resistive element would dis- was assumed. Blanket/shield calculations
tribute the resistance over a larger area and employ a linear 1-MA/ms current decay and
reduce some of the load and stress concen- exponential vertical motion given by A =
trations that result from the localized Zoe Tt, where Z0 = -5 cm and T = 30 s-1.
resistance of the CDA design. A secondary These conditions are from the ITER
effect is that the sides of this segment would benchmark analysis that generated the
be parallel, resulting in a less complicated reference design loads.
shape to fabricate. Induced current in the toroidally contin-

The HARD version of the thin-wall vac- uous vacuum vessel varies from 5.9 MA for

uum vessel has a slight advantage over the a 0.2-MA/ms plasma disruption to 13.1 MA
vessel based on the CDA parameters. This for a 3-MA/ms decay. When plotted as a
advantage stems from the fact that the percentage of initial plasma current, this
HARD vessel, which has the same wall variation follows closely the results for the
thickness, has a higher toroidal resistance, reference design and suggests that small cal-
This higher toroidal resistance provides the culational differences in geometry, plasma
option of increasing the skin thickness of the current distribution, and PF coil currents
sandwich structure to reduce stresses or of have only a small effect on total current,
increasing the thickness of the copper con- compared to the effect of L/R time for the
ductor used for the vacuum vessel portion of structure.
the passive stability loops. Increasing the Poloidal variation in toroidal current
copper thickness pushes the effective current does change somewhat because of differ-
center of the sandwich vacuum vessel closer ences in mutual inductance between the

to the plasma and increases the efficiency of plasma and the vessel. For a given initial
the loops, current, the inboard toroidal current density

is increased by 23% in HARD, which means
that eddy current heating would be 84% of

Electromagnetics that in the reference design instead of 68%,
the ratio of plasma currents. This analysis

Design of the vacuum vessel and internal neglects the presence of integral passive
blanket/shield modules is strongly influ- stability plates that would move the current
enced by the magnitude of electromagnetic distribution to the outboard.
loads due to plasma disruption. The HARD The variation of net radial and vertical
option for ITER affects many important load loads with decay time is shown in Figs. 5.10
parameters, such as the size and position of and 5.11. For a 1-MAJms current quench,
components, response characteristics, and radial loads are reduced by the ratio of
the magnitude of driving fields. Calculations plasma currents, from -45 MN/rad (20 MN
with the finite element code EddyCuFF have per 1/16 sector) to -22 MN/rad (12 MN).
been performed to quantify these effects and The maximum vertical force is reduced from
compare them to the reference design. 8 MN/rad (3 MN) to 4.6 MN/rad (2 MN).
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Fig. 5.11. Effect of plasma decay time on net Assembly and maintenance
verticalforce.

The assembly and maintenance evalua-
tion studied the effects of the HARD con-

cept on the baseline assembly/maintenance
Induced current in the HARD inboard concepts and equipment for some major

blanket/shield module is influenced by dif- components and critical maintenance opera-
ferences in size, position, and magnetic tions of these components. The evaluation
field. A decrease in poloidal field at the cen- concentrated on the areas that were empha-
ter of the inboard module is offset by an sized during the CDA design: the top verti-
increase in radial position and flux ar6a per eal port design and maintenance operations
segment. The result is an increase in driving and the segmentation and in-vessel removal
voltage and a 50% increase in circulating schemes for divertors and blanket/shield

current, even though the loop resistance is modules. The weights of the CDA design
higher. The toroidal field at the module and the HARD components are compared in
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Table 5.3. The design and maintenance con- maintenance, vacuum system and thermal
cepts for the top port were recently estab- shielding, rf heating, and pellet injection.
lished for the CDA design and were dis- Work performed for the BPX project is
cussed and compared to those for HARD. reported here.

5.2.1 Ex-Vessel Remote Maintenance
Table 5.3. Component weight,_ for CDA

design and HARD F.C. Davis

Weight BPX will operate initially in a non-
Component (metricton) activating hydrogen phase for approximately

CDA tlARD one year. This will permit hands-on repair of
equipment that fails during shakedown runs

Centralsolenoid 720 986 and demonstration of remote maintenance
Cryostat top 700 800
I)ivertor 1.15 1.75 operations. This phase will be followed by
Inboard blanket/shield module 40 36 deuterium-deuterium (D-D) operations,
Lowerinboardplug 20 20.5 during which limited access to the cell may
Sideoutboardblanket/shield 80 76 still be possible. However, once D-T fuel is
moduleandupperplug introduced, personnel access to the test cell

Upperccntr',doutboard 64 67 that houses the machine will be prohibited,bh'mket/shicld module
Lowercentraloutbo_u'd 35 37 and repair and replacement of machine
blanket/shieldmodule components must be accomplished by

.............................................................................. remotely operated equipment. Virtually all
the machine components must be designed

In general, HARD requires an increase for remote replacement and handling. Once
in the main crane capacity of more than removed, the components will be trans-
1000 tons. HARD facilitates the perfor- ported to a hot cell where they will be
mance of remote maintenance tasks on the repaired or packaged for disposal.

inboard blanket/shield module piping in the ORNL has prime responsibility for the
upper port, shown in Fig. 5.12. Removal of development of the cx-vessel remote
the divertor blanket/shield modules is handling systems concepts, the hot cell

physically possible for both the CDA design equipment concepts, and the interface with
and HARD. However, HARD requires more the designers of equipment to be remotely
removal steps with an increased degree of maintained for BPX.
difficulty.

5.2.1.1 Remote maintenance systems
5.2 BPX

The basic remote handling systems con-
T11:Burning Plasma Experiment (BPX) cept for BPX includes five manipulator-

project was aimed at developing a lower cost transporter systems and two remotely oper-
successor to the Compact Ignition Tokamak ated overhead crane systems. These systems,
(CIT) design. The proiect, led by Princeton supplemented by remotely operable tooling,
Plasma Physics Laboratory (PPPL), was provide the basic capability to correct fail-
cancelled in September 1991. ORNL served ures or to make modifications within the
as a major partner in the project, with design BPX tokam_ and its auxiliary systems and
and R&D responsibility for remote diagnostics in the center cell.
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Each manipulator-transporter system replace a TF coil was about two years,
maintains a specific area on the machine, approximately three times longer than
The overhead system, which consists of an hands-on replacement.
overhead bridge-trolley with a vertically Three-dimensional computer modeling,
telescoping boom that supports a teleoper- using the Interactive Graphics Robot
ated manipulator package located in the high Instruction Program (IGRIP), was used to
bay area, is responsible for maintaining the generate a real--time graphic simulation.
top and sides of the machine. A "cherry With this simulation, a model was developed
picker" articolated boom with a teleoperated for work spaces around the machine and the
manipulator package supplements the over- kinematics of the manipulators, cranes,
head system, particularly for the lower areas transporters, etc. This model proved to be a
of the machine, very valuable design tool. From this work, a

Components inside the vacuum vessel videotape was prepared and used as a means
will be maintained by a manipulator system to present the sequence of operations.
mounted on the end of an articulated boom As a result of this study, the BPX
similar to the booms designed for JET and Requirements Document was modified to
TFTR. include a full remote maintenance design

Maintenance tasks under the machine requirement to ensure recovery capabilities
will be performed by an articulated boom from all potential failures, including TF and
similar in configuration to the boom used to PF coil failures. This required various design
perform the maintenance tasks in the vessel, modifications of the BPX machine. In many
supplemented by a small floor-mounted cases, the design concepts developed would
vehicle equipped with a manipulator pack- have been adopted even if the remote
age. The boom will provide the weight han- replacement requirement had not been

dling capability, while the floor-mounted invoked. The ability to remotely maintain
system will provide sensitivity and dexterity, requires simplicity, which normally

enhances performance, reliability, and

5.2.1.2 Coil replacement maintainability.

The BPX project staff deemed it prudent 5.2.1.3 Remote maintenance development
to investigate how the program would be plans
affected if the capability to recover from any
coil failure were required, since TFTR, JET, The adopted BPX remote maintenance
and Tore Supra all experienced coil failures, requirement exceeds the demonstrated

A detailed replacement sequence was capability on any fusion facility in the
developed for what was judged to b,_ the world. A task was undertaken to determine

worst-case scenario, failure of a TF coil. the development program necessary to
Replacement schedules and costs were gen- increase the remote maintenance technology
crated for each step in the sequence for both base to address the BPX needs. Most of the
hands-on and remote replacement scenarios, available remote technology has evolved
The replacement sequence provided a con- from the nuclear fission industry over the
sistent and thorough basis for generating the past 40 years. The JET project has expanded
replacement time estimates, identifying tools and improved this technology base for
and fixtures, itemizing costs, and ensuring fusion applications, but the BPX require-
that no aspect of the replacement task was ments present many new and unique remote
overlooked. The estimated time to remotely maintenance tasks, many of which are more
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difficult than those previously attempted. 5.2.2 Vacuum System and Thermal
Design solutions from previous programs Shield
will be applied to BPX where possible, but

5.2.2.1 Vacuum pumping systemconsiderable additional development is
needed owing to the unique and compre- B.E. Nelson
hensive remote maintenance requirements.
The key technical areas requiring develop- BPX will require an ultrahigh-vacuum
merit include manipulation, transport, corn- pumping system to evacuate the plasma
ponent designs for maintenance, and remote chamber from atmospheric pressure to low
tooling. This development must occur early pressure and to maintain the required vac-
enough to support the BPX design activities, uum levels during bakeout, discharge clean-

An important element of the develop- ing, and pulsed burn operation. The base
ment program is the design and qualification partial pressure requirements are 1.34 x
of the standard remote maintenance features 10-6 Pa (1 x 10-7 torr) for fuel gases and

that are incorporated into the component 1.34 x 10-8 Pa (I x 10-9 torr) for other
modules. Examples are mechanical fasten- constituents. These pressure requirements

are very stringent for a system of this sizeers, electrical and pipe couplings, vacuum
and surface area. In addition, the presence ofjoints, and feedthroughs. As designs are

qualified, they will be cataloged in a BPX tritium in the pumped stream prevents the
Remote Maintenance Design Manual for use of lubricants or organic seal materials
reference and use by the component design anywhere in the system.
groups. Qualification will largely be In FY 1991, the BPX vacuum pumping
achieved on mock-up facilities at ORNL. system design was modified to accommo-
Later, a full-scale mock-up of a sector of the date the increased volume (150 m3) and sur-
BPX machine will be installed with repre- face area (>400 m2) of the torus. The
sentative remote handling systems in a dedi- modified system includes two radial pump-
cated test facility at the project site. Mock- ing ducts instead of one, with each duct con-
up tests in this stage of the program will nected to eight magnetic bearing turbo-
focus on remote maintenance tests of indi- molecular pumps (TMPs), providing a total
vidual systems and demonstration of main- net pumping speed of slightly over 7000 L/s.

The connecting ductwork is routed throughtenance procedures. The facility will con-
tinue to function throughout the life of the concrete shielding with three 90° bends to
project for operator training, remote mainte- prevent neutron activation of the pumping
nance rehearsals, and special development system. The TMPs are backed by a common
efforts. Remote maintenance validation tests roughing system consisting of two pairs of

on the actual machine during assembly will scroll pumps in series. The base pressure
provide the final demonstration of this tech- requirements can be met with this system
nology, only if the total impurity gas load is kept

This remote maintenance program will below 10-6 torroL/s. This requires extremely
produce the systems and equipment neces- rigorous cleaning and baking procedures to
sary to ensure continued operation of BPX maintain a low outgassing rate and very
and should provide a major step toward the careful manufacturing and assembly proce-
requirements for future fusion machines, dures to minimize the leak rate into the

torus.
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A second major change was the The original thermal shield design con-
requirement for He:O glow discharge sisted of a double-wall, all-welded sandwich
cleaning at relatively high pressure. The structure with thermal insulation between
pumping system must provide 15,000 L/s the walls. In FY 1991 the thermal shield
over a pressure range of 1 x 10-3 tO 2 x design was modified in accordance with new
10-2 torr to clear the 150-m3 torus volume requirements for remote maintenance (see
every 10 s. This will require a system of Sect. 5.2.1). Access to any part of the device
compound turbomolecular/drag pumps must now be possible with a minimum
backed by Roots blowers wit.h gas-purged amount of interference from the thermal
bearings. The large uncertainty (factor of shield. A new modular approach to the
about 10) in the performance of the com- thermal shield design was undertaken as part
pound pumps is being addressed through an of the conceptual design effort. The new
R&D effort to obtain several pumps on loan concept is based on a structural frame
and measure their pumping speed over the covered with double-wall insulated panels.
appropriate pressure range. The panels can be individually or

An ongoing part of the BPX vacuum collectively removed via remote
pumping system design effort was the veri- maintenance techniques to provide access to
fication of the series scroll pump perfor- device components. A critical feature of this
mance parameters for pumping fuel gases design is the flexible "seal plug" that fills
(H2, D2, T2). Experience in operating these the space between adjacent insulating panels
pumps is necessary to ensure that they will and furnishes the gas seal.
perform reliably and according to the as- In parallel with the design effort on
sumptions of the analysis. An R&D program the thermal shield, an R&D program was
was planned to procure representative planned to identify thermal insulation mate-
pumps, install them in a test stand, and run rials that will remain effective after exposure
performance characterization tests, to the high neutron flux. Several candidate
Communication and collaboration with other materials were identified through a literature
laboratories and programs [including search, and plans call for irradiation of these
Kernforschungszentrum Karlsruhe (KfK) materials followed by testing for deteriora-
and JET] will continue to be beneficial, tion of their thermal and mechanical proper-

ties. A further R&D task is to investigate,

5.2.2.2 Thermal shield develop, and test seal plug materials and
concepts.

BPX will require a thermal shield to
insulate the coil set, which is cooled with
liquid nitrogen at 77 K before each operating 5.2.3 Ion Cyclotron Resonance Heating
pulse. To prevent water vapor from condens- D. W. Swain
ing on the coils, the shield is maintained at a
slight positive pressure. A strict leak rate The main activities for this reporting
requirement of 1 L/s is imposed to prevent period were the documentation of the design
overloading the test cell exhaust "holdup for the ICRF heating (ICRH) system for
line." BPX (ref. 4) and presentation of this design
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at the Conceptual Design Review (CDR), a Table 5.4. ICRH system parameters

study of an alternative wall-mounted Antennas
antenna, and improved calculations of

disruption loads in the Faraday shield. Total power, MW 20 (minimum at85 MHz)
Number 4 (1 per port)

5.2.3.1 System design Type Hybrid (1 m x 0.6 m)
Number of current straps 4

A "hybrid" antenna design was pry- per antenna
sented at the CDR. The Faraday shield is Location In front of ports

mounted directly to the vacuum chamber Cooling Gas, edge cooling

wall covering the opening to a main horizon- Capability for radial Nonemotion capability
tal port, with and the current straps and Faraday shield
vacuum coaxial transmission lines are configuration Double layera (single
inserted through the horizontal port, mating layer option)

with the Faraday shield. Material Graphite on Inconel roda

The present design for the system con- (beryllium on Inconel
option)

sists of four current straps mounted in each Angle, deg --15
port, with each current strap delivering Power units
1.25 MW of rf power to the plasma, for a Number of transmitters 16

total of 5 MW per port. This design is shown Power output of each 2 (at 85 MHz)
in Fig. 5.13. For a plasma heating power of transmitter, MW

20 MW, four ports are required. Table 5.4 VSWR at rated power 1.5
lists the design parameters. Tuning range of 50-100

transmitters, MHz

5.2.3.2 Wall-mounted antenna System design

design study Powerpercurrentstrap, 1.25 (to plasma)MW

We studied an alternative antenna design RFpower flux (average), 8.5

that consists of an array of current straps MW/m2Plasma load,b gem 5 (at 85 MHz)
ORNLOWG93M-2626FED Maximumvoltage in 50

VACUUM system, kV
CARBON- COAXIAL Peakvoltageat design =37
COVERED FARADAY POSITIONING TRANSMISSION

\ RODS SHIELD PIN LINES load,kVSTRUCTURE \ /-_'_ "__ Pulseduration,s t5

_MOUNTN_ Time between pulses, Tin 60
aNeexls further study; subject to change.

bCalculated load _ 16 D./m.

//'!

/ mounted the vessel wall. The
on vacuum

advantage of this design is that the straps

can be located in a continuous array, thus

----_ t f _ . L providing for the possibility of using the
J /

CURRENT array to drive current in the plasma. In addi-
POSmONtNG STRAPS tion, the total number of current straps andHOLE WITH CENTER

GROUND the Faraday shield surface area can be

increased if desired, thereby decreasing theFig. 5.13. ICRH antenna design for BPX.
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rf voltages in the system and the rf power and that "spill over" into the Faraday shield
flux through the Faraday shield, rods nearest the top (or bottom). Because of

The primary disadvantage of the wall- this three-dimensional effect, which could
mounted design is the increased need for not be calculated in the analytic models, the
remote maintenance equipment for installa- end rods carry about ten times the avel'age
tion of the antennas. In the hybrid design, all current in the Faraday shield rods. This
rf connections are made outside the vacuum raises the stress level beyond that
vessel, and the current straps and rf trans- sustainable in a Faraday shield box of
mission lines are inserted as a unit through conventional design (i.e., metal with no
the ports. In the wall-mounted design, the insulators).
current straps must be installed individually
inside the vacuum vessel and then connected

5.2.4 BPX Pellet Injection System
to rf transmission lines that extend through
the ports. In both cases, the Faraday shield M.J. Gouge
will be installed from inside the vacuum
vessel. The BPX pellet injection system supplies

fuel to the plasma in the form of frozenThe results of the study indicate that the
wall-mounted antenna is feasible. The rela- hydrogenic (H2, D2, D-T, T2) pellets. The

tive advantages and disadvantages of the pellet injection system will fuel the BPX
two concepts make it difficult to say that device, both during the current ramp-up to
either is obviously superior to the other. The plasma burn and during the current flattop.

Some degree of density profile control willanswer varies depending on the weight that
different criteria are given, also be provided by the system. Density

profiles are expected to be more peaked with

5.2.3.3 Improved disruption studies pellet fueling than with gas injection alone.
The expected pellet penetration in BPX is

Disruption calculations for the BPX sufficient to significantly decouple core
antenna, carried out using the SPARK code, plasma fueling from the edge region, which
are documented in ref. 5, which summarizes is not possible with gas puffing alone. This
the results obtained through September allows higher fueling efficiencies and lower
1991. Analytical results were methodically tritium inventories, since the high hydro-
compared with increasingly detailed models genic fluxes required in the edge for opti-
of the antenna structure. The aim of these mum divertor conditions can be met with

comparisons was to ensure that the results deuterium gas puffing and the plasma can be
from the 3-D SPARK runs were easily predominantly fueled with D-T pellets with
understandable relative to the underlying controllable isotopic concentration.
phenomena. Agreement (within about 17%) The pellets provide a local plasma density
was obtained between analytic calculations gradient in the ablation region, which may
and SPARK cases for a single Faraday also allow a net outward flux of impurities
shield tube. More detailed analyses done (including helium ash) from the core plasma
with SPARK indicate that stress would be a to the edge region. This is difficult to
problem with the antenna design as it stood achieve with gas puffing alone. The pellet
at the end of September. The primary injection system can be used in a feedback
difficulty with the design arises from the mode to maintain a programmed average
eddy currents that are induced in the density or, potentially, fusion power. The
resonant cavity box by a vertical disruption system will have a vacuum subsystem to
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provide vacuum for the injector housings enough, a transition can be made to the
and pumping of the deuterium propellant gas larger 5.2-mm-diam pellets or the high-
that accelerates the pellet through the gun velocity pellets from the two-stage injector
barrel. The pellet injection system also will at a lower repetition rate. The larger/faster
have pellet diagnostics to determine the pellets will penetrate farther into the plasma
pellet speed and size. Pellet injection system and provide more control on the evolving
requirements are shown in Table 5.5. density profile as the plasma temperature

increases. Penetration of a pellet into a hot
Table5.5. Pelletinjection system requirements plasma is a function of pellet initial size

Pellets (proportional to rp5/9),and the largest pos-
Size, a atoms (1-5) x 1021 sible pellet (given perturbation limits)

(Anln--20-40%) should be used to provide the most leverage
Velocity, km/s 1-5 on plasma density profile peaking. Density
Maximumfuelingrate,b 8 x 1021 profile peaking can increase the ignitionatom/s
Fuelperpulse,catoms 7.5x 1022 margin even if plasma transport is
Compo_,ition H2,1)2,D-T,or T2 unchanged because of the increased fusion

Propellant rate with peaked profiles.
Flowrateto torus,mbaroL/s <1.0 (D2) During the density ramp-up phase, fuel-
Gasloadto fuel reprocessing <30 ing will probably begin with pure deuterium
systemper tokamakpulse, or deuterium-rich D-T pellets. This permitsba_.L

Systemtritiuminventory,g <1.5 some reduction in the required tritium inven-
Reliability (with limited To be determined tory per full-power D-T shot and allows for
hands-onmaintenance) shot termination without introducing signifi-

Operationallife, y 6 cant amounts of tritium into the torus if the

aAs pellet enters plasma, computer-based plasma control system
bAchieved withthelarges!pelletsize. decides early in the shot sequence that
CAchieved through a combination of pellet size,s/repetition rates evolving plasma and support system condi-
duringthetokamakpulse, tions are not met for a full-power D-T shot.

The range in the An/n pellet plasma per- Larger pellets with a higher percentage of
turbation indicated in Table 5.5, as well as tritium will be used in the flattop burr. part
the expected range in plasma operating den- of the shot sequence. Since each of the three
sities, reqz, ires some flexibility in the pellet single-stage repeating pneumatic injectors
size. This is attained by using three different has dedicated hydrogenic ice extruders, up
barrel diameters (3.2, 4.1, and 5.2 mm) in to three D-T ratios are available with the
the single-stage injectors. During the ramp- pellets for each tokamak shot, subject, of
up phase, the plasma density will continu- course, to total system tritium inventory
ously increase, and the target plasma burn limits. Triple containment of tritium is pro-
density will be different with different vided for equipment areas with significant
plasma temperatures and heating profiles, inventories of tritium (>0. I g).
The largest pellet (5.2 mm in diameter) The pellet injection system will consist
results in a 40% perturbation to a BPX at an of two pellet injectors located in the pellet
average density of 2 × 1020 m-3. Thus, dur- injection cell in the north diagnostics area of
ing the density ramp-up, the smaller 3.4- and the BPX facility. A plan view of the pellet
4.1-mm-diam pellets can be injected into injection cell is shown in Fig. 5.14. One
BPX at a constantly increasing repetition iniector is a highly reliable, moderate-veloc-
rate. As the plasma density becomes high ity (1- to 1.5-kin/s), single-stage pneumatic
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injector s_milar to the JET pneumatic pellet gas flow rate into the torus to well below the

injector. It consists of three single-stage, maximum specified level of 1.0 mbaroL/s.

repeating light gas guns in a common vac- Since both injectors will have tritium or

uum enclosure. The second injector is a D-T mixtures in the gas fuel supply, three
high-velocity (1.5- to 5-km/s), two-stage levels of containmen; will be provided

pellet injector that accelerates frozen hydro- throughout the pellet injection system. The
genic pellets encased in sabots. (The two- primary level of containment will be the

stage injector concept is described in pellet injector itself, which will have tritium-

Sect. 5.1.2.3.) Both pellet injectors are quali- compatible materials throughout. This

fled for operation with tritiated feed gas and includes feed lines to the hydrogenic extrud-

will use deuterium as the propellant gas to ers, the extruders, the pellet-forming mecha-

simplify the requirements for gas reprocess- nism, the breech/barrel assembly, the pellet
ing. Two vacuum pumping stages are pro- injection line, and the interface to BPX. The

vided along the injection lines to pump away second level of containment is the pellet
the propellant gas. The conductances of the injection cell itself inside the north cell,

injection line guide tubes limit the propellant which will have an air lock for access

i
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(alternatively, glove boxes around primary without protective clothing after purging the
containment structures could be used for this tritium lines.

second level of containment). All penetra-
tions of this boundary that transport signifi-
cant quantities of tritium (e.g., the pellet 5.2.5 Plasma Shape Control Calculations
injection lines to the torus) will be double- for BPX Divertor Sweep
walled piping. The third level of contain- Optimization

ment is the north and center cells them- D.J. Strickler and G. H. Neilson
selves.

A design goal is to maintain the capabil- The equilibrium code BEQ6 is used to
ity of hands-on maintenance for all compo- optimize the BPX divertor sweep. A
nents in the pellet injection cell. In principle, sequence of double-null (DN) diverted equi-
activation of injector components can be low libria with constant q during flattop and a
because of the small diameter of the guide prescribed path for the outer strike point
tubes used for pellet transport in the vacuum (OSP) demonstrates the feasibility of the
injection line. With wall shields and shield- BPX divertor surface geometry and maxi-
ing around the guide tubes, use of a shielded mizes the sweep distance of the OSP subject
isolation valve when the injector is idle, and to limits imposed on distances between
perhaps a slight curvature of the guide tubes X-point and strike points. Plasma profiles
to eliminate a direct line of sight to the vac- and linked flux are consistent with a fiducial
uum vessel, the total neutron flux to injector discharge simulation using the TSC code. 3
components in the north cell can be reduced The control matrix MHD equilibrium
to tolerable levels. On the basis of a multi- code BEQ, with input generated by TSC, is
dimensional neutronics calculation, limited used to compute solutions characterized by
hands-on maintenance of injector compo- fixed plasma radii, current, field, volt-
nents appears feasible. The Monte Carlo/ seconds, and profile parameters (13p,li/2) at a
discrete ordinates nucleonics analysis given set of time points (4.5 s < t < 13.2 s).
indicated that activation dose levels around Values of the safety factor and the OSP
the pellet injector 30 min after shutdown position are also prescribed as functions of
will be <1 mrem/h. This permits hands-on time Plasma current, field, and profile
preventive maintenance and repair, which parameters are determined in a preliminary
allows use of standard components on the TSC simulation. The BEQ code computes
injectors. Several components will require the PF currents controlling the plasma shape
remote maintenance or replacement: (1) the and the poloidal flux distribution on the
pellet injection lines in the BPX center cell, divertor plates for use in optimization of the
including penetrations through shielding; divertor sweep scenario and for design of the
and (2) the torus vacuum isolation valve and divertor geometry.
adjacent bellows and ceramic break in each For each prescribed OSP position on the
injection line. divertor plate, the field line length between

Components in the pellet injection cell the X-point and the strike points is maxi-
will be designed for efficient disconnection mized by determining the plasma elongation
and removal through the airlock to a hot cell _csuch that q = 3.2 (the design value). The
in case they become contaminated or acti- length of the OSP sweep is optimized by
vated. Because the activation of injector starting near the outboard edge of the diver-
components should be low, it should be tor surface and sweeping the OSP inward
possible to enter the pellet injection cell until the distance from X-point to either
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the inner strike point (ISP) or the OSP s _
approaches its minimum value. Plasma w_= 1.663GJ COILCURRENTS(MA)
elongation for this sequence of equilibria is FLUX= 36.830V-s I, - 1427I-a-] [] ,2.o.s2

13= -6.84

initially K = 1.90 (con'esponding to q = 4.3) .-. [] _,.-6 72
at t = 4.5 s, increases to _:= 2.08 (q = 3.2) at DIVERTOR 15 " 5'75

beginning of flattop (BOFT), and returns to SURFACE '6--002
_:= 1.91 (q 3.2) at end of burn (EOB). [] _7-as0-- PLASMA

Since the elongation is growing prior to _" 0 - Ro-Z6_3r,_" a = 0.801m

BOFT, the ISP initially follows an outward 1-1 R,=2.023m
Zx = 1.737 m

trajectory before sweeping inward. During _ _(95O/ol.19_4

flattop (constant q), the path of the X-point _] -- r--] s195°/°1.0.434B t = 9.000 T

is almost linear. The resulting sweep dis- ,, =-11800 MA
tance for the OSP is 39.3 cm during flattop I---1 ['-] qc95°/ol-_a00

[Jp = 0.467

(46.4 cm between t = 4.5 s and EOB). The Qt2.038_
-5 1 I ,. I

ISP sweep during flattop is 30.5 cm, and the 0 2 4 6 8 o
ISP is at its minimum distance from the ,im_
divertor surface (10.0 cm) at EOB. The Fig. 5.15. The BPX PF coil system, limiter and

radial coordinate of the outer separatrix flux divertorsurfacegeometry, andan end-of-bum
surface at points 0.5 m above the plasma equilibrium.

midplane, a measure associated with antenna
ORNL-DWG 91-3281 FED

coupling, is R = 3.346 m at t = 4.5 s, R = _-L__,/; ;';_ _| I " -__-z..4.1, !'; !', _,

3.357 m at BOFT, and R = 3.337 m at EOB. a_ _.._/ , , " ] _'. '"_/ ' , ', .,1
This variation of 0.02 m during flattop is a [\ '7 /_\',',',' ', 'i'_"" ]

_- i',Ill/f.---__\\\',,,','I,,IIII//_X,,,',,',,I
further indication that the OSP sweep dis- E af,,_//.//__,,_ ' ,, t',llllllll/___\'_,',',',,_tance is maximum for the divertor geometry. _ ,,]

The divertor surface 7 used for this study ,,
' _lllll///'_\\\\\\\\\\\_ltl_',l(Figs. 5.15 and 5.16) is based on a sequence '""] _,;_,m__lllllllf/_'\\\\\%_"'"1\_mn,,,,,

0 Ill] ] _lllllllll | 1 _ I ilIIIIInIwIW, I l, II

of equilibria with constant safety factor (q =
-_ . : i ii _ i • .T

3.2) and was designed to significantly 3r ---._ _-.-, , ,, , _ L.'_, ' '. , '' :_

extend the sweep distance of the OSP over I', / / _..',',',',, ', l/ _. '.,, ',, ']
previous divertor designs. _ [, ', I//_',',',', ', , ,,_/_--.\r'_\,,,,,,..,,.,,,

E I\ illll//'.-_L'_.\\_'_ , _ , _ II[/_-__q
N 21- _ ; IIII///./_._"_L%.\\X\ _ _ I_ L _ ll/////1_.\\\\\ _ _ _ _.__ ". : _m/////f..---_-'_\\\,,, , I , IIl/ll/f_--_"xkNk,,,',,I

5.2.6 Plasma Disruption Calculations [_#/////_"_\_\_\'_" " l',_J_/[/////'/'/_/"_%,',',',|i!fflll((l{#(#  lt
R. O. Sayer, S. C. Jardin,* G. H. Neilson, 0 ii tl_llllll//f#'%_ll_'','__,,,,_¢ _u_,,|2 3 2 3

and Y-K. M. Peng r(m) r(m)

Design of the BPX vacuum vessel is Fig. 5.16. Ikluilibrium solutions at (a) t = 4.5 s,

strongly driven by disruption-induced forces (b) t = 7.5 s (BO|'q'), (c) t = 11.74 s, and (d) t = 13.2 s
(EOB) show the sweep of the sep,'u'atrix flux surface

produced by plasma motion and current acrossthedivertortargetsurface.
decay. Accurate predictions of the time

behavior of disruptive effects are therefore
needed.

The TSC code 3 has been used to simu-

late disruptions to predict the evolution of• Princeton Plasma Physics Laboratory Princeton,
N.J. plasma motion, current decay, induced eddy
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currents, and forces for the BPX design with current decay (3.0 MMms), whereas peak
R0 = 2.59 m. We studied the sensitivity of pressure on the bottom of the vacuum vessel
net vacuum vessel forces to dlpldt and to occurs for the slowest current decay (highest
various initial conditions to determine the Thaio). Large localized forces arise from cur-
disruption scenarios that produce the most rents flowing between the plasma halo and
severe loads. Analysis of the evolution of and the vacuum vessel. For example, the
currents, plasma motion, extreme forces, and maximum (compressive) vertical forces on
force distributions led to the selection of the bottom of the vessel (near the decaying
candidate cases for the most severe loads, plasma) are up to three times larger when
Several disruption cases (e.g., fast radial, halo cuurents are include; however, the net
fast vertical, slow vertical) were considered vertical and radial vacuum vessel forces are
because various cases tend to drive the relatively insensitive to the presence of the
design of different parts of the vacuum halo. For the vessel bottom, the extreme val-
vessel, ues of Fz(halo) and pressure increase as

For load analysis of 3-D BPX conduct- (Thalo)quench increases from 0.2 to 4.5 eV.
ing structures, the TSC plasma current Simulations with different initial 13pol
history output was converted for the three- and Zmag would be expected to alter the rela-
dimensional eddy current analysis code tive importance of the poioidai and toroidal
SPARK 8 to approximately 2(X)coils whose current effects but not to change the overall
currents were programmed to vary with time forces significantly. Extreme vessel radial
so as to represent the disrupting plasma, forces are not highly sensitive to dlpldt, but
SPARK computations with this detailed the extreme net vertical force is 25% larger
plasma driver and with finite element for the slowest current decay than for the
representations of the 3-D conducting tastest current decay. Slower plasma current
structures yielded induced eddy currents and decay rates give more severe net vertical
loads suitable for input to structural analysis loads because the plasma current decay
codes, occurs when the plasma has moved farther

We simulated vertically moving disrupt- off midplane.
ing plasmas with a surrounding halo for a Because the halo retards both plasma
range of halo temperature Thalo and width vertical motion and current quench rate,

Whalo. Initial conditions of Ip = 11.8 MA, higher halo temperatures give larger extreme
= 2.1%, and 13pol= 0.36 were used for all vacuum vessel halo currents and larger

simulations. Before thermal quench, the ,Ipol × Blot forces ia the vacuum vessel
plasma was allowed to drift vertically until region where halo currents flow. For the

q95 = 2.0 (Zmag =-0.62 m) or until q95 = 1.5 cases considered, the slowest current
(Zmag = -0.84 m). quench rate, 0.3 MA/ms, corresponding to

The plasma halo retards plasma vertical (Thalo)quench= 4.5 eV, gave the largest
motion and current decay. The maximum bottom wall pressure, 1.4 MPa. Higher halo
vertical velocity was reduced from 330 m/s temperature (i.e., a slower current quench
with no halo to 150 m/s for (Thalo)quench= rate) would give at most about 1.6 MPa for
1.5 eV and to 50 m/s for(Th-,do)quench= bottom wall pressure.
4.5 eV. The predicted peak vacuum vessel Detailed structural analysis indicates that
poioidal currents, up to 0.191p, are in good stresses in the critical inboard wall region
agreement with measured values of 0.21p on are within allowable limits for cases that
DIII-D. The peak vacuum vessel inboard have their maximum loads there. The sizing
pressure of 3.5 MPa occurs for the fastest



146

of divertor and first wall tiles and their sup- ate capital cost (near $400 million) sited in
ports has been driven by disruption eddy and the present TFTR facility at PPPL and
halo current loads. Engineering analysis for making maximum use of available TFTR
a disruption case with a maximum current assets. The other two design studies, for an
decay rate and for one with maximum halo SSAT with superconducting coils (SSAT-
current shows that the tiles will be able to SC) and an SSAT with resistive wound coils

withstand disruptions. (SSAT-R), were developed by other groups.

5.3 STEADY-STATE ADVANCED 5.3.1 Requirements and Assumptions

TOKAMAK WITH RESISTIVE The SSAT-D tokamak configuration was
DEMOUNTABLE COILS developed around the "compulsory" SSAT

B. E. Nelson and D. W. Swain design parameters:
• major radius R0 = 2.25 m,

The design concept for a steady-state • minor radius a = 0.5 m,
advanced tokamak (SSAT) with resistive, • elongation _¢x= 2,
demountable coils, identified as SSAT-D, • triangularity 595 = 0.3,
was developed as one of three tokamak • toroidal field B0 = 3.35 T,
design studies initiated in fall 1991 to fulfill • TF ripple < 5%, and
an SSAT mission. Such a device is needed • a single-null (SN) divertor with "open"
to demonstrate integrated steady-state oper- or "closed" configuration.
ating modes characterized by a noninduc-

Several key assumptions and constraintstively driven plasma current, a high power
density, an actively cooled and actively were included:
pumped divertor, and disruption-free • steady-state, water-cooled copper TF and
operation. In addition, this device would PF coils,
provide a database on physics regimes that • total TF and PF dc power less than
extrapolate to a more attractive fusion 200 MW, and
reactor than that projected by the present • access for four TFTR neutral beam
database. These regimes are characterized injectors.

by a high bootstrap current fraction (to In addition, SSAT-D incorporates three
minimize auxiliary power requirements), specific features that were thought to make
enhanced confinement (relative to 2 x the machine easier to build, maintain, and/or

L-mode scaling), and high beta (relative to modify:
the Troyon limit). Detailed control of the
plasma current profile is necessary for • demountable TF coils,
exploration of such regimes. For example, • modular "cassette" divertors, and

° nuclear shielding between the vacuumhigh-bootstrap configurations require an
externally driven "seed" current near the vessel and the TF coils.
axis for stability, and second-stable Demountable TF coils have several
configurations require profile control to advantages. First, the PF coil set can be
achieve a high value of the safety factor on located inside the bore of the TF coils,
axis (e.g., q0 = 2). which results in smaller, lower-power PF

A goal of the three design studies was to coils; lower out-of-plane forces on the "IF
determine whether the SSAT mission could coils; and easier modification or replacement
be accomplished in a facility with a moder- of the PF coil set. Second, it is possible to



147

fabricate the vacuum vessel, fast coils, and 5.3.2 Design Description
passive stability structures as complete units

The basic configuration of the SSAT-Dthat can be pretested before they are
is shown in Fig. 5.17. This configuration,installed in the device. This allows more
with Ro = 2.25 m, meets all the designassembly and fabrication operations to pro-

ceed in parallel and can substantially shorten requirements, constraints, and assumptions
for the "compulsory" design.the overall construction schedule. Finally, it

is--in principle--possible to replace a failed
section of the TF coil without complete dis- ORNL-DWG93M-P627FED
assembly of the machine. On the other hand,
demountable joints add complexity to the TF

coil set and introduce additional areas for _, __-
failures to occur.

Modular" " "" /!_f_cassette divertors also have

several advantages. First, since all the diver-
wu _,

tors are withdrawn as complete assemblies
through radial access ports, repair or change-
out of the diverlors can be done quickly,
without deployment of any robotic manipu-
lators inside the vacuum vessel. Second, all

the piping, instrumentation, and other ser-
vice line penetrations are integral with the A D
divertor assembly and can be tested and leak '!
checked before they are installed on the ma- d h/"
chine. Third, special "focus" coils can be -_ ",,,¢_,,
readily incorporated in the divertor module
to provide a means for locally modifying the
field contours for a better match to the

divertor geometry. The disadvantage of Fig. 5.17. SSAT-Dconfiguration.

divertor cassettes is that they require large
openings between TF coils, which results in
fewer, larger TF coils. 5.3,2,1 TF coils

Nuclear shielding inside the TF coil bore The dominant feature of SSAT-D is the
minimizes the activation of the TF coil and TF coil/structure combination. The device

external structure and maximizes the possi- has ten rectangular, water-cooled copper TF
bility of hands-on access to critical mainte- coils with a demountable joint at each cor-
nance areas such as the TF coil joints and ner. This number of coils results in the

cooling connections. The PF coils and the smallest coils that meet both the tipple cri-
shielding itself would still be activated, so teria and the access requirement for divertor
ex-vessel remote maintenance equipment cassettes. Table 5.6 illustrates the trade-off
would be still be required for operations on between the location of the outboard TF coil

these coils. Lead shielding attached to the leg, total coil weight, and number of coils.
plasma side of the neutron shield would help
to limit me gamma dose inside the vacuum
vessel.
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Table 5.6. TF coil size vs number of TF coll._ coils are designed with sufficient clearance
Ripple ---0.5% ripple at 2.75 m, outboard to be slipped over the TF coil core and are

currentdensity= 600 Mcm2 also suspended from the upper and lower
Radiusto Totalweight cap structures. All the coils are multiple-Number of
outerleg of coilset turn, water-cooled copper except the internalcoils

(m) (metrictons) fast coils, which are single-turn, water-
8 6.18 O70 cooled aluminum. These are suspended

10 5.45 898 inside the vacuum vessel, directly outboard
12 5.49 913 of a set of water-cooled passive stability
16 5.96 953 plates.

The TF coil joint is a sliding design pat- 5.3.2.3 Vacuum vessel
terned after the joint used for the Alcator
C-Mod TF coils. This design was thought to The vacuum vessel consists of a double-
provide the best option for remote maintair.- wall aluminum structure with carbon tiles
ability. Access to the vacuum vessel or PF attached directly to the inner surfaces.
coil set is provided by removing the top leg Midplane access for neutral beam injection
of each coil in a straight vertical motion. The (NBI) and diagnostics is provided by ten
inboard legs of all ten TF coils are pre- large ports, each 1 m high and 1.8 m wide.
assembled into a single unit to resist the The outer wall of the vacuum vessel is
applied centering force and twisting placed as close to the outer PF coils as pos-
moments. The upper, lower, and outboard sible to provide the maximum tangential
TF coil legs are constrained by the upper access for NBI. In this way no special port
and lower bridge structures and the outer openings are required, only different port
structural cylinder. Each TF coil has 18 extensions. Divertor cassette access and
turns to limit the current per turn to 210 kA. vacuum pumping access are provided by ten
This number was chosen as the highest tea- radial ports, each 0.8 m high and 1.8 m
sonable current consistent with the existing wide, near the bottom of the vessel. As
TFFR power supply capability. Cooling is shown in Fig. 5.17, the radial withdrawal of
supplied to each turn near the sliding joints, the divertor cassette does not interfere with
The core requires a total of 720 connections, the TFTR neutral beam injectors. Vertical
and the outer turns have a total of 1080 con- access is provided at the top by ten smaller
nections. Two circular headers are attached ports, connected to 1.5-m-long extensions

to the top and bottom TF bridge structures to through the TF coil bridge structure. The
supply the cooling water, flanges on the radial ports are designed to

clear PF coils in the vertical direction such

5.3.2.2 PF coils that the PF coils can be removed without
cutting any port extensions. Similarly, the

The PF coils are arranged inside the bore port flanges clear the TF coils assuming
of the TF coils and outside the vacuum ves- straight radial translations.
sel. The upper and lower PF coils are

attached to cap structures suspended from 5.3.2.4 Divertor
the TF coil bridge structures. The outer PF
coils are attached to columns and beams that The SSAT-D divertor is mounted in a

form a cylindrical frame between the cassette module that can be inserted or with-
vacuum vessel and the TF coil. The solenoid drawn with a simple radial motion through
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access ports in the vacuum vessel. The mud- consists of containers filled with borated
ale locks into a radial track at the bottom of water and, if necessary, stainless steel balls.
the vacuum vessel that resists loads in the Additional lead shielding is provided on the

event of a plasma disruption. All cooling, vacuum vessel side of the shield to reduce
diagnostic, and other service penetrations the gamma level inside the vacuum vessel.
are integral with the connecting flange of the
cassette and can be pretested and checked 5.3.3 SSAT.D with Ro = 1.5 m
before installation. The cassette envelope
accommodates both the "open" and "closed" Although the SSAT-D configuration
divertor concepts with the addition of focus with R0 = 2.25 m meets all of the functional
coils. The focus coils consist of discrete, requirements, it is a very large, heavy, and

picture-frame coils that are integral with the expensive device and probably approaches
cassette and act to pull the inboard flux line the size limit for demountable TF coils. To
down to reduce the vertical height of the determine the approximate scaling of cost

with size, we investigated a second designdivertor assembly. If the focus coils prove
unworkable because of field errors or other point at R0 = 1.5 m. As shown in Fig. 5.18,

problems, then the cassette withdrawal the configuration is basically the same for
both the large and small machines. With themotion would have to be changed to an

oblique angle to accommodate the taller coil set sized for approximately the same
divertor geometry, power, the total TF coil weight for the small

machine is reduced by a factor of three. The
PF coil weight, structure, and power re-

5.3.2.5 Vacuum pumping quirements are also reduced, even though

Vacuum pumping is provided by a corn- the plasma current is increased. The parame-
bination of cryopumps and TMPs that are ters of the two configurations are compared
located in a well-shielded area below and in Table 5.7.
outboard of the tokamak. As shown in

Fig. 5.17, the pump ducts attach directly to
the flange of the divertor. The first elbow is o._.,.. _o

removed to gain access to withdraw the cas- -----,,o_,____.r- ,o--[_ '_--'---_
sette. Preliminary calculations show that 20 i [r',,,'°,___/

cryopumps, each with a 10,000-L/s capacity, _ !i ]" i [
are required to provide the necessary _"_ ----_ -

140,000 L/s of continuous i_,=.mpingspeed. , _----_il 'The system would be capable of up to = 1 h ,,si ,,w--',_ I - ----r_,_s

ofopera ion eforr gen ra io,na  ition I

five 2000-L/s TMPs would be provided for /
235

torus evacuation and discharge cleaning, l , l

[" i
5.3.2.6 Nuclear shielding ,o.,2_., @,, ,o.,S.,

"COMPULSORY" JL_ !0 _ OPTIONAL

Neutron shielding is provided between oEsl_ .----,_o __ _os.---. _ES,ON
the vacuum vessel and the TF coils to reduce ,_._O,M_N_,_,,_,N,_,_,",
the neutron activation of the TF coils and

Fig. 5.18. Comparison of SSAT-D concept with
support structure. The shielding is integral "compulsory" design par_uneters (R0 = 2.25 m) and
with the PF coil support assemblies and optional design par,uneters (R 0 = 1.5m).
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Table 5.7. Comparison of parameters for are a plasma with standard aspect ratio (~3),

SSAT-D configurations with high [_p (~ 1.3R0/a), and domin:mt bootstrap
R0 =2.25 m and 1.5 m currents (Ibs " Ip). Theoretically, such

Compulsory Optional plasmas have the advantage of high plasma
SSAT-D SSAT-D beta while requiring only a modest amount

Major radius RO,In 2.25 1.5 of current drive. The high beta contributes to
Minor radius a, m 0.5 0.5 reducing the size and field of a magnetic
Elongation 1¢ 2 2 fusion reactor; the modest current drive, to

Toroidal licit BO,T 3.35 3.35 reducing the recirculating power needed to
l_lasmacurrent, MA 1.7 2.5

maintain the plasma current in steady state.Number of TF coils 10 10
Number of turns 18 12 However, the plasma pressure and current

percoil profiles must be "tailored" in detail to ensure
Current per turn, kA 209 209 second stability and to operate with a rela-

Power m TF coil .set,MW 138 158 tively high edge safety factor (q95 ~ 7) to

Power in PF coil set, MW 41 27 allow high bootstrap currents. These con-

Total dc power, MW 179 185 straints usually lead to some limitations toWeight of TF coil set, 900 300
metric tons the plasma beta, as can be seen in the

Weight of PF coil set, 82 71 condition
metric tons

To_d weight, 1500 900 _ = F(13,_,_))_pl_2/q952, E= a/Ro,
metric Rills

where F(_:,K:,_5)~ 2(} for plasmas with

= 0.3 and vertically elongated, D-shape

Some problems exist at the smaller size, plasma cross sections.
however. The beam line access is somewhat The free-boundary divertor MHD equi-

marginal for the smaller machine, and the libria and ballooning stability of such plas-

withdrawal path of the divertor cassette in- mas were examined during this study. A

terferes slightly with the beam box. A possi- typical result is summarized in Table 5.8 and
ble solution is to reduce the number of TF shown in Figs. 5.19 and 5.20. Divertor

coils from ten to eight to increase the size of plasmas with high beta (-23%) and e_p

the access port. In addition, the current den- (~ 1.3) can be properly shaped with a proper

sity in the TF central core is relatively high

for steady-state operation, and the space

available tk_rthe sliding joint is very limited. Table 5.8. Divertor MHD equilibrium

If the joint is moved radially outward, the parameters of ARIES-Ill-like plasmas

solenoid coils would have to be wound in Major radius R0, m 7.5
place, which further complicates the design. Minor radius a, m 2.5

Vertical elongation _95 1.8

5.4 ARIES 'l'ri_mgularity595 0.7

qbroidal tield Bt0' T 7.7

Y-K. M. Peng Plasma current Ip, MA 30

As part of the Advanced Reactor Edge salety factor q95 7
Central sal'etyfactor q0 2Innovation Evaluation Study (ARIES), a

D-3He-fueled tokamak reactor, ARIES-Ill, Volume-average beta [5,% 23

has been designed. Among the key features Normalized poloidal beta e_p 1.3
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o,_._...,=, FEo 5.5 STUDY OF TST FOR
(.) POLO,OA'_,ELDSVSTE.Ib) POLO,OALFLUX

15 , , ', , , SURF^CES INTEGRATED DIVERTOR
coil CU.REmS(.A)-_lo ,, "o.4,48._ 5 - TESTING

4 12 -0,6962

13 4.3236

L, -_11253 . Y.M. Peng, R. J. Colchin,* D. W. Swain,5 3 ls 3,2739

2g _ _ 8.33= B.E. Nelson, J. F. Monday,E" 0 1 1 17 14.5089

2L_ _l Wpt- 21.327GJ 0 - IFt.UX-317a82v.," J.G. Arterburn,f S. E. Attenberger,$
-5 __.55_6 poto,DAL_wx D.B. Batchelor,** T. S. Bigelow,ff

' .ira) Zim)FWX(Wb)" P.J. Fogarty, J. D. Galambos,
-10 3.320 0.480 -1.370 - -5

J.3,o o.,8o-_.3_- _ P.L. Goranson, C. L. Hedrick,**-15 , ! _ 1 ,

0 10 20 30 5 8 7 8 9 lo J.T. Hogan, W. A. Houlberg, E. F. Jaeger,**R(m) R(m)

G. H. Jones,P. K. Mioduszewski,*
PLASMA x q R.O. Sayer, D. A. Spong,**R0 - 7.500m 0.050 2.0349

.- 2._o_ o25o2.5858 ng,tfR,,- 5.465m 0.3503.0038 W.L. Stirli D.J. Strickler,
Zx - 4.605m 0.450 3.5535

_(95"/.) " 1.785 0.5504,1536 D.J. Taylor,? C. C. Tsai,ff J. A. White,t$5(95_>-0.720 0.650477,,
0.7505.37,3 D.E. Williamson, and J. J. YugoBI - 7.692T

Ip ,, --30.919MA 0.858 5.8974
Ra - 8,981m 0,950 6,8988

FLUX-a ,,-14.529Wb The concept definition 9 of the 1TERFLUX-x - -4.527 Wb

.23.923.z. CDA identil'ied the divertors and the asso-
I_ " 3.725o.o92 ciated plasma power and particle handling as

an area in nccd of development. Similar
Fig. 5.19. Poloidal flux surfaces and PF coil needs exist for all large, steady-state toka-

locationsfor ARIES-Ill-likeplasmas, maks that are driven with high auxiliary
power. New pumped divertors are being or

placement of the PF coils. The pressure and have already been installed in JET l0 and
field gradient values vanish at the plasma DIII_D 11,12to begin to address this issue for
edge defined by the divertor flux surface, significant but limited plasma durations (10--
ensuring that the plasma current also 100 s). We have carried out a study to d_'fine
vanishes there. A region of second stability a small, steady-state tokamak (triple-S toka-
is calculated for the plasma between 60% mak, or TST) that fulfills this R&D need in
and 80% of the poloidal flux, whereas in the near term. The TST relies only on the
other regions the plasma is marginally stable physics and technology data of existing
in the first stability regime. While such a small- to medium-size tokamaks and uses

case serves as a good candidate for further the facilities and equipment available at a
second stability studies, the very steep typical fusion research institution such as
gradient of J(l)is expected to induce MHD ORNL.
kink instabilities near the plasma edge.

*Toroidal Confinement Section.

?Engineering Division, Marlin M_u'ictta Energy
Systems,Inc.

TComputingandTelecommunicationsDivision,
MartinMariettaEnergySystems,Inc.

**PlasmaTheorySection.
?tPlasma'l'cchni)logySection.
:H:Managcment Services Sccti()n.
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Fig. 5.20. Equilibrium profile functions: (a) pressure gradient dP/d_, (b) field gradient F dF/d_, _'c) safety

factor q(_I/), (d) ballooning stability p,'u'ameter Ca as a function of poloid;d flux _t, and (e) toroidal plasma

current density profile on the midplane ,I$.

The results of this design study, duty cycle (~10%). This will permit the test-
described in refs. 13 and 14, show that ing in TST of various divertor concepts15 for
small, steady-state tokamaks with standard possible use in future tokamaks. Much of the
aspect ratios can be built and operated with equipment and facilities required for TST
confidence to produce the plasma edge and should be available in fusion research labor-
divertor conditions of future large tokamaks, atories throughout the world.
The TST, as an example, is estimated to Recent results from the Small Tight-
have modest size (R0 = 0.75 m), field (Bt0 = Aspect Ratio Tokamak16 have provided

2.2 T), current (lp = 0.5 MA), drive power added impetus to experiment with low Ro/a
(Paux = 4.5 MW), and magnet power supply at the level of Ip - 0.5 MA. A TST-likc
(Ptfc < 40 MW). The engineering design for device with Ro/a = 1.7 is estimated to cost
the TST provides ample access for divertor less than the Ro/a = 2.5 option but entails
and component replacement to permit a high added risk in plasma current drive operation.
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Successful operation of a low-R0/a TST will driven burn operation. The need to achieve
contribute to making possible a small, ignition as well as high neutron wall loads
steady-state neutron tokamak of low Ro/a during the technology phase without over-
(with R0 ~ 1 m) that produces a significant loading the divertor plates and the require-
neutron wall load. 17Such a neutron- ment for large current drive power led to the
producing tokamak may be a highly cost- HARD concept for the ITER CDA.
effective approach to testing fusion nuclear As indicated in Table 5.9, HARD is
technologies needed by a fusion demonstra- characterized by significantly higher Ro/a
tion power reactor. It may also serve as a (= 4) and Bt0 (= 7 T) at about the same R0,

minimum-cost option for the fusion pilot with significantly smaller lp (-- 15 MA) and
plant. 18 stored thermal and magnetic energies

(0.35 GJ and 1.4 GJ, respectively). It is
about 30% higher in inductive capability,

5.6 SYSTEMS CODE DEVELOPMENT leading to about four times the inductive
AND APPLICATION burn pulse length of the CDA. It has a much

Progress in the systems code area was higher neutron wall load for the technology
highlighted by the final development of the phase (-1.1 MW/m 2) and bootstrap current
TETRA (Tokamak Engineering Test Reac- fraction (-0.8) according to the same

physics assumptions as the CDA. The engi-
tor Analysis) code and its application to the neering design assumptions are also main-
ITER CDA concept and, in an effort led by tained, including the stability and quench
LLNL, the creation of the Supercode and its limits of the superconducting TF magnets at
application to the conceptualization of the the maximum field location. The capital cost
SSAT. of HARD is estimated to be about 5% below

that for the CDA.

5.6.1 TETRA Code Elevation views of the CDA and a ver-
sion of HARD are depicted in Fig. 5.21.

The TETRA code was the primary sys- Because of the significantly reduced minor
tems analysis tool during the ITER CDA radius (-1.5 m), the total weight of HARD is
effort. This code uses a numerical nonlinear expected to be significantly reduced as well.
minimization approach to determine the key

design parameters (variables such as R0, a, 5.6.2 Supercode
Ip, Bt0, radial build, and vertical build) that
minimize a figure of merit (e.g., total direct The Supercode is being developed under
cost). It is also incorporated into a shell that the leadership of LLNL with maior contri-
eases code upgrade and the graphical pre- butions from ORNL. The purpose of this
sentation of the results. The TETRA code code is to fill the gap between the sophisti-
development and application were carried in cated multidimensional plasma transport
collaboration with LLNL. simulation codes and the zero-dimensional

During this period, the TETRA code was tokamak systems codes (such at TETRA).
expanded to include plasma and device The Supercode, when fully developed, will
operational variables simultaneously for calculate the self-consistent 1I/a-D plasma
both the physics and technology phases of evolution coupled to a more nearly realistic
ITER. This permitted the calculation of cost- tokamak engineering modeling. It uses
effective designs for both the inductive- variational techniques and emphasizes
ignition operation and the steady-state simpler formulation to limit the CPU time
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Table 5.9. Comparison of the ITER CDA and the HARD concept

ITER-CDA HARD

Characteristics

Aspect ratio, Ro/a 2.79 4.0
Major radius, m 6.0 5.98
Minor radius, m 2.15 1.50

Plasma current, MA/q_¢(95%) 22.0/3.0 14.8/3.0
Toroidal field on axis/at coil, T 4.85/11.1 7.01/13.3 a

Thermal/inductive stored energies, GJ 0.580/2,24 0.346/1.35
Relative capital cost 1.00 0.95

Inductive, ignited perlonmmce
Neutron wall lording, MW/m 2 1.0 1.0
Fusion power, MW 1080 784
Required Troyon beta c_vellicient, % 1.99 1.73
Required I l-mode enllancement

ITER power confinement scaling 2.0 2.0 f
ITER It-mode cotdinement sc'aiing 0.65 to ~0.87 t' 0.61 to ~0.81/_

Volt-second capability, V-s 326 417
Volt-seconds available for bum, V,s 46.1 179

Burn pulse length, s 400 1660
Number of cycles for 1- to 3-MW,year/m :_lluence 78,000-237,000 19,000-57,000

Technology phase performance c
Steady-state operation under origimd beta and bt_t)tstrap models

Maxhnum attainable wall load,c MWhn 2 0.42 1.10

Q 3.7 7.6

Bt_tsuap cun'ent Intction 0.33 0.46
Steady-state operautm under improved beta and b(x)tstrap models

Maxhnum atummble wall load," MW/m 2 0.65 2.84

Q 6.2 20
Bootsuap curt'era lraction 0.54 0.82

Hybrid operation
Pulse length at I-MW/m 2 wall load,C s -3,000 ~9,000
Number of cycles for 1- to 3-MW-year/m z lluence 11,000-32,000 4,000-11,000

aAt same coil design constraints as ITER (i.e., stune stress, protection, and stability).
bLowest value is for operauon with noedge-localized modes (ELMs); higher value assumes a degradation of'_E (i.e.,

an increase in required enhancement factor}to -75% of the ELM-free value.
Clmpurtty-seededoperation withdivertor, beta, and confinement constraints applied.

required for calculation of a large number of limited to the CRAY computers. Initial

tokamak design points, such as that needed applications of the preliminary versions of

in systems analysis. It is also fully compati- the Supercode have been directed to SSAT
ble with the latest workstations and not and ITER EDA.
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Fig. 5.21. Elevation view of 11APJ) concept (left) and ITER CDA concept (right).
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6. FUSION MATERIALS RESEARCH

SUMMARY OF ACTIVITIES

The Fusion Energy Materials Program has three major points of focus: (1) development
of reactor structural materials, (2) development of first wall and high-heat-flux materials, and
(3) development of ceramics for electrical applications. Within the Office of Fusion Energy,
these efforts are supported by the neutron-interactive materials and the plasma-interactive
materials programs. The ORNL effort supports U.S. participation in the International
Thermonuclear Experimental Reactor (ITER) as well as the ultimate objective of making
fusion an ecohomically competitive, safe, and environmentally attractive energy source.

In the structural materials program, the primary emphasis is on the qualification of
austenitic stainless steels for ITER and the development of low-activation ferritic steels,
vanadium alloys, structural ceramics, and ceramic composites (e.g., SiC/SiC).

Austenitic steels are the leading candidate for structural applications in ITER because of
their advanced state of development and commercial practice. In a collaborative program

i

with the Japan Atomic Energy Research Institute, we are investigating the effects of fusion
reactor radiation damage levels on the engineering properties of the_ alloys. Central to this
effort is the irradiation of these alloys in the High Flux Isotope Reactor with tailoring of the
neutron spectrum to produce damage levels [i.e., transmutation-produced helium and
displacements per atom (dpa)] equivalent to those produced in a fusion reactor spectrum.
These experiments are providing data and understanding of radiation response at
temperatures and damage levels that are precisely those required for the ITER Engineering
Design Activity (i.e., 60 to 400°C, up to 30 dpa).

Development of low- or reduced-activation materials is critical to achieving fusion's
potential as a safe and environmentally attractive energy source. Development of low-
activation ferritic steels requires that metallurgically important elements such as Ni, Mo, Nb,
and N be removed or reduced to relatively low levels and that potential impurity elements be
controlled to acceptable levels. To develop low-activation martensitic steels, tungsten is
being used as a substitute for rnolybdenum, and niobium is replaced by tantalum and
vanadium. The development activities are focused on the most critical or limiting property of
this class of alloys--the radiation-induced shift in ductile-to-brittle transition temperature and
reduction of fracture toughness. The vanadium alloys that are being considered for fusion
have attractive activation characteristics, so compositional modification is not required to
achieve this goal. The focus of our research on vanadium alloys is chemical compatibility
with proposed fusion coolants and the effects of irradiation on fracture toughness. From the
viewpoint of induced activation, SiC is the ultimate fusion structural material. Monolithic
SiC is not considered because of its fracture properties, but SiC/SiC composites offer an
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approach to improved fracture toughness. Our understanding of the performance of these
materials in an irradiation environment is extremely limited. The focus of our present
research is to explore the effects of irradiation on properties so as to provide a basis for
accurately assessing the potential of SiC/SiC composites as fusion structural materials and to
begin efforts to tailor these materials for the fusion environment.

The effects of irradiation on the dielectric properties of ceramic insulators are of critical
importance in the successful design and operation of numerous systems in a fusion reactor
(e.g., rf heating, plasma diagnostics). Our initial experimental work (initiated in 1991) has
been directed at in sit', measurements of the loss tangent during ionizing and ionizing-plus-
displacive irradiation. Results to date show an increase in loss tangent of nearly two orders of
magnitude at a displacement rate of 1 × 10-7 dpa/s. A change of this magnitude will affect
materials selection and design of rf heating systems for ITER. Measurement of in situ
properties will be expanded to investigate radiation-enhanced dielectric breakdown and the
effects of irradiation on structural evolution and mechanical properties.

Graphite and carbon-carbon research activities are part ol the plasma-interactive and
high-heat-flux materials programs. Graphite and carbon-carbon composite materials are
selected for these applications because their low Z number minimizes radiative heat losses
from the plasma. However, their application requires graphite and carbon-carbon composites
with extremely good thermal shock, erosion, and neutron damage resistance. Optimum
thermal shock resistance is assumed to be offered by appropriately designed carbon-carbon
composites (i.e., selected fibers, matrices, and architectures). Current work is directed toward
the optimization of these materials for resistance to neutron damage.

6.1 STRUCTURAL MATERIALS An assessment was completed of the
properties of a range of U.S. and Japanese

The multinational program to design and steels irradiated to 7 displacements per atom
build the International Thermonuclear (dpa) in an Oak Ridge Research Reactor
Experimental Reactor (ITER) is moving into (ORR) experiment spectrally tailored to
the engineering design phase. Correspond- reproduce the damage and helium generation
ingly, the Fusion Materials Program at rates characteristic of ITER. Further

ORNL is being refocused to address the irradiation of this experiment to 20 dpa is
following major tasks in the ITER R&D continuing satisfactorily in the High Flux
program in structural materials: austenitic Isotope Reactor (HFIR) at temperatures of
stainless steels for the first wall and blanket 60 and 330°C. Capsules for operation at 20(.)
(FWB) structure; structural materials for the and 400°C will be inserted in HFIR mid-
divertor and blanket stabilizer; structural 1992.

alloys for an advanced blanket module; and The results of the first phase of the
ceramic materials for diagnostic systems, spectrally tailored experiment raised several
insulators, feedthroughs, and windows, issues requiring further investigation.
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Irradiation at 60 to 400°C produced large For advanced blanket modules, several
increases in yield stress and .severe ferritic-martensitic steels are being evalu-
reductions in work-hardening capacity, ated, and reduced-activation versions are
which will have some impact on fracture being developed, Neutron irradiation
toughness. Accordingly, three HFIR experiments in HFIR, which simulated the
capsules were designed, constructed, and simultaneous generation of helium and
irradiated in HFIR target positions to a dose displacement damage characteristic of a
of 3.5 dpa. The capsules operate at 100 and fusion reactor first wall structure, showed
250°C and contain miniature compact that ferritic-martensitic steel structural alloys
tension specimens, sheet tensiles, and such as HT-9 and 9Cr-lMoVNb are highly
transmission electron microscopy (TEM) resistant to both void swelling and grain-
disks fabricated from U.S., Japanese, and boundary embdttlement. Irradiations were
European Community alloys, carried out at 400 to 600°C to displacement

A second important issue is radiation- doses (-80 dpa) that approach expected
assisted stress corrosion cracking in water, lifetime doses in fusion power reactors.
Preliminary electrochemical measurements Neutron irradiation of HT-9 and 9Ct -
on materials irradiated in the spectrally 1MoVNb at temperatures < 400°C typically
tailored experiments indicate that the ITER induces an increase in the ductile-to-brittle
radiation environment will not induce transition temperature (DBTT) of at least
susceptibility to cracking at temperatures 100°C. These materials may then be
below 330°C. Confirmation through in-cell susceptible to rapid cleavage crack
SSRT in an autoclave is planned, propagation during certain low-temperature

A third ITER FWB-related issue is that operating conditions. Alternative ferritic-
of repair welding once the machine has been martensitic steels have been developed with
activated. In a study conducted jointly with compositions tailored to reduce long-term
Auburn University, autogenous, single-pass, radioactivity by three to four orders of
full-penetration welds were produced in type magnitude. Initial results indicate that one of
316 stainless steel using a technique to these new alloys based on 9Cr-2W,V,Ta has
introduce compressive stresses during excellent resistance to radiation-induced loss
welding. Helium was uniformly introduced of toughness. Neutron irradiation to --7 dpa
into steels prior to welding using tritium at 365°C resulted in an increase in DBTT of
doping and decay. Experimental results only 4°C. This is an encouraging indication
show that the grain-boundary helium bubble that it should be possible to overcome the
growth was effectively suppressed by the low-temperature radiation embrittlement
stress technique. Additionally, the bubble problem in this class of alloys.
growth was altered such that the bubbles
occurred predominantly on grain boundaries
perpendicular to the weld, whereas 6.2 CERAMICS FOR ELECTRICAL

APPLICATIONS: RADIATIONpreviously they occurred principally on
grain boundaries parallel to the weld DAMAGE STUDIES IN CERAMIC
direction. These results suggest that the MATERIALS

proposed stress GTA welding technique may Ceramic materials are specified for usebe used to eliminate the catastrophic
cracking encountered during welding of in the fabrication of many components in
helium-containing materials, current fusion reactor designs. Many of

these applications rely on the high electrical
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resistivity that these materials typically erties. The matrix-composite interface
exhibit. The applications for insulating initially opens because of densification of
cer_mics range from simple dc voltage the Nicalon fibers, but subsequent swelling
standoffs to components in microwave of the carbon interfaciai layer closes this
heating systems that operate at high frequen- gap. Following high-dose carbon ion irradi-
cies. Other potential applications depend on ation, the mechanical property changes are
the structural stability of the ceramic dominated by amorphization and swelling.
material (e.g., swelling resistance). The A significant influence of ionizing radia-
well-known phenomenon of radiation- tion on microstructural evolution has been
induced conductivity at dc or low-frequency observed following ion irradiation of
ac conditions and the recently discovered alumina, magnesia, and spinel. These
phenomen_m of radiation-induced electrical materials were irradiated using a range of
degradation give rise to concern about charged particles: protons and helium, mag-
whether the candidate materials will retain nesium, aluminum, and argon ions. The
their electrical properties when exposed to a irradiation temperature varied from 25 to
radiation field that is typical of a deuterium- 800°C. Dislocation loop formation was
tritium (D-T) fusion reactor. Radiation- inhibited when the ratio ot ,nizing to dis-
induced degradation of thermal conductivity placive irradiation was above a material-
could also lead to component failure due to dependent threshold value. For an irradiation
high thermal stresses in components near the temperature of 650°C, this value was ~ 1000
first wall. for alumina, 500--1000 for magnesia, and

A series of experiments has been com- ~10 for spinel. These results indicate that
pleted to determine the influence of irradiated ceramics may be more sensitive to
radiation on mechanical properties, micro- the type and energy spectrum of the irradi-
structural evolution, and electrical properties ating particle than are metals.
of several candidate ceramic materials. The The dielectric properties of several cer-
materials include sapphire, alumina, amic materials have been measured in the
magnesium oxide, magnesium-aluminate presence of ionizing and displacive irradi-
spinel, aluminum nitride, silicon nitride, and ation. The HFIR Gamma Irradiation Facility
silicon carbide. A theoretical analysis of the (GIF), which uses spent fuel elements from
possible mechanisms whereby radiation HFIR, was used to provide an intense source
could affect thermal conductivity has been of ionizing irradiation for some of the
used to plan additional experiments to measurements, and a pulsed fission reactor
investigate this parameter, at the University of Illinois was used to pro-

Mechanical properties have been mea- vide an irradiation field that produced both
sured on specimens of a silicon carbide ionization and atomic displacements. The
composite material (CVD SiC/C/Nicalon) dielectric measurements were made using a
following neutron irradiation in HFIR to 1 capacitively loaded resonant cavity, which is
and 3 dpa and irradiation with carbon ions to well suited to these measurements because
30 dpa. Irradiation to 1 dpa in HFIR led to a the power dissipation in the ceramic relative
25% reduction in the composite strength and to the balance of the experimental apparatus
an increase in the toughness. However, a is maximized. These experiments used
slight increase in strength and a large cavities that were sized to permit the mea-
decrease in toughness were observed after surement of the dielectric properties at
3 dpa. Two factors have been identified as 100 MHz, typical of ion cyclotron resonance
responsible for this reversal in the prop- heating systems. No effect of ionizing
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radiation was observed in the HFIR GIF 4.7 dpa, respectively. The experiments
experiments at a damage rate of-5 x contained a variety of carbon materials,
109 Gy/h, while a large increase in the including nuclear-grade graphite (H-451);
dielectric loss was observed in the fission one-, two-, and three-directional carbon-
reactor irradiations. It is not possible to carbon composites; and a random-fiber
attribute all of the change observed in the carbon-carbon composite. Specimen PIE
fission reactor to the atomic displacements included dimensional, thermal conductivity,
since the ionizing damage rate was up to electrical resistivity, and strength (brittle-
400 times higher than in the HFIR GIF. ring) measurements. These data were
However, the ionizing and displacive analyzed in terms of composite fiber type
damage rates in the fission reactor are within (precursor), architecture, and final heat-
the range of those expected for ITER. Thus, treatment temperature. Analysis of HTFC I
the dielectric property changes observed in data indicated that the most irradiation-
these experiments are directly relevant to stable carbon-carbon composite materials
ITER, and they highlight the need for a were three-directional materials manufac-
careful experimental program to verify the tured from pitch precursor fibers that had
performance of candidate ceramic materials, been heat treated (graphitized) above

3000°C. These data were presented at the
20th Biennial Conference on Carbon in

6.3 FIRST WALL AND HIGH-HEAT- Santa Barbara, California, and a paper
FLUX MATERIALS describing them has been submitted to the

Journal of Nuclear Materials.
Research activities for fusion energy A computer model has been developed

applications have been carried out in support to simulate the behavior of self-interstitials

of plasma-interactive or high-heat-flux with particular attention to clustering.
materials needs. Graphite and carbon-carbon Owing to the layer structure of graphite,
composite materials are selected for these atomistic simulations were performed using
applications because their low atomic a large, parallelepipedic supercell containingnumber minimizes radiative heat losses from

two layers. Frenkel pairs were randomly
the plasma. Plasma-facing materials require- produced. Vacancies were assumed
ments include extremely good resistance to immobile, whereas interstitials were given a
thermal shock, erosion, and neutron damage, certain mobility. Two point-defect sit,ks

Carbon studies are focused in two major were considered: direct recombination of
areas: experimental determination of the Frenkel pairs and interstitial clusters. The
effects of neutron damage on candidate conditions under which interstitial clustering
plasma-facing materials and the develop- takes place were studied. It was found thatment of theoretical models for neutron-

when clustering occurs, the cluster size
induced crystal structure damage in carbons, population gradually shifts toward large
Postirradiation examination (PIE) of clusters. The implications of the present
specimens from two HFIR irradiation results for irradiation growth and irradiation-
experiments, HTFC I and II, was under- induced amorphization were discussed.
taken. These two capsules were irradiated at
600°C to peak damage levels of 1.6 and
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7. NEUTRON TRANSPORT

SUMMARY OF ACTIVITIES

The neutron transport program includes two elements: the work of the Radiation Shield-
ing Information Center (RSIC) and cross-section evaluation and processing.

Staff members of the RSIC serve as technical consultants to the fusion energy research
I

community, as well as a variety of other research communities, on all matters relating to
neutron transport. The evaluation and processing program is directed at producing accurate
cross-section data for materials that are of specific interest to fusion reactor designers.

7.1 RADIATION SHIELDING technology is disseminated to the commun-
INFORMATION CENTER ity with a mechanism for feedback of experi-

ence through use, which results in an
R. W. Roussin, D. K. Trubey, J. E. White, improved product. The resulting technology
and J. B. Manneschmidt base provides an advancement of the state of

the art.
The Radiation Shielding Information

A sample of recent technology productsCenter (RSIC) serves an international tom-
contributed as a result of this information

munity by responding to inquiries about
radiation transport problems. Staff members cycle process shows the lnternatl()nal char-

acter oi"the RSIC community. The Nuclearprovide guidance by drawing on a technical
database that includes a computerized lit,:r- Energy Agency Data Bank, Saclay, France,contributed DLC- 157/VITAM IN-J/COVA, a
ature file, a collection of complex computer
programs, and a substantial body of nuclear 175-neutron-group covanancc data _t based

on Joint Evaluated File (JEI-:-1). The DLC-
data libraries pertinent to the solution of 155/ACT1V-F/H neutron acuvation cross-
such problems.

Acquiring the needed computer-based section library Ior fusion reactor design was
technology base requires the collaboration of provided by the International Atomic Energy
the neutronics community with RSIC staff Agency's Nuclear Data Section. The

Chinese Nuclear Data Center supplied themembers to collect, organize, process, eval- PSR-288/UNIFY-ECN cross-section iiuclear
uate, and package relevant technology model code.
developed in the community. This
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From Japan came the University of Lawrence Livermore National Laboratory
Osaka's CCC-582/NITRAN radiation trans- (LLNL) updated the PSR-146/ALICE
port system using doubly differential cross nuclear model code and provided a kerma
sections, and an upgrade for the University factor library, DLC-142/KERMAL.
of Tokyo's CCC-501/SUSD sensitivity and ORNL updated the CCC-336/ASFIT-
uncertainty analysis system. The DLC- VARI radiation transport code developed in
150/VITAMIN-J/KERMA multigroup India, contlibuted the nuclear model code
neutron kerma factors based on the PSR-298/TNG 1 and the PSR-284/NUFACE

European Fusion File were contributed by interface code for calculating nuclear
the ENEA, Bologna, Italy. The Paul responses, and provided a new version of the
Scherrer Institute, Wtircrflingen, Switzer- three-dimensional discrete ordinates code
land, supplied DLC-151/MA'I3XS 175/42- CCC-543/TORT.
JEF87 multigroup cross sections geaerated This selection represents a small portion
using NJOY with the JEF-1 file and also of the total activity of the center. Informa-
PSR-196/NJOY-UTIL-EIR programs to tion processing (including evaluation and
manipulate output files produced with packaging) is a daily function. In addition to
NJOY. a comprehensive literature database, RSIC-

The nuclear model code PSR-292/ packaged products include 163 data pack-
EMPIRE for calculating cross sections was ages (DLC), 602 neutronics and shielding
provided by the Institute of Nuclear Studies, code packages (CCC), and 315 data
Warsaw, Poland, and the neutron spectrum processing and other miscellaneous code
unfolding code PSR-295/SAIPS was con- packages (PSR).
tributed by the Latvian University, Riga,
Latvia.

Major U.S. laboratories are also actively 7.2 DATA EVALUATION AND
involved in neutronics developments that PROCESSING FOR FUSION
benefit the fusion community thanks to their NEUTRONIC DATA NEEDS
availability from RSIC. Argonne National

D. C. Larson, C. Y. Fu, D. M. Hetrick, and
Laboratory developed and transmitted the J. E. White
PSR-305/KAOS-V neutron kecma factor pro-

cessing system and generated and supplied Evaluated and processed neutron cross-
the DLC-160/KAOSLIB multigroup neutron section data are produced to meet the needs
kerma factor data in the VITAMIN-E group of fusion reactor designers. Nuclear data
structure. A unique one-dimensional discrete needs for the magnetic fusion energy pro-
ordinates system for electron/photon trans- gram are given in ref. 1 and include evalu-
port, CCC- 544/CEPXS/ONELD, was ated cross sections for copper, nickel, and
contributed by Sandia National Laboratories chromium. Isotopic evaluations for
and Los Alamos National Laboratories chromium, copper, and nickel were accepted
(LANL). LANL also supplied updates to the for ENDF/B-VI, which was released in
CCC-200/MCNP Monte Carlo radiation 1990. Also accepted for ENDF/B-VI were
transport system and its cross-section library isotopic evaluations for iron and lead and an
DLC-105/MCNPDAT, the cross-section evaluation for natural carbon. Several of the

processing system PSR-17 I/NJOY, and a evaluations were selected by an international
package CCC-547/TWODANT-SYS, which committee for inclusion in the Fusion

includes the discrete ordinates codes Evaluated Nuclear Data Library (FENDL).
TWODANT, TWOHEX, and ONEDANT. This is the first version of ENDF in which
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special attention has been paid to data of maintained on the National Energy Research
priority to fusion energy. All of this work Supercomputer Center at LLNL and will
has been jointly funded by the Offices of also be distributed by RSIC.
Fusion Energy, Basic Energy Sciences, and
High Energy and Nuclear Physics in the

U.S. Department of Energy and the Defense REFERENCES
Nuclear Agency.

Evaluated cross sections must be pro- 1.Proceedings of the Fifth Coordination Meeting
cessed into forms that can be used in of Participantsin the Officeof BasicEnergySciences
radiation transport computer codes. The Program to Meet High Priority Nuclear Data Needs

focus of this effort has been the development of the Office of Fusion Energy, Argonne, Illinois,
of VITAMIN-E, 2 a 174-neutron, 38-photon- September17-19, 1986, Appendix D,

group cross-section library. It can be used in DOE/ER/02490-4, OhioStateUniversity, Columbus,1986.
conjunction with the AMPX-II system 3 to 2. R.W. Roussinet al., VITAMIN-E:A Coupled
derive cross-section data suited to a partic- 174-Neutron,38-Gamma-Ray Multigroup Cross-
ular application. SectionLibraryfor DerivingApplication-Dependent

A continuing effort is under way to lead Working Libraries for Radiation Transport Calcu-
lations[computer program], available from thean international effort to develop a cross-
Radiation Shielding Information Center, Engineering,section library in AMPX's format in 175- Physicsand Mathematics Division, Oak Ridge

neutron, 42-photon-group structure (based National Laboratory, as DLC-113/VITAMIN-E.
on VITAMIN-E) from the ENDF/B-VI and 3. N.M. Greeneet al., AMPX:A ModularCode
other major evaluated libraries. A multi- System for Generating Coupled Multigroup Neutron

group library in this group structure based GamtnaLibraries from ENDF/B, ORNL-3706, Union
on FENDL will be made available in the CarbideCorp. NuclearDiv.,OakRidge National
AMPX format. These libraries will be Laboratory, 1976.
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8. NONFUSION APPLICATIONS

SUMMARY OF ACTIVITIES

The ORNL Fusion Energy Division actively seeks opportunities to apply technology
developed in the fusion program to other areas. The concentration of program initiation and
development efforts follows two guidelines: (1) the technology to be advanced is related to
fusion in that the majority of advances expected to result from the work will directly benefit
future fusion system designs and (2) the technology is expected to be applicable to fusion,
although the initial application may not be directly fusion related.

The fusion technology areas on which development is based include plasma heating,
plasma fueling, and magnetics and superconductivity. Technology applications are
concentrated in four main technical fields: energy, U.S. Department of Energy facility
environmental restoration and waste management, defense, and technology transfer to U.S.
industry.

8.1 PLASMA HEATING ash and scrubber liquids from the Toxic
TECHNOLOGY DEVELOPMENT Substances Control Act (TSCA) incinerator

at the Oak Ridge K-25 Site. Interest in the
8.1.1 Microwave Processing of microwave technology has been shown by

Radioactive Wastes staff at other DOE sites, including I,os

T. L. White Alamos National Laboratory, Idaho National
Engineering Laboratory, Savannah River

A proprietary microwave applicator Laboratory, and Hanford Engineering
developed for the Waste Handling and Development Laboratory.
Packaging Plant (WHPP) project was Some initial testing was carried out on a
modified to improve its power-handling concept to measure the average amount of
capabilities and diagnostic access. The water present in a drum of waste grout by
WHPP project was deferred pending U.S. means of a low-power, swept-frequency
Department of Energy (DOE) approval. The microwave cavity technique. Results were
microwave technology developed for the inconclusive because the 1-gal waste con-
WHPP waste form (sodium nitrate slurries) tainer chosen for the tests was too small to
is being marketed for other wastes, such as validate the technique. Further testing at the

I73
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55-gal scale will be required to demonstrate function of temperature and to determine the
the concept, appropriate heating profile.

A microwave heating process is being

developed to remove radiologically contam- 8.1.3 Plasma Prt_essing
inated surface layers from concrete. The
microwave energy is directed at the concrete C.C. Tsai, J. M. Googin, H. H. Haselton,
surface and heats the concrete and free water and L. M. Thompson

present in the concrete matrix. Continued The ORNL plasma processing program
heating produces mechanical stresses, began work on a novel technique for surface
induced by steam pressure, that cause the cleaning of finished workpieces, providing
concrete to burst. The concrete particles an alternative to conventional chemical

from this steam explosion are small enough cleaning techniques that should minimize
to be removed by a vacuum system, yet less the generation of secondary waste. This is a
than 1% of the debris is small enough to collaborative project with the Development
pose an airborne contamination hazard. The Division of the Oak Ridge Y-12 Plant.
first phase of this progam has demonstrated The surfaces of finished workpieces tendreliable removal of noncontaminated con-

to be coated with thin layers of protective
crete surfaces at frequencies of 2.45 GHz oxide that are contaminated with undesirable

and 10.6 GHz. Continuous concrete removal materials (grease, oils, cutting fluids, etc.)
rates of 1.07 cm3/s with 5.2 kW of This contamination is usually removed by
2.45-GHz power and 2.11 cm3/s with mechanical or chemical cleaning. Other
3.6 kW of 10.6-GHz power have been potential methods are heating (e.g.,
demonstrated. Figures of merit for micro- electromagnetic, infrared, and ultraviolet),
wave removal of concrete have been cal- and plasma processing. The plasma-based
culated to be 0.21 cm3/s per kilowatt at methods that we are developing should
2.45 GHz and 0.59 cm3/s per kilowatt at provide uniform cleaning of workpiece
10.6 GHz. The amount of concrete to be surfaces without physical distortion,
removed in a single pass can be controlled overheating, nonuniform heating, or hot
by choosing the frequency and power of the spots.
microwave system. Plasma generation based on microwave

and rf techniques offers several approaches
8.1.2 RF Sintering to surface cleaning, including plasma-

F. W. Baity and D. J. Hoffman assisted chemical etching, physical
sputtering, and submicron-layer surface

Sintering of ceramic materials using heating and evaporation. Ionized plasmas of
microwave power can provide notable argon, oxygen, or a mixture of these two
improvements in densification temperature, gases with ion energies below 1000 eV have
as discussed in ref. 1. However, these been successfully used for plasma etching in
improvements are not seen in materials such manufacturing electronics. We are working
as boron carbide. From first principles, one to develop and optimize these plasma
can determine that radio frequencies should etching techniques for surface cleaning of
induce higher fields than microwaves. We finished workpieces.
have built a test setup and densified ZTA, An existing microwave elecu'on cyclo-
alumina, and boron carbide. Work is in tron resonance (ECR) multicusp plasma
progress to evaluate densification as a source2, 3 in the Plasma Source Laboratory
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has been modified and prepared with a high- supplies can control the gas pressure and
vacuum system, electrical supplies, and plasma density in the source. During
diagnostics. Figure 8.1 shows the test stand experiments, the ECR plasma source is
with the ECR plasma source, the vacuum operated by using the 2.45-GHz microwave
chamber, and the vacuum system compo- power supply to create a plasma from the
nents. The laboratory has been equipped desired gas at pressures ranging from 0.1 to
with control consoles, microwave and rf 10 mtqrr. Two solenoid magnets control the
power supplies, and diagnostic equipment, plasma distribdtion over the sample holder.
The output of the microwave power supply The rf biased supply controls the level of
is carded through waveguides and applied to biasing to the sample holder and thus the
the ECR plasma after the proper discharge energy of the incident ions.
conditions are established. The microwave plasma source has been

The vacuum system includes a turbo- operated with argon, oxygen, helium, and
molecular pump with a pumping speed of hydrogen. Plasmas created from different
about 400 L/s to maintain a base pressure of gases respond similarly to the effects of
1 × 10-6 torr in the vacuum chamber. The pressure, applied magnetic field, substrate
gas feed and vacuum system and the power biasing, and microwave power. Electrical
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Fig. 8.1. ECR plasma cleaning experiment with biasing sample holder.



176

probe measurements, made at a plane 20 cm growth, simple growth reactors are possible,
from the ECR zone in the microwave the spectroscopy of hydrocarbon species is
launcher, indicate that the plasma source has well established (combustion), and no toxic
a density of 1 x 1011cm-3 and a cold gases are required. Various processing
electron temperature of 2-5 eV. The plasma techniques, diagnostics, ard materials char-
radial uniformity changes with the gas acterization techniques are being developed
pressure, the biased potential of the sample for CVD growth. With these we will gain
holder, the input power, and the applied knowledge of molecular dynamics, impor-
magnetic field. This plasma source can be rant process variables, and the relationship
used to create plasmas with hollow, fiat, or of film microstructures to material properties
peaked density profiles tailored to a required to model growth and optimize film
particular geometry, properties. For its part in the collaboration

Data are collected for evaluating the the Fusion Energy Division is providing an
progress of surface cleaning on test samples, rf-based discharge reactor. The particular
A residual gas analyzer is used to monitor discharge technique being used dissociates
the offgas before and during discharges with molecular species required for diamond
and without test samples on the sample formation. Growth rates competitive with
holder, typical filament- and microwave-based

Small flat samples have been cleaned in processes have been achieved. We expect to
oxygen and argon plasmas. Oxygen plasma integrate this reactor concept with the
processing has been used to demonstrate the existing diagnostics located in the Analytical
removal of oil films of Shell Vitrea from Chemistry Division in the near future.
sample surfaces. This has been confirmed by Additional support for this effort has also
sample surface analysis conducted using been provided by the RF Technology Group
x-ray photoelectron spectroscopy (XPS) of the Fusion Energy Division to develop
analysis at Y-12. diamond coatings for Faraday shields.

8.1.4 Diamond Films 8.1.5 Optics Calculations for

W. L. Gardner Electrostatic Ion Thrusters
J. H. Whealton

Diamond film growth is being
investigated as a part of a program for Ion beam modeling techniques are being
fundamental studies of chemical vapor used to advance the technology for space
deposition (CVD) materials growth thrusters, which may be necessary for future
processes. The goal of th! _ program is to space propulsion. An ion thruster consists of
develop the diagnostics and advanced a large plasma chamber, in which a source
deposition techniques necessary to establish plasma is created, with a number of extrac-
a program for fundamental studies of film tion holes and acceleration channels. The

growth by CVD processes. The program is a plasma sheath formed when the ions leave
collaboration of three ORNL divisions: the thruster strongly affects the trajectories
Fusion Energy, Metals and Ceramics, and of the positive ions and electrons in the
Analytical Chemistry. Diamond film growth downstream plasma.
was chosen for study because diamond is a In the modeling studies, two- and three-
material with broad technological applica- dimensional optical calculations, including
tions, there is local expertise for film
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both source and exhaust plasmas, are per- technique. A prototype apparatus with
formed. These calculations include both a significant throughput capability will be
self-consistent ion source extraction plasma fabricated for use and tested.
sheath and an explicit computation of the

primary ion optics, including sheath- and 8.2.2 CO2 Pellets for Paint Stripping
electrode-induced aberrations. A study has
been carried out to determine the effects of P.W. Fisher

beam space charge, accelerator geometry, The argon pellet cleaning concept
and properties of the downstream plasma described in Sect. 8.2.1 has been extended to
sheath on the position of the saddle point in the use of CO2 pellets for removal of paint
the electrostatic potential near the extractor from surfaces. A project is under way to
electrode. The height of the electron develop a "cryoblaster" that provides pellets
blocking potential barrier as a function of of frozen CO2 for stripping paint from
electrode thickness and secondary plasma aluminum substrate. Initial results indicate

processes has been determined. The results that this process might be superior to the
have been compared with those of earlier system presently used at Warner Robins Air
work for various perveances and secondary Logistics Center to remove paint from
plasma potentials. The effects of accelerator aircraft.
electrode thickness and of space charge on
blocking potential are being examined.
Studies to evaluate the effect of the 8.3 MAGNETICS AND
secondary plasma potential and space charge SUPERCONDUCTIVITY
on secondary ions from the exhaust plasma TECHNOLOGY DEVELOPMENT
are also in progress.

8.3.1 Superconducting Motor Research
and Development

8.2 PLASMA FUELING
TECHNOLOGY DEVELOPMENT S.W. Schwenterly

8.2.1 Argon Pellet Cleaning The first tests of a unique axial-gap
supercgnducting motor, shown in Fig. 8.2,

C. A. Foster were carded out in Septembe," 1990 and
November 1990 in the Superconducting

A study of the use of high-velocity
Motor Research Facility (SMRF) at the Oak

solidified gases for cleaning metals was
begun in 1991. An existing centrifugal pellet Ridge K-25 Site. The motor incorporates a
accelerator in the Fusion Energy Division four-pole superconducting stator that pro-
was modified to test the capability of solidi- duces an axial dc magnetic field. This corn-
fled gases for cleaning material surfaces, ponent was designed and fabricated by the

Magnetics and Superconductivity (M&S)Any solidified gas can be used as a
Section and by the Y-12 shops. The anna-

cleaning medium in this apparatus; argon is
ture contains radial copper conductors that

particularly useful because it is inert and will
are energized via slip tings with three-phasenot react chemically with reactive metals.
ac power from a solid-state invertor. A light-Continuous production of good-quality

solidified argon pellets has been demon- emitting diode (LED) encoder on the shaft
controls current switching to the armature

strated. Samples of oxidized steel have been coils. The armature, shaft, and ac drive
cleaned, demonstrating the feasibility of the



Fig. 8.2. The axial-gap superconducting motor installed in the SMRF.
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package were designed and fabricated by 8.3.2 SSC Analysis

personnel from the Applied Technology, L. Dresner, M. S. Lubell, and J. W. Lue
Energy, Engineering Technology, and

Instrumentation and Controls divisions and Very large propagation velocities,
the University of Tennessee. ranging from 75 m/s to 225 m/s depending

In the initial series of tests, the motor on the current, have been observed in the

was limited to 600 rpm because there is no Superconducting Super Collider (SSC) 17-m
enclosure around the armature to contain dipoles. These velocities are much larger
fragments in case of mechanical failure. The than those predicted by the classical conduc-
design speed is 1800 rpm. During the first tion theory of normal zone propagation. A
test run, the stator was cooled down and possible explanation for this rapid propa-
filled with liquid helium (LHe) in about 8 h gation is a hydrodynamic mechanism called
and charged in steps to a current of 2200 A thermal hydraulic quenchback (THQ),
(79% of the critical current) with no diffi- proposed by Luongo et al.4 An approximate
culty. This produced a maximum axial field analytic theory of THQ was developed and
of 2 T, as measured by a Hall probe on the used to analyze the propagation data from
warm surface of the cryostat. The field could the SSC dipoles. It was concluded that THQ
be reduced to zero in about 5 s without in the helium in the interstices of the cable

driving the magnets normal, can explain the large propagation velocities
In locked_rotor tests, a maximum torque observed. Additional experiments were

of 84 Nora (62 ft-lb) was produced. How- proposed to test the hydrodynamic
ever, with the armature rotating, large explanation.
electrical drag forces appeared and limited
the no-load speed to 400 rpm. This was 8.3.3 SSC Detector Design
traced to ac eddy currents circulating in
internal loops produced by the series-parallel J.N. Luton
connection of the armature coils. These

Particle detectors whose bending mag-
loops were eliminated by disconnecting half

nets are toroidal arrays of individual coilsof the coils, and another test run was made.
The dissipation was practically eliminated, are of interest for the SSC. In a cooperative
and the maximum allowable 600 rpm was program with Princeton Plasma Physics
reached easily with no load. When the motor Laboratory, M&S Section staff members
was loaded by the dynamometer and the studied the feasibility of particle detectors
armature current was increased, large cur- with air-core superconducting toroidal mag-
rent splK,.s were produced by the solid-state nets for high-resolution measurements of
switches. Tizese tripped off the invertor and muon momenta. The results, described in
limited the po_ver output to about 2 hp. It is ref. 5, were favorable.
expected that these spikes can be reduced by As the detector requirements evolved, it
adding inductances between the invertor and became necessary to minimize interactions
the armature. The stator fields have not been of the magnet winding and structure with the

affected by the ac field of the armature. The passing particles, and a further study was
second test run was filmed for the carried out to examine the feasibility of low-

Cooperative Research and Development mass conductors (e.g., aluminum) for these
Agreement (CRADA) videotape being detectors. 6 This study, sponsored in part by

the State University of New York at Stony
produced by ORNL. Brook, concentrated on cable-in-conduit
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superconductors that use aluminum alloy for practical uncertainties can be resolved by
the conduit and pure aluminum for stabili- producing and testing sample conductors,
zation of the superconductor, the use of a conductor with clad-aluminum

An unoptimized sample design that used stabilizer and extruded aluminum alloy
a residual resistivity ratio of 1360 for alu- sheath should be both feasible and
minum and a current density of 3.5 kA/cm 2 economical.
over the uninsulated 32-kA conductor for a

4.5-T toroid with 1 GJ of stored energy 8.3.4 Cryogenic Thermography
(Fig. 8.3) resulted in a hot-spot temperature
of 120 K with a maximum dump voltage of S.W. Schwenterly

3.6 kV and inductive transfer of 24% of the The surface temperature of an object can
initial current into the shorted aluminum be measured thermographically by applying
structure. The stability margin was 200 mJ a phosphor to a small area, illuminating this
per cubic centimeter of cable space, area with an ultraviolet (uv) laser pulse, and
Limiting the quench pressure to 360 atm to obse_wing the decay times of various emis-
give conservative stresses in the sheath and sion lines. Work in the Applied Technology
assuming that the entire flow path quenched Division (ATD) had shown a dependence of
immediately resulted in a distance of 1 km temperature on decay time in some
between helium taps if the flow friction materials; this dependence extended to
factor is the same as that experienced in the liquid nitrogen temperature, 77 K.
coil produced by Westinghouse Electric In a collaborative program with ATD
Corporation for the Large Coil Task. This personnel, members of the M&S Section
indicates that the 530-m conductor length of demonstrated that usable sensitivity could be
each of the 72 individual coil segments obtained at LHe temperature, 4.2 K. As part
would be a single flow path. If some

ORNL-OWG93M-2395FED
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of a program to develop cryogenic ther- 8.3.5 Development of Lightweight, High.
mography for NASA, a compact, variable- Performance Coils
temperature cryostat that will fit into a

J. W. Lue, L. Drt_s_er, and M. S. Lubell
standard LHe dewar was designed and

fabricated. A cable-in-conduit force-cooled super-
The phosphor sample was pressed into a conductor was chosen as the conductor form

shallow, 6-cm-diam cup in a temperature- for developing lightweight, high-
controlled copper block suspended above the performance superconducting magnets. Two
LHe surface by a stainless steel tube. An 127-mm-ID, 221-mm-OD test coils have
optical fiber brought in the excitation light been fabricated; one of these is shown in
pulse from the uv laser, and a second optical Fig. 8.4. The conductors have rectangular
fiber led the emitted light out to a mono-
chromator and photomultiplier tube. Several
different phosphors were surveyed to deter-
mine the decay time temperature depen-
dences in their emission lines. In one of the

better materials, manganese-doped magne-
sium fluorogerminate, the decay time of the
657-nm line increased from 4.7 ms to 5.5 ms

as the temperature was lowered from 150 K
to 10 K. The observed temperature depended
linearly on the logarithm of the decay time.

Thermographic thetxnometry offers
several advantages for applications in
cryogenic equipment. Because there are no
electrical leads to the phosphor, sensor heat
loads can be minimized, and it is easy to
make measurements on moving or rotating
objects. Because the phosphor is in intimate
contact with the surface and needs no elec-

trical insulation, fast response is possible.
The optical fibers are electrical insulators, so
temperatures on conductors at high voltage
can be measured easily and safely. Finally,
the measurement may be insensitive to
magnetic fields, although this remains to be
determined. The sensitivity increases at
higher temperatures, and the method should
have many applications at near-ambient
temperatures or on equipment using the new Fig.8.4. Developmentmagnetwithcable-in-
high-temperature ceramic superconductors, conduitforce-cooledsuperconductor.



182

(7.2-mm by 5.8-ram) oxygen-free, high- System String Test. Division staff partici-
conductivity (OFHC) copper conduit. One pated in the preparation of equipment speci-
has a superconducting cable pattern of 6 x 5 fications and carried out technical surveil-
around a copper core, and the other has a lance of the progress of selected vendors in
9 x 6 pattern around a copper core. The void equipment design and fabrication.
fractions inside the conduit are 26 to 28%,

substantially lower than those used else- 8.3.8 Low-Mass Conductor Development
where. The conductor was wrapped with a
carbon fiber stocking, and the winding was J.N. Luton

vacuum impregnated with epoxy to form a A project was carried out to produce a
rigid structure. Thermal analysis indicates sample length of low-mass conductor by
that these coils should be ,_tableat a conduc- production means that would be applicable
tor curren_ density of > 10 kA/cm 2 at 8 T. to long lengths of conductor. High-energy

particle detectors with long interaction

8.3.6 Support for Superconducting lengths, transportation magnets or other
Magnetic Energy Storage magnets that must be low in weight, and

magnets for containing fusion plasmas are
M. S. Lubell and L. Dresner possible applications.

Experts from the M&S Section served Multifilamentary NbTi in a copper
on a review panel for a proiect to develop matrix was selected as the superconductor,

with a cladding of pure aluminum to servesuperconducting magnelic energy storage
(SMES) with funding from the Defense as the stabilizer. These strands are cabled
Nuclear Agency and the Electric Power together in _veral stages, and the cable is
Researcb Institute. The project, which wrapped with Kapton or stainless steel foil
involved teams headed by Bechtel National, to hold the cable's shape and to prevent dirt
Inc., and Ebasco Services, Inc., called for or materials from the sheath (added later)

from entering the interstices betweenthe design, fabrication, and testing of a
20-MWh experimental test model to strands. The sheath is added by a hot contin-
demonstrate the viability of large (2- to uous process and, if necessary, turk's-
5000-MWh) SMES systems. The phase I headed to reach its final rectangular shape
design effort was successfully completed at with the desired cable void fraction.
the end of Fv 1991. M&S staff members located and pur-

chased existing aluminum-clad strands of
superconductor that had been produced for

8.3.7 SSC Cryogenic Systems another development program The sample
Development design was modified to fit the strand dimen-

S. W. Schwenterly sions, and cabling was contracted to an out-
side firm. Although this firm had extensive

A project was begun in October 1990 to experience with cabling superconducting
assist the SSC Laboratory in planning and strands, the aluminum cladding changed the
designing the cryogenic systems for the workability of the strands, affecting the best
Accelerator Main Ring and the Accelerator
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choice of twist pitch lengths, and the sched- • brief descriptions of the program, technical

ule and cable quality were affe_, ted progress to date, and expected future

Another firm was engaged to apply a progress; and
sheath to lengths of plain aluminum stranded • a note on other collaboration.

cable with the same diameter as the super- The survey was published by the ORNL

conducting cable. A high-quality seamless High-Temperature Superconductivity Pilot
sheath around slightly compacted strands, Center.8
with suitable interstices, was produced. The

Kapton foil did not have enough elongation
to remain intact, but tl_e stainless steel foil REFERENCES

produced good results.

Trials on the superconducting cable were 1. H. D. Kimrey et al., "Microwave Sintering,"

not as successful because its greater irregu- pp. 212-215 in Fusion Energy Division Annual

larity and compactability led to sheaths of Progress Report: Period Ending December 31, 1989,ORNL-6624, Martin Marietta Energy Systems, Inc.,
poor quality. No other suitable strands have Oak Ridge National Latx)ratory, Oak Ridge,
been located, so further short-sample trials Tennessee, 1991.
with a modified process will be carried out 2. C. C. Tsai et al., "Potential Applications of an

before the main sample length is processed. Electron Cyclotron Resonance Multicusp Plasma Ion
Source," J. Vac. Sci. Technol. A 8, 2900 (19c.K}).

3. C. C. Tsai, "Potential Applications of a New
8.3.9 Energy Storage Solenoid Microwave ECR Multicusp Plasma Ion Source,"

L. Dresner p. 1166 in Application of Accelerators in Research
and Industry 90, North-Holland, Amster"dam,1991.

As part of the design of a 1-kWh, high- 4. C. A. Luongo, R. J. Loyd, and C. L. (:hang,"Current Diffusion Effects on the Performance of
field SMES solenoid, a survey was con- Large Monolithic Conductors," IEEE Trans. Magn.
ducted to determine magnet sizes and shapes 2s, 1576-81 (1989).
that fulfilled prescribed requirements for 5. J, N. Luton and P. Bonanos, "lbroidalDetector

total stored energy and maximum tield at the Scoping Study, S('CL-N-697, SutvcrconductingSuper

conductor. On the basis of the survey results, Collider Laborat ey,Dallas, Texas, March 1_)0.

the size and shape of the solenoid were cho- 6. J, N. Luton, "The Feasibility of Low-Mass
Conductors for Toroidal Superconducting Magnets

sen. A pool-boiling layer winding and a for SSC Detectors," pp. 569-71 in Proceedings of the
forced-flow winding were designed for illus- Syn'tposiumon Detector Research and Development
trative purposes. This work is described in for the Superconducting Super Collider, October 15-
detail in ref. 7. 18, 1990, World Scientific PublishingCo., Singalx)re,

1991.

7. L. Dresner, Design Considerationsfor a
8.3.10 SMES Survey 1-kWh Energy Storage Magnet, ORNL/ItTSPC-2,

Martin Marietta Energy Systems, Inc., Oak Ridge
L. Dresnc," National Laboratory, Oak Ridge, Tennessee, J_muary

A survey of domestic research on SMES 1992.
8. L. Dresner, Survey of DonuesticResearch on

was conducted. Each entry contains Superconducting Magnetic Energy Storage,

• the name, address, and telephone and ORNL/HTSPC-1, Martin Marietta Energy Systems,
Inc., Oak Ridge National Latn)ratory,Oak Ridge,

facsimile numbers of the principal Tennessee, September 1991.
investigator and other staff members;

• funding for FY 1991, FY 1992, and FY
1993;
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J. L. Burke J.C. Neeley 1 B.J. Smith 1
M. G. Eckerd 1 M.B. Nestor P.A. Sumner 1
C. H. Johnson 1 J.C. Parrott 1 E.W. Whitfield 1

D. Y. Johnson 1 T.F. Rayburn S.J. Yates 2

ES&H Activities
F. E. Gethers*

R. A. Langley,* Radiation Control Officer
D. A. Rasmussen,5 Laser Safety Officer

W. J. Redmond,* Environmental Protection Officer

Quality Assurance
L. M. Jordan 6
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1. Publications Division, Martin Marietta Energy Systems, Inc.

2. Group secretary.
3. Finance and Materials Division, Martin Marietta Energy Systems, Inc.
4. Graphics Division, Martin Marietta Energy Systems, Inc.
5. Toroidal Confinement Section.

6. Quality Department.
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9. MANAGEMENT SERVICES, QUALITY
ASSURANCE, AND ES&H ACTIVITIES

SUMMARY OF ACTIVITIES

Broad technical and administrative support for the programmatic research and develop-
ment activities of the Fusion Energy Division is provided by the Management Services
Group and by the division's environmental, safety, and health (ES&H) and quality assurance
(QA) programs.

The Management Services Group provides support in the following areas:

• General personnel administration, material and service procurement, subcontracting, and
coordination of national and international agreements.

• Nonprogrammatic engineering services for support systems and equipment; identifica-
tion, planning, and coordination of general plant project and facility improvements;
coordination of maintenance and production shop work; labor relations; and
telecommunications.

• Financial management.
• Library services and resources.
• Publications services.

Support is provided through effective communication with division programmatic staff and
through the coordination of resources from disciplines outside the division.

The division's ES&H activities include a formal safety program, environmental protec-
tion services, and self-assessment activities. The safety resource team established in 1989
continued to identify and resolve safety-related issues. A database is in place to identify and
track ES&H deficiencies, which are being corrected using a graded approach.

The QA activity in the division emphasizes the development and documentation of a QA
program that conforms to national standards, the review and approval of engineering docu-
ments, supplier surveillance, identification and documentation of nonconforming items,
audits, and QA assessments/plans.
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9.1 MANAGEMENT SERVICES guests and 14 subcontractors in 1990 and to
9 international guests and 11 subcontractors

9.1.1 General Administration Services in 1991.
Division personnel served on long-term

assignments to other laboratories; in 1990,
9.1.1.1 Personnel two staff members were assigned to the Joint

In response to declining budgets, staff European Torus (JET) in Abingdon,
levels in the Fusion Energy Division (FED) England, as part of the JET Joint Under-
dropped during the period, from 135 taking, and six were assigned to the Tore
employees on December 31, 1989, to 130 Supra tokamak at the Centre d'Etudes
employees on December 31, 1990, and then Nucl6aires, Cadarache, France. In 1991,
to 110 employees on December 31, 1991. there were three division staff members at
The composition of the division's scientific JET and two at Tore Supra. Long-term
and technical staff over the past five years is domestic assignments to General Atomics in
shown in Fig. 9.1. San Diego, California, involved two staff

The University and College Co-Op members in 1990 and three in 1991. Three
Program sponsored three students (one from division employees were on relocation
the University of Tennessee, in electrical assignments for 1990 and 1991.
engineering, and two from the Georgia
Institute of Technology, one in nuclear engi- 9.1.1.2 Procurement
neering and one in physics) in 1990 and four
students (two from the University of During 1991, the division's procurement
Tennessee, one in electrical engineering and group processed 1025 requisitions, with a
one in physics, and two from the Georgia total value of about $1.2 million, and 380
Institute of Technology, one in nuclear engi- shipping orders. This group actively moni-
neering and one in physics) in 1991. tors 200 to 300 open purchase orders.
University subcontracts brought 11 students An effort is under way to establish a
to the division in 1990 and 12 in 1991; 11 shipping order database as a tool for tracking
technical students participated in university outstanding loaned equipment. This project
programs in 1990, with 9 in 1991. The divi- was approximately 25% complete at the end
sion was host to 12 international scientific of 1991.
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Fig. 9.1. Fusion Encrgy Division professional staff by discipline.
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Industrial participation through subcon- Engineering Division of Energy Systems,
tracts to the division approximated with division staff members, and with Y-12
$0.4 million in 1991. Most of the subcon- Maintenance Division to implement needed
tract cost ($0.3 million) was applicable to improvements.
the ORNL Fusion Program. Major areas of effort during 1990 and

1991 included the completion of phases I

9.1.1.3 International agreements and and II of the General Plant Project (GPP) for
collaborations restoration of 480-V electrical systems in

Bldg. 9201-2. The 45-year-old transformers
The division participated in several per- and switch gear of four 480-V power distri-

sonnel exchanges and collaborations during bution substations were replaced. A proposal
1990 and 1991. The Management Services is in progress to replace one additional sub-
Group (MSG) played a key role in organiz- station; this would complete the restoration
ing these activities, with responsibility for of one of the building's four transformer
coordinating administrative, legal, and pro- vaults.
tocol matters for outbound Fusion Program The division was one of the first organi-
representatives and inbound international zations to participate in a plant-wide effort
guests, to correct National Pollutant Discharge

In this capacity, MSG staff members Elimination System (NPDEg) violations
worked with the ORNL Office of Guest and involving discharges into the East Fork of
User Interactions, the ORNL and Y-12 Plant Poplar Creek. A number of building drains
security organizations, the Office of General were connected to the sanitary sewer system
Counsel and the Office of the Comptroller instead of the storm drain system, which
and Treasurerof Martin Marietta Energy discharges into the creek. The Engineering
Systems, and the Washington andO_ Services Group worked closely with
Ridge offices of DOE, as well as other set- Environmental Management and Y-12
vice and support organizations. Responsi- Maintenance Division personnel to correct
bilities included ensuring adherence to gen- this problem.
eral laboratory and company policies and to Operations performed by previous occu-
federal laws and procedures, monitoring the pants of Bldg. 9201-2 had left low levels of
processing of paperwork to ensure timeli- fixed alpha and beta contamination in con-
hess and accuracy, obtaining the necessary crete floors in the building. Covering these
approvals, and generally supporting the sat- areas with vinyl floor tile to prevent expo-
isfactory implementation of exchanges, sure to this contamination has considerably
cooperative programs, and collaborations, improved the appearance of these areas.

Emphasis on housekeeping and safety
9.1.2 Engineering Services continued through the period. A high level

of importance was placed on compliance
The Engineering Services Group coordi- with codes, standards, and procedures

nates all engineering and maintenance work imposed for the protection of employees and
performed on general facility additions, the environment.
modifications, and repairs in the division.
Despite limited resources, work continued to
improve the physical facilities during the 9.1.3 Financial Services

reporting period. Engineering Services The Finance Office is a functional part
Group staff worked closely with the of the MSG and provides financial manage-
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ment support for administrative, engineer- During 1990 and 1991, additional
ing, and research personnel in areas includ- shelving units and microfiche cabinets were
ing budget preparation, cost scheduling, and obtained to increase the storage capacity of
variance analysis. The office also provides the library annex, and an air conditioning
meaningful and appropriate accounting and unit was installed there. A third workstation
cost control. Interaction with division man- was created with the acquisition of a
agement is an essential part of administering Northgate 386 computer and a LaserJet
the budget, accounting policies, and proce- printer. The library held an open house dur-
dures. Figure 9.2 and Table 9.1 show the ing National Library Week each year, fea-
funding trends for the ORNL Fusion turing free online searching and demonstra-
Program. tion of CD-ROM databases.

A usage survey of the library's journal
ORNL-DWG 92M-2642 FED subscriptions was conducted to determine

40 ............. which journal titles were seldom used and
could be replaced ;_ynew subscriptions to
journals of greater interest to library users.rr"

5 as
O 9.1.5 Publications Services
a
u. Publications services are provided toO

FED by the Engineering Technology/Fusionz
O 30 Energy Division Publications Office (ET/FE

..a_ ,.../,,/"'"-.... DPO), which serves both FED and theORNL Engineering Technology Division
(ETD). The publications office provides
technical editing and writing, composition,25 --- J j ,,I m
conventional and computer graphics, and89 90 91 92 93 94

FISCALYEAR reproduction services.It also serves asliai-
son with the Laboratory Records
Department of the Energy Systems

Fig. 9.2. Fusion Program expense funding Information Services Division for clearance

(budgetoutlay), of all documents prepared by FED staff.
The range of services available reflects

the capabilities provided by the diverse
9.1.4 Library Services skills of the 18 staff members, a wide variety

of computer hardware and software, and twoThe Fusion Energy Library maintains a
specialized collection in plasma physics and new copiers. The ET/FE DPO is committed
fusion technology and is a branch of the to 1:roviding high-quality, cost-effective
Information Services Division Library Sys- publications support to its customers.
tern that serves Energy Systems. Library

staff members select materials for acquisi- 9.2 ES&H ACTIVITIES
tion, provide reference assistance and online
literature searching, circulate library mate- The division has continued to direct

rials, and retrieve information in support of significant efforts toward the improvement
research activities, of its environmental, safety, and health
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Table 9.1. Fusion Program expense funding (in thor, sands of dollars)--budget outlay

FY 1989 FY 1990 FY 1991 FY 1992 FY 1993 FY 1994

Activity Actual Actual Actual Funding as of Budget Budget
cost cost cost April 1992 submission submission

Applied plasma physics

Toroidal theory $2,465 $2,172 $2,152 $2,336 $2,464 $2,562
Atomic physics theory 126 305 95 146 110 115
Plasma experiments 17 280 321 525 700 729
Diagnostics 462 611 488 687 400 435
Atomic physics 649 703 64 1 807 760 801
National MFE computer network 353 167 401 300 312 324
Technical progrma support 0 0 102 29 0 0

$4,072 $4,238 $-4,200 $4,830 $4,746 $4,966

Confinement systems

Doublet III $922 $914 $1,106 $2,400 $2,500 $2,500
Confinement, other 2,487 2,575 1,966 3,330 3,480 3,619
PBX 0 0 0 1,800 1,730 953
Advanced toroidal research 14,769 11,436 7,605 1,100 0 0
ATF, other 409 0 0 0 0 0

TFTR physics program 0 0 0 1,345 1,395 1,451
TFTR tokamak operation 53 0 0 0 0 0
TFTR heating 228 96 82 150 150 156
Burning Plasma Experiment 2,315 2,643 2,272 1,730 2,859 1,952

$21,183 $17,664 $13,031 $11,855 $12,114 $10,631

Development and technology

Base technology $0 $0 $0 $100 $125 $175
High-field magnets 471 24 10 0 0 0
Negative-ion neutral beams 123 0 0 0 0 0

ICR/LHR heating systems a 2,796 2,086 2,018 1,800 2,650 2,080
ECR heating systems b 140 133 49 0 0 0
Fueling systems 1,986 1,461 1,834 800 450 260
Nuclear analysis 157 85 65 60 120 130
Environmental analysis 58 38 40 40 40 45
Neutron source 0 0 0 75 250 465
Fusion materials 383 256 336 0 0 0

Neutron-interactive materials 3,296 3,109 3,129 1,900 2,100 2,200
ITER 2,384 2,237 2,329 5,735 7,059 7,202
Fusion systems studies 300 221 201 180 200 210
ORR 0 0 0 300 0 0

$12,094 $9,650 $10,011 $10,990 $12,994 $12,767

Total ORNL funding $37,349 $31,552 $27,242 $27,675 $29,854 $28,364

alCR/LHR:ioncyclotrca resonance/lowerhybridresonance.
bECR: electroncyclotronresonance.
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(ES&H) programs. As part of these efforts, resolve safety-related issues. This team is
FED and ETD have implemented mutual responsible for bimonthly inspections, doc-
self-assessment teams. The primary objec- umentation of safety and health problems,
tives of these teams are to survey both divi- and recommendations to correct or prevent
sions' facilities for safety hazards, document occurrences.
the findings, and recommend corrective The division continued its promotion of
action. By the end of 1991, the two divisions safety awareness through its monthly safety
had completed six self-assessments, which meetings, facility assessments, bulletins, and
have been extremely effective in today's basic two-way communication. The focus of
climate, the program, encouraging eml: loyees to

In response to constant changes in envi- maintain a safer attitude on and off the job,
ronmental protection regulations and DOE will continue to drive FED safety policies,
Orders, the division continued to implement rules, and regulations.
new compliance initiatives, in areas includ-
ing the control of contamination in division
facilities, hazardous waste, transformer 9.3 QUALITY ASSURANCE
inventories, mercury vapor, and surveys of
noise levels and air and water quality. In October 1990, the division's quality
Efforts were directed toward reducing the assurance (QA) staff level was reduced from
environmental concerns in the facilities, one full-time QA specialist to a half-time

QA specialist. This position is currentlyverifying that policies and procedures were
shared by two QA specialists.

in place, and keeping employees well
The division's QA specialists reviewedinformed about the issues. The division's

intent is to minimize hazardous waste, to engineering and procurement documents,
control effluents in and out of the facilities, including drawings and specifications
and to continue to protect and preserve the defining technical requirements for items to
environment, be fabricated, to ensure that they contained

A total of 1455 ES&H deficiencies have the proper QA requirements. During the
been identified and entered in the FED period, 9 nonconformance reports, 9 devia-

Tracking and Trending Database. A graded tion reports, 3 quality investigation reports,
approach is being used to address the 465 and 15 occurrence reports were written to
deficiencies that remain open. document problems, produce corrective

The FED safety resource team estab- actions, and disseminate information to
lished in 1989 continued to identify and other organizations.
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G. M. Pharr,and F. R. Brotzen,MaterialsResearchSociety, Pittsburgh, 1990
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1990 CONFERENCE PRESENTATIONS

January

ITER Workshop, Princeton, New Jersey, January 10, 1990

D. L. Hillis, R. C. Isler, C. C. Klepper, J. T. Hogan, P. K. Mioduszewski, L. D. Horton, R. Moyer, D. Gray,
R. W. Conn, R. Doemer, A. Pospieszczyk, D. Rusbtildt, R. Schorn, K. H. Dippel, K. H. Finken,

H. Euringer, A. Miyahara, K. Akaishi, R. Hulse, and R. Budny, "Initial Helium Removal Experiments with
ALT-II Pumping on TEXTOR"

ITER Winter Work Session, Garching, Federal Republic of Germany, January 22--March 23, 1990

D. B. Batchelor, E. F. Jaeger, and M. D. Carter, "Fast Wave Current Drive for ITER Using the ORION Code"

CIT West Coast Physics Meeting, San Diego, California, January 29, 1990

E. A. Lazarus, "High Elongation Plasmas"

ICH Design Workshop, Boulder, Colorado, January 31-February 2, 1990

D. J. Hoffman, F. W. Baity, R. H. Goulding, P. M. Ryan, D. J. Taylor, and M. J. Mayberry, "Fast-Wave Current
Drive Design Issues"

February

Topical Conference on Research Trends in Nonlinear and Relativistic Effects in Plasmas, San Diego,
California, February 5-8, 1990

B. A. Carreras, J.-N. Leboeuf, D. K. Lee, J. A. Holmes, and V. E. Lynch, "Fluid Approach to Plasma
Turbulence: Tokamak Edge Fluctuations"

Second TTF Transport Workshop, Hilton Head, South Carolina, February 19-23, 1990

N. Dominguez, B. A. Carreras, V. E. Lynch, J.-N. Leboeuf, L. Garcia, and P. H. Diamond, "Numerical
Approach to Dissipative-Trapped-Electron-Mode Driven Drift Wave Turbulence"

C. L. Hedrick and J.-N. Leboeuf, "Effect of Tokamak Electrostatic Edge Fluctuations on Orbits and Transport"

C. Hidalgo, T. Uckan, J. D. Bell, J. H. Harris, J. L. Dunlap, G. R. Dyer, Ch. P. Ritz, K. Carter, T. L. Rhodes,
and A. J. Wootton, "Turbulence Studies in ATW'

S. Hiroe, D. W. Johnson, and R. J. Goldston, "Difference in Electron Thermal Diffusivity and Profile Between
Interior and Exterior of TFTR L-Mode Plasmas"

J.-N. Leboeuf, B. A. Carreras, J. A. Holmes, D. K. Lee, V. E. Lynch, Ch. P. Ritz, A. J. Wootton, P. H.
Diamond, A. S. Ware, and D. R. Thayer, "Recent Progress in TEXT Edge Turbulence Modeling"

M. Murakami, G. L. Bell, T. S. Bigelow, B. A. Carreras, A. C. England, J. C. Glowienka, H. C. Howe, D. K.
Lee, V. E. Lynch, J. S. Tolliver, D. A. Rasmussen, W. R. Wing, and the ATF Group, "Bootstrap Current

and Energy Confinement Studies in the Advanced Toroidal Facility"

D. A. Spong and B. A. Carreras, "Stochastic Magnetic Fields and Electron Heat Transport Induced by Neo-
classical MHD Instabilities"

D. R. Thayer, P. H. Diamond, A. S. Ware, B. A. Carreras, C. Hidalgo, J. A. Holmes, J. N. Leboeuf, P. W. Terry,
Ch. P. Ritz, and A. J. Wootton, "Radiative Enhanced Fluctuation Induced Transport in Sheared Systems
(Rippling and Drift Wave Turbulence)"
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Waste Management '90: 16th Symposium on Waste Management, Tucson, Arizona, February 25-
March 1, 1990

T. L. White, E. L. Youngblood, J. B. Berry, and A. J. Mattus, "Status of Microwave Process Development for
RH-TRU Wastes at Oak Ridge National Laboratory"

U.SJJapan Workshop on Development of Plasnm-Facing Components for Next Large Fusion Devices,
La Jolla, California, February 28-March 2, 1990

T. D. Burchell, G. Hollenbcrg, and O. D. Slagle, "The Effects of Neutron Irradiation on the Structure and
Properties of Graphite and Carbon-Carbon Composites"

March

ITER Specialists' Meeting on Beta Limits and Profiles, Garching, Federal Republic of Germany,
March 5-6, 1990

B. A. Carreras, "Oak Ridge National Laboratory Research Highlights"

B. A. Carreras (with contributions from L. A. Charlton, J. A. Holmes, V. E. Lynch, K. C. Shaing, D. A. Spong,

and the ATF Experimental Group), "Resistive Stability in the Region 2.1 < qv < 3.1 and Bootstrap Current
Evaluation"

B. A. Carreras, J.-N. Leboeuf, D. K. Lee, J. A. Holmes, and V. E. Lynch, "Effect of the Equilibrium Magnetic
Field on Plasma Edge Fluctuations"

B. A. Carreras, J.-N. Leboeuf, D. K. Lee, J. A. Holmes, V. E. Lynch, J. l-lards, C. Hidalgo, R. Islet, T. Uckan,
R. Bravenec, Ch. P. Ritz, W. Rowan, A. J. Wootton, P. H. Diamond, A. S. Ware, and D. R. Thayer,

"Plasma Edge Fluctuations and Transport: TEXT and ATF Modeling"

M. Murakami, G. L. Bell, B. A. Carreras, A. C. England, J. C. Glowienka, H. C. Howe, D. K. Lee, V. E. Lynch,
J. S. Tolliver, D. A. Rasmussen, W. R. Wing, and the ATF Group, "Energy Confinement and Bootstrap
Current Studies in the Advanced Toroidal Facility"

First Los Aiamos Symposium on Ultra-Wideband Radar, Los Aiamos, New Mexico, March 5-8, 1990.
Proceedings published by CRC Press

D. B. Batchelor and E. F. Jaeger, "Full-Wave Computation of Electromagnetic Wave Excitation, Propagation,
and Absorption at the Ion Cyclotron Frequency in Fusion Experiments"

Applied Computational Electromagnetics Society 6th Annual Review of Progress in Applied
Computational Electrornagnetics, Monterey, California, March 19-22, 1990

D. B. Batchelor and E. F. Jaeger, "Full-Wave Computation of Electromagnetic Wave Excitation, propagation,
and Absorption at the Ion Cyclotron Frequency in Fusion Experiments"

Special Operations Expo '90, Idaho Falls, Idaho, March 20-22, 1990

S. K. Combs, H. It. Haselton, and S. L. Milord, "Simple Light Gas Guns for Hypervelocity Studies"

First Annual Cold Fusion Conference, Salt Lake City, Utah, March 27-30, 1992

D. P. tlutchinson, C. A. Bennett, R. K. Richards, J. Bullock IV, and G. L. Powell, "Initial Calorimetry

Experiments in the Physics Division of ORNL," invited

April

Materials Research Society Spring Meeting, San Francisco, California, April 16--20, 1990. Proceedings

published as Proceedings of the Materials Research Society Spring Meeting, ed. M. F. Doemer, W. C.
Oliver, G. M. Pharr, and F. R. Brotzen, Materials Research Society, Pittsburgh, 1990

tt. D. Kimrey, J. O. Kiggans, M. A. Janney, and R. L. Beatty, "Microwave Sintering of Zirconia-Toughened
Alumina Composites"
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T. L. White, E. L. Youngblood, J. B. Be_ry, and A. J. Mattus, "First Results of In-Can Microwave Processing
Experiments for Radioactive Liquid Wastes at the Oak Ridge National Laboratory"

S. J. Zinkle and J. S. Huang, "Mechanical Properties of Carbon-Implanted Niobium," Vol. 188, pp. 121-26

Meeting of the Fusion Policy Advisory Committee, Oak Ridge, Tennessee, April 18, 1990

E. E. Bloom and A. F. Rowcliffe, "Development of Materials for Fusion Applications"

1990 Sherwood International Conference on Controlled Fusion Theory, Williamsburg, Virginia,
April 23-25, 1990. Abstract booklet distributed to participants

B. A. Carreras, V. E. Lynch, and L. Garcia, "Turbulence Saturation and Poloidal Flow Velocity"

M. D. Carter, D. B. Batchelor, and E. F. Jaeger, "Effects of Non-Boltzmann Electrons on the Plasma Potential"

J. R. Cary and J. A. Rome, "Symplectic Integration of Guiding-Center Orbits"

L. A. Charlton, B. A. Carreras, J,-N. Leboeuf, and V. E. Lynch, "Stability Properties of the ATF Torsatron
During Entry to the Second Stability Regime"

N. Dominguez, B. A. Carreras, V. E. Lynch, L. A. Charlton, L. Garcia, and P. ti. Diamond, ' ,_. ipative
Trapped Electron Drift Wave Turbulence"

R. C. Goldfinger and D. B. Batchelor, "Fast Wave Current Drive Calculations Using the Geometrical Optics
Code RAYS"

C. L. Heckick and J.-N. Leboeuf, "Effect of Tokamak Electrostatic Edge Fluctuations on Orbits and Transport"

W. A. Houlberg and M. J. Gouge, "Particle Transport and Fueling Issues for DT Diverted Plasmas"

E. F. Jaeger, D. B. Batc_telor, and M. D. Carter, "Fast Wave Current Drive Calculations for I'I_R Using the
ORION Code"

J.-N. Leboeuf, B. A. Carreras, J. A. Holmes, D. K. Lee, V. E. Lynch, Ch. P. Ritz, A. J. Wootton, P. H.
Diamond, A. S. Ware, and D. R. Thayer, "Modeling of Fluctuations at the Plasma Edge of the TEXT
Tokamak"

V. E. Lynch, B. A. Can'eras, J. B. Drake, and J.-N. Leboeuf, "Plasma Turbulence Calculations on the Intel RX
Hypercube"

D. A. Spong and B. A. Carreras, "Stochastic Magnetic Fields and Electron Heat Transport Induced by Neo-
classical MHD Instabilities"

K. C. Shaing and R. D. Hazeltine, "Poloidal Plasma Rotation in Tokamaks"

Post-Sherwood Meeting on Massively Parallel Computing, Williamsburg, Virginia, April 25, 1990

V. E. Lynch, B. A. Can'eras, J. Drake, J.-N. Leboeuf, M. D. Carter, D. B. Batchelor, and E. F. Jaeger, "Parallel
Computing at ORNL"

May

Eighth Topical Conference on High-Temperature Plasma Diagnostics, Hyannis, Massachusetts,
May 6-10, 1990. Proceedings published in Rev. Sci. lnstrum. 61, No. 10, Pt. II (1990)

S. C. Aceto, K. A. Connor, P. E. McLaren, J. J. Zielinski, J. G. Scha_, and G. H. Henkel, "Energy Analyzer for
the ATF Heavy Ion Beam Probe," p. 2958

C. E. Bush, J. Schivell, G. Taylor, N. Bretz, A. Cavallo, E. Fredrickson, A. Janos, D. K. Mansfield, K. McGuire,

R. Nazikian, H. Park, A. T. Ramsey, B. Stratton, and E. J. Synakowski, "Application of TI;TR Diagnostics
to Study Limiter H-Modes," p. 3532
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T. P. Crowley, S. C. Aceto, K. A. Connor, J. W. Heard, R. L. Hickok, J. W. Lewis, P. E. McLaren, A. Ouroua,
J. G. Schatz, P. M. Schoch, J. Schwelberger, V. J. Simcic, and J. J. Zielinski, "Recent Advances in Heavy
Ion Beam Probe Diagnostics," p. 2989

E. C. Crume, L. D. Horton, R. C. Islet, and S. Morita, "Ion Temperature Measurements in the ATF Torsatron
Using Titanium Forbidden Lines," p. 3147 (abstrac! only)

G. R. Hanson, J. B. Wilgen, E. Anabitarte, J. D. Bell, J. H. Harris, J. L. Dunlap, and C. E. Thomas, "The ATF
Two-Frequency Correlation Reflectometer," p. 3049

D. P. Hutchinson, R. K. Richards, H. T. Hunter, and C. A. Bennett, "A Proof-of-P;inciple Test of a Thomson

Scattering Alpha Particle Diagnostic"

C. C. Klepper, J. E. Simpkins, D. L. Hillis, P. K. Mioduszewski, R. A. Moyer, D. Gray, K. H. Dippel, and
A. Pospieszczyk, "Application of Modern Optical Fiber Technology to the Study of Plasmas of Closed
Divertors and Pump Limiters in Reactor-Relevant Conditions," p. 2943

C. H. Ma, D. P. Hutchinson, and K. L. Vander Sluis, "A Difluoromethane Laser Interferometer System on
ATF," p. 2891

M. R. Wade, R. J. Colchin, J. F. Lyon, R. N. Morris, C. E. Thomas, and A. L. Roquemore, "ATF Neutral
Particle Analysis System," p. 3202

W. R. Wing, G. R. Dyer, J. C. Glowienka, J. H. Harris, J. W. Halliwell, aod G. H. Neilson, "The ATF Dia-
magnetic Diagnostic: Status and Results," p. 2987 (abstract only)

J. J. Zielinski, S. C. Aceto, K. A. Connor, J. F. Lewis, J. C. Glowienka, G. H. Henkel, D. T. Fehling, W. R.
DeVan, K. D. St. Onge, D. K. Lee, and A. Camevali, "ATF tteavy Ion Beam Probe: Installation and Initial
Operation," p. 2961

ICMC-90/Nonmetallic: Topical Conference on Nonmetallic Metals and Composites at Low
"l'emperatures, Heidelberg, Federal Republic of Germany, May 17-18, 1990

T. J. M,zManamy, G. Kanemoto, and P. Snook, "The Insulation Irradiation Test Program for the Compact
lgr, ition Tokamak"

9th International Conference on Plasma Surface Interactions in Controlled Fusion Devices,

Bournemouth, England, May 20-25, 1990. Proceedings published in J. Nucl. Mater. 176 & 177 (1990)

C. E. Bush, E. Fredrickson, N. Bretz, A. Cavallo, A. Janos, Y. Nagayama, H. Park, J. Schivell, G. Taylor,

R. N_ikian, and A. T. Ramsey, "ELM Activity During Limiter H-Modes on TbTR," p. 786

D. L. llillis, J. T. tlogan, C. C. Klepper, P. K. Mioduszewski, R. C. lsler, L. D. Horton, A. Pospieszczyk, K. H.
Finken, K. It. Dippel, D. Rusbtildt, H. Euringer, R. Schorn, R. Moyer, D. Gray, and R. A. ttulse, "Helium
Exhaust Studies with the ALT-II Pump Luniter in TEXTOR"

J. T. Hogan and P. K. Mioduszewski, "Global Particle Balance Modeling for Opeo Divertors"

R. C. lsler, G. L. Bell, T. S. Bigelow, E. C. Crume, A. C. England, J. C. Glowienka, L. D. ltorton, T. C.
Jernigan, R. A. Langley, P. K. Mioduszewski, M. Murakami, D. A. Rasmussen, J. E. Simpkins, J. B.
Wilgen, and W. R. Wing, "The Effects of Chromium and Titanium Gettering on the Operation of the
Advanced Toroidal Facility," pp. 332-36

C. C. Klepper, P. Bonnel, J. L. Bruneau, M. Chatelier, C. Gil, C. Grisolia, G. R. Haste, L. D. IIorton, T. Loafer,
G. Martin, P. K. Mioduszewski, B. Pegourie, L. Rodriguez, T. Uckan, and J. G. Watkins, "Particle Exhaust
Studies in "Fore Supra with a Pump Limiter," pp. 798-802

M. M. Menon, P. K. Mioduszewski, and J. E. Simpkins, "Pumping Characteristics of Thick Titanium Films"

P. K. Mioduszewski, L. W. Owen, M. M. Menon, and J. T. Hogan, "Particle Exhaust Modeling for the Collabo-

rative DIII-D Advanced Divertor Program," pp. 733-38
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L. W. Owen, T. Uckan, P. K. Mioduszewski,and A. Pospieszczyk, "Ha Measurementsand Modeling of Plasma
Confinement in TEXTOR with the ALT-II PumpLimiter,"pp. 803-9

'r. Uckan, C. Hidalgo, J. D. Bell, J. H. Harris,J. L.Dunlap, G. R. Dyer, P. K. Mioduszewski, J.B. Wilgen, C. P.
Ritz, A. J. Wootton, T.L. Rhodes, and K. Carter,"ATF Edge Plasma Turbulence Studies Using a Fast
ReciprocatingLangmuirProbe," pp. 693-98

Workshop on Ceramic Composite Materials for Structural Applications in Fusion Reactors, Santa
Barbara, California, May 21, 1990

T. D. Burchell, "Radiation Damage in Carbon FiberComposites"

F. W. Wfffen, "Ceramic Composite Materials forStructuralApplications in Fusion Reactors---OFEPerspective
and Expectations"

Annual Meeting of the American Physical Society Division of Atomic, Molecular, and Optical Physics,
Monterey, California, May 21-23, 1990. Abstractspublished in Bull. Am. Phys. Soc. 35 (1990)

F. W. Meyer,C. C. Havener, and P. A. Zeijlmansvan Emmichoven, "ElectronSpectroscopic Studies of the
Neutralization of Slow Mu!tichargedIons Close to Metal Surfaces," p. 1200

M. S. Pindzola, G. J. Bottrell,and C. R. Bottcher,"Multiphoton Ionization of Atoms Using Time-Dependent
Hartree-FockMethods," p. 1151

17th IEEE International Conference on Plasma Science, Oakland, California, May 21-23, 1990. Abstracts

published in conferencerecord

J. C. Glowienka and the ATF Group, "Status of Studies in the ATF Torsatron"

M. Kwon, C. E. Thomas, D. J. Hoffman, and C. L. Rettig, "Measurement of the Effects of Faraday Shields on
ICRH Antenna Coupling"

Satellite Workshop for the 9th International Conference on Plasma Surface Interactions in Controlled
Fusion Devices, Cadarache, France, May 28-30, 1990

R. C. Isler, J. D. Bell, G. L. Bell, T. S. Bigelow, E. C. Crume,J. L. Dunlap, A. C. England, J. C. Glowienka,
J. H. Harris,D. L. Hillis, S. Hiroe,C. Hidalgo,L. D. Horton,T. C. Jernigan,R. A. Langley, P. K.
Mioduszewski, M. Murakami,D. A. Rasmussen, J. E. Simpkins, T. Uckan, J. B. Wilgen, and W. R. Wing,
"Boundary Radiation and Plasma Stability inCurrentless Confinement Devices"

June

U.SJJapan Symposium on Advances in Weidings Metallurgy, San Francisco, California, June 6-8, 1990,
and Yokohama, Japan, June 12-13, 1990

G. M. Goodwin, "Test Methods for Evaluating Hot Cracking: Review and Perspective"

Spring Meeting of the American Nuclear Society, Nashville, Tennessee, June 10-14, 1990

M. L. Grossbeck and T. Sawai, "Properties of Austenitic Stainless Steels in a Simulated ITER Irradiation
Environment"

B. E. Nelson, D. E. Williamson, D. C. Lousteau, C. J. Hmmnonds, P. L. Goranson, and R. O. Sayer, "The Effect
of Electromagnetically Induced Eddy Currents on the Design of ITER In-Vessel Components"

17thEuropean Physical Society Conference on Controlled Fusion and Plasma Heating, Amsterdam, The
Netherlands, June 25-29, 1990. Contributedpapers published in Europhys. Conf.Abstr. 14B, Pts. I-IV
(1990); invited papers published in Plasma Phys. Controlled Fusion 32, No. 11 (1990)

C. Alejaldre,A. Varias, A. L. Fraguas, B. Carreras,N. Dominguez, and V. E. Lynch, "Self-Stabilization of Ideal
Modes in a Heliac," Europhys. Conf. Abstr. 14B, 497 (1990)
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E. Anabitarte, G. R. Hanson, J. D. Bell, J. L. Dunlap, J. H. Harris, C. ttidalgo, C. E. Thomas, T. Uckan, and
J. B. Wilgen, "Density Fluctuation Measurements on ATF Using a Two-Frequency Reflectometer,"
Europhys. Conf. Abstr. 14B, 1492-5 (1990)

S. E. Attenberger, B. Balet, D. J. Campbell, J. P. Christiansen, G. A. Cottrell, A. Edwards, T. T. C. Jones,
P. Kupschus, P. J. Lomas, P. Nielsen, J. O'Rourke, D. Pasini, R. Prentice, G. Sadler, G. Schmidt,
P. Stubbertield, A. Tataroni, F. Tibone, and H. Weisen, "Peaked Profiles in Low q High Current Discharges
in JET," Europhys. Conf. Abstr. 14B, 5 (1990)

J. R. Fen'on, M. S. Chu, F. J. Helton, W. Howl, A. G. Kellman, L. L. Lao, E. A. Lazarus, J. K. Lee, T. H.

Osborne, R. D. Stambaugh, E. J. Strait, T. S. Taylor, and A. D. Turnbull, "The Beta Limit in the DIII-D
Tokamak," Europhys. Conf. Abstr. 14B, 371 (1990)

A. L. Fraguas, A. Varias, C. Aiejaldre, B. Carreras, N. Dominguez, and V. E. Lynch, "Equilibrium and Stability
of High q TJ-II Configurations," Europhys. Conf. Abstr. 14B, 509 (1990)

R. J. Goldston, G. Bateman, M. G. Bell, R. Bickerton, E. A. Chaniotakis, D. R. Cohn, P. L. Colestock, D. N.

Hill, W. A. Houlberg, S. C. Jardin, S. S. Medley, G. H. Neilson, W. A. Peebles, F. W. Perkins,
N. Pomphrey, M. Porkolab, J. A. Schmidt, D. J. Sigmar, R. D. Stambaugh, D. P. Stotler, M. Ulrickson,
R. E. Waltz, and K. G. Young, "A Physics Perspective on CIT," Europhys. Conf. Abstr. 14B, 134-37
(1990)

R. H. Goulding, F. W. Baity, D. B. Batchelor, S. C. Chiu, D. J. ltoffman, E. F. Jaeger, M. J. Mayberry, and
P. M. Ryan, "Development of Fast-Wave ICRF Current Drive Systems at ORNL," Europhys. Conf. Abstr.
14B, 1311 (1990)

W. Hess, M. Druetta, T. Fall, D. Guilhem, C. C. Klepper, and M. Mattioli, "Fast Scanning Fiber-Multiplier

Used for Plasma-Edge Visible Spectroscopy on Tore Supra," Europhys. Conf. Abstr. 14B, 1580 (1990)

C. Hidalgo, T. Uckan, J. D. Bell, J. H. Harris, B. A. Carreras, J. L. Dunlap, G. R. Dyer, C. P. Ri_, K. Carter,
T. L. Rhodes, and A. J. Wootton, "Edge Turbulence Studies in ATF," Europhys. Conf. Abstr. 14B, 1353-56
(1990)

L. D. Horton, R. C. Isler, E. C. Crume, T. C. Jernigan, and S. Morita, "Impurity Transport in ATF and the Effect

of Controlled Impurity Injection," Europhys. Conf, Abstr. 14B, 447-50 (1990)

H. Iguchi, M. Hosokawa, H. C. Howe, K. Ida, H. Idei, O. Kaneko, S. Kubo, K. Masai, K. Matsuoka, S. Morita,
K. Nishimura, N. Noda, S. Okamura, T. Ozaki, A. Sagara, It. Sanuki, T. Shoji, S. Sobhanian, C. Takahashi,
Y. Takeiri, Y. Takita, K. Tsuzuki, H. Yamada, T. Amano, and M. Fujiwara, "Transport Study on ECH- and

NBI-Heated Plasmas in the Low-Aspect-Ratio Helical System CtlS," Europhys. Conf. Abstr. 14B, 451-54
(1990)

R. C. Isler, G. L. Bell, T. S. Bigelow, E. C. Crume, A. C. England, J. C. Glowienka, L. D. Horton, T. C.
Jernigan, R. A. Langley, J. F. Lyon, P. K. Mioduszewski, S. Morita, M. Murakami, D. A. Rasmussen, J. E.
Simpkins, J. B. Wilgen, and W. R. Wing, "Cleanup and Improvement of Operational Performance of ATF
by Chromium and Titanium Gettering," Europhys. Conf. Abstr. 14B, 455-58 (1990)

T. T. C. Jones, P. J. Lomas, S. E. Attenberger, J. P. Christiansen, G. A. Cottrell, R. Gianelli, L. de Kock,
P. Kupschus, A. McCracken, C. G. Lowry, P. Nielsen, D. Pasini, R. Prentice, G. Sadler, M. F. Stamp,
D. D. R. Summers, M. yon Hellerman, and H. Weisen, "Fusion Performance of JET Limiter Plasmas Using
Be-Coated Graphite and Solid Be Surfaces," Europhys. Conf. Abstr. 14B, 9 (1990)

E. A. Lazarus, A. D. Turnbull, A. G. Kellman, J. R. Ferron, F. J. Helton, L. L. Lao, J. A. Leuer, E. J. Strait, and

T. S. Taylor, "Experiments at High Elongation in DIII-D," Europhys. Conf. Abstr. 14B, 429 (1990)

J. F. Lyon, "Review of Recent Stellarator Results in the U.S.A., the U.S.S.R., and Japan," invited, Plasma Phys.
Controlled Fusion 32 (11), 1041-59 (1990)

R. A. Moyer, K. H. Finken, D. Reiter, C. C. Klepper, R. W. Conn, K. H. Dippel, D. Gray, D. L. Hillis,
A. Pospieszczyk, G. H. Wolf, the TEXTOR Team, and the NI Team, "Influence of Plasma-Neutral
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Interactions on ALT-II Pump Limiter Performance During NI Heating of TEXTOR," Europhys. Conf.
Abstr. 14B, 1447 (1990)

M. Murakami, B. A. Carreras, G. L. Bell, T. S. Bigelow, G. R. Dyer, A, C. England, J. C. Glowienka, S. Hiroe,
tl. C. Howe, T. C. Jernigan, D. K. Lee, V. E. Lynch, S. Morita, D. A. Rasmussen, J. S. Tolliver, M, R.
Wade, J. B. Wilgen, W. R. Wing, and the ATF Group, "Bootstrap Current Studies in the Advanced
Toroidal Facility," Europhys. Conf. Abstr. 14B, 443-46 (1990)

A. Nicolai, Y-K. M. Peng, and J. T. Hogan, "Implementation of Scaling Laws in the l-1/2-D Transport Code
and Applications to the Ignition Spherical Toms," Europhys. Conf. Abstr. 14B, 825 (1990)

A. Rcxlriguez Yunta, W. I. van Rij, and S. P. llirshman, "Bootstrap Currents in Heliac TJ-II Configurations,"
Europhys. Conf. Abstr. 14B, 505 (1990)

G. Sadler, J. M. Adams, S. E. Attenberger, B. Balet, J. G. Cordey, O. N. Jarvis, T. T. C. Jones, P. Kupschus,
B. Laundy, P. J. Lomas, M. J, Loughlin, F. B. Marcus, M. Olsson, P. Stubberfield, D. F. H. Start, A. Tanga,

P. R. Thomas, B. Tubbing, and P. van Belle, "D-D Neutron Production from JET Plasmas," Europhys.
Conf. Abstr. 14B, 1 (1990)
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ABBREVIATIONS AND ACRONYMS

ADP Advanced Divertor Program
AEM analytical electron microscopy
ALT-II Advanced Limiter Test II
amu atomic mass unit

appm atomic parts per million
ARIES Advanced Reactor Innovation and Evaluation Studies

ATD Applied Technology Division
ATF Advanced Toroidal Facility

bcc body-centered cubic
BPX Burning Plasma Experiment

C/C carbon-carbon

CCD charge-coupled device
CEA Commissariat _ l'Energie Atomique
CFADC Controlled Fusion Atomic Data Center

CHS Compact Helical System
CIEMAT Centro de Investigaciones Energ6ticas,

Medioambientales, y Tecnol6gicas
CIT Compact Ignition Tokamak
CPU central processing unit
CRADA cooperative research and development agreement
CVD chemical vapor deposition
CW cold-worked
cw continuous wave

CXE charge-exchange excitation

DBTr ductile-to-brittle transition temperature
D-D deuterium-deuterium

DOE U.S. Department of Energy
dpa displacements per atom
DPI deuterium pellet injector
D-T deuterium -tritium

DTE dissipative trapped-electron
DIII-D tokamak experiment at General Atomics

e-beam electron beam

EBR-II Experimental Breeder Reactor-II
ECE electron cyclotron emission
ECH electron cyclotron heating
ECR electron cyclotron resonance
ECRH electron cyclotron resonance heating
EHD electrohydrodynamic
EPPC Edge Physics and Particle Control
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EPR electrochemical potentiokinetic reactivation
ES&H environmental, safety, and health
ETD Engineering Technology Division
Euratom European Atomic Energy Community

FED Fusion Energy Division
FEDC Fusion Engineering Design Center
FENDL Fusion Evaluated Nuclear Data Library
FFTF Fast Flux Test Facility
FIR far-infrared

FRLP fast reciprocating Langmuir probe
FTU Frascati Tokamak Upgrade
FWB first wall and blanket
FWCD fast-wave current drive
FWHM full width at half-maximum

FWG folded waveguide
FY fiscal year

GA General Atomics

GDC glow discharge cleaning
GIF Gamma Irradiation Facility
GPP General Plant Project

HF helical field

HFIR High-Flux Isotope Reactor
HHF high heat flux
HIBP heavy-ion beam probe

IAEA International Atomic Energy Agency
IASCC irradiation-assisted stress-corrosion cracking
IBW ion Bernstein wave

ICRF ion cyclotron range of frequencies
ICRH ion cyclotron resonance heating
IFSMTF International Fusion Superconducting Magnet Test Facility
IGSSC intergranul_ stress-corrosion cracking
IPP Garching Max Planck lnstitut fiir Plasmaphysik, Garching,

Federal Republic of Germany
ISX-B Impurity Study Experiment
ITER International Thermonuclear Experimental Reactor

JAERI Japan Atomic Energy Research Institute
JET Joint European Torus
JILA Joint Institute for Laboratory Astrophysics

KFA Kernforschungsanlage
KfK Kernforschungszentrum Karlsruhe
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LANL Los Alamos National Laboratory
LBL Lawrence Berkeley Laboratory
LCFS last closed flux surface

LCT Large Coil Task
LED light-emitting diode
LHCD lower hybrid current drive
LHD Large Helical Device
LHe liquid helium
LHH lower hybrid heating
LIDT laser-induced damage threshold
LLNL Lawrence Livermore National Laboratory

M&S Magnetics and Superconductivity
MFTF Mirror Fusion Test Facilit,t

MHD magnetohydrodynamic
MSG Management Services Group
MTX Microwave Tokamak Experiment

NBI neutral beam injection
NGS neutral gas shielding
NMFECC National Magnetic Fusion Energy Computer Center
NPA neutral particle analyzer
NPDES National Pollutant Discharge Elimination System

ODIS Optics Damage and Radiation Studies
OFHC oxygen-free, high-conductivity
ORNL Oak Ridge National Laboratory
ORR Oak Ridge Research Reactor

PBX Princeton Beta Experiment
PC personal computer
PCA prime candidate alloy
PCI postcollision interaction
PEP pellet-enhanced performance
PF poloidal field
PI plasma-interactive
PIE postirradiation examination
PLC programmable logic controller
PLT Princeton Large Toms
POP proof-of-principle
PPPL Princeton Plasma Physics Laboratory

QA quality assurance
QMS quadrupole mass spectrometer
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R&D research and development
rf radio frequency
RFQ radio-frequency quadrupole
RFTF Radio-Frequency Test Facility
RH-TRU remote-handled transuranic

RISC reduced instruction set computer
RPI Rensselaer Polytechnic Institute
RSIC Radiation Shielding Information Center
RTD resistance temperature detector

SA solution-annealed

SMRF Superconducting Motor Research Facility
SSC Superconducting Super Collider
SMES superconducting magnetic energy storage

TEM transmission electron microscopy
TEXT Texas Experimental Tokamak
TEXTOR Toms Experiment for Technology Oriented Research
TF toroidal field
TFTR Tokamak Fusion Test Reactor

THQ thermal hydraulic quenchback
TPI tritium pellet injector
TPX Tokamak Physics Experiment
TPOP tritium proof-of-principle
TSC Tokamak Simulation Code
TSCA Toxic Substances Control Act

TST "Triple-S Tokamk," for small Steady-State Tokamak
TSTA Tritium Systems Test Assembly
TTF Transport Task Force
TTI Tokamak Transport Initiative
TTMP transit-time magnetic pumping

USASDC U.S. Army Strategic Defense Command
USC User Service Center

VF vertical field
VV vacuum vessel

WHPP Waste Handling and Packaging Plant

XPS x-ray photoelectron spectroscopy
XVRM ex-vessel remote maintenance

1-D one-dimensional
2-D two-dimensional
3-D three-dimensional



Appendix 3

FUSION ENERGY DIVISION

ORGANIZATION CHART



FUSIONENERGYDIVISION
SEPTEMBER 1991

ORNL-DWG91M-3423FED

CONFINEMENTADVISOR
J. SHEFFIELD L A. BERRY

B. A. CARRERAS* J.C. McGILL L K. HACKETT
0. J. TATE* OPEN

OUALn'Y_PARTMENT i '!
L. M. JORO_I_'2 I

I I I
ASSOCIATEDIVISIONDIRECTOR ASSOCIATEDMSION DIRECTOR
FOR OPERATIONS FORTECHNOLOGY i
M. J. SALTMARSH C.C. BAKER* !

A. D. GUTTERY K. L WARREN

kI

,m_r_rsENv,_ ! son=oALCONnH_ R,_OOR_ ..._LTON" I I s.L,,.Lo_"

_,o=, s_o. ,,,.,,.,u,c.,,SON ,,,.s.LDBE,_" o..L_.__" I_ -,..I

F.E. GETHERS" J. L DUNLAP* I '_

8. J. BEEM L D. L AKEBS

J. F. LYON* STJWIUTY ANo ! I

L K.HACKEXT TURBULENCE I MAGNETICSAND PLASMATECHNOLOGYSECTION FUSIONENGINEERING

t SUPERCONDUCTIVITY DESIGNCBITER

ENGINEERINGSERVICES O.A. CARRERAS* SECTION H.H. HASELTON*
F. E. GETHERS* EXPERIMENTAL D.J. TATE* P.F. RICE T.E. SHANNON.14

S. J, YATES COORDINATION P- J CHRISTENSENH M.S. LUBELL* . J.F. COX" E.G. ELLIOTT*
T. F.RAYBURN" N. DOMINGLIEZ J.R. JERNIGANz L.K. SHAVER
W. J. REDMOND M MURAKAMI* J.G. LEBOEUF

K.L. SIDIKMAu_12
J. O. RICHARDSON* D.A. SPONG

ANALYTICAL i t PROGRAMDEVELOPMENT _ BUILDING ADMINISTRATION

z _ PROCUREMENT COORDINATION L_DRESNER MODELING H.W. JERNIGAN

D. B. BATCHELOR J.N. LUTON L.V. McCORKLE
J. L BURKE R.C. ISLER* N.W. WARD* J.H. WHEALTON
J. Q RICHARDSON" M D. CARTER J.F. COX"

C. L. HEDRICK,JR. IEXlPENIMENTAL W I_ STIRLING* PLASMAENGINEERING

TRAINING COLLABORATION J..eLROME J.W. LUE
S. W. SCHWENTERLY

W L STIRLING"

o .oo. tW. A. HOULBERG S.L. MILORA" BPXPROJECT

i M R, BARKER P.P. HELTONFINANCEOFFICJE I AT1FPHYSICS J.T. HOGAN S. K, COMBS T.E. SHANNON.14
L. M. JOHNSON3 J.L. DUNLAP* K. SHAING C.A. FOSTER G.H. NEILSON9M. J. GOUGE D.W. SWAIN"

J. H. HARRIS D E. SCHECHTER* E.G. ELLIO'R'*

i S B ARMSTRONG I _ _'¢_



J. G. SCHWELBERGER6 D.R. OVERBEY ARIES PROJ[JT
J"J"ZIELINSKI6 N.W. WARD*

I D.T. FEHLING Y-K. M. PENG*

LIBRARY J.F. LYON* C E. GIBSON RF PLASMAHEATING

J. B. BOOTH4 I -- R.J. COLCHIN T C. PATRICK
M. J. CROUSE7 D.J. HOFFMAN* SPHERICALTORUS

M. R. WADE8 OPEN PROGRAM

t A.C. ENGLAND G.A. WHITE

ASSIGNEDTO ET/FE S. HIROE F.W. BAITY
DIVISION PUBLICATIONS D.A. RASMUSSEN * DUALCAPACITY Y-K. M PENG*
OFFICE J, B, WILGEN 1QUALITYDEPARTMENT G. C, BARBER*

T.S. 81GELOW
L COLLAZ0 2 PART-TIME W.L. GARDNER

E. W. WHITFIELD'_ G.R. HANSON8 3 FINANCEAND MATERIALSDIVISION R.H. GOULDING

M. B. NESTOR A.L. OUALLS7 4 INFORMATIONSERVICESDIVISION G.R. HASTE | /
sPUBLICATIONSDIVISION P.M. RYAN* ITENPROJECT

[ i---M MURAKAMI* 6 RENSSELAERPOLYTECHNICINSTITUTE D.E. SCHECHTER*
7UNIVERSITYOFTENNESSEE T.L. WHITE'* N.A. UCKAN
8 GEORGIAINSTITUTEOFTECHNOLOGY B.E. ARGO*

E A LAZARUS1° toASSIGNMENT.GENERALATOMICS R. / LIVESEY
tl UNIVERSITYOFMICHIGAN D.O. SPARKS* ITIERENGINEERING

12OAKRIDGEASSOCIATEDUNIVERSITIES C.A. FLANAGANt4
•z3Y-12 DEVELOPMENT D.C. LOUSTEAU't4

t AI"FOPERATIONS 14ENGINEERING / CBIL4MICPRYING

T. C. JERNIGAN* 1 H.D. KIMREY

G. H. HENKEL C. CALHOUN13
R. A. LANGLEY SPECIALASSIGNMENTS S. C. FORRESTER
C. R. SCHAICH
J L YARBER ES&H UPGRADE- F. E.GETHERS

SAFETYOFFICER- F. E.GETHERS
ENVIRONMENTALPROTECTIONOFFICER- OPEN /

RADIATIONCONTROLOFFICER- A. C. ENGLAND t ELECTRICALENGINEERINGCOMPUTERSECURITYOFFICER- O. R. OVERBEY

AI'F PROJECTS AFFIRMATIVEACTION- K. L. WARREN G.C. BARBER*
J.F. COX*

T. C. JERNIGAN* B.E. ARGO*
G. R. DYER D.O. SPARKS*

EDGEPHYSICSAND WASTEPROCESSING I
PARTICLECONTROL IP. K. MIOOUSZEWSKI T.L. WHITE*

R. W. JONES
D. L. HILLISt°
C. C KLEPPERI°
M. M. MENON1°
J. E SIMPKINS
T. UCKAN

T F RAYBURN*



281

ORNL-6714

Dist. Category UC-420

INTERNAL DISTRIBUTION

1-5. R.G. Alsmiller 62. C.C. Klepper

6. F.W. Baity 63. J-N. Leboeuf
7-11. C.C. Baker 64. D.K. Lee

12. L.R. Baylor 65. R.P. Leinius
13. J.D. Bell 66. M.S. Lubell

15. L.A. Berry 67. J.N. Luton, Jr.
17-21. E.E. Bloom 68. J.F. Lyon

16. J.L. Burke 69-75. J.C. McGill
22. B.A. Carreras 76. M.M. Menon
23. L.A. Charlton 77. F.W. Meyer
24. R.E. Clausing 78. S.L. Milora

25-26. R.J. Colchin 79. P.K. Mioduszewski
27. S.K. Combs 80. C.I. Moser
28. E.C. Crume, Jr. 81. M. Murakami

29. N. Dominguez 82. G.H. Neilson
30-31. R.A. Dory 83. M.B. Nestor, Office of Planning

32. L. Dresner and Management, Bldg. 4500N,

33. J.L. Dunlap MS 6251
34. G.R. Dyer 84. D.R. Overbey
35. P.W. Fisher 85. V.K. Par6
36. S.C. Forrester 86-87. J.C. Parrott
37. R.H. Fowler 88. Y-K. M. Peng
38. W. Fulkerson 89. D.A. Rasmussen
39. W.L. Gardner 90. R.K. Richards

40-44. F.E. Gethers 91. J.A. Rome
45. R.W. Glass 92. M.W. Rosenthal
46. J.C. Glowienka 93. R.W. Roussin

47. R.C. Goldfinger 94. P.M. Ryan
48. R.H. Goulding 95. M.J. Saltmarsh
49. D.C. Gregory 96. C.R. Schaich
50. G.R. Hanson 97. D.E. Schechter
51. H.H. Haselton 98. S.W. Schwenterly
52. G.R. Haste 99. T.E. Shannon
53. G.H. Henkel 100. J. Sheffield
55. D.J. Hoffman 101. W.L. Stirling
56. J.A. Holmes 102. D.J. Strickler
58. W.A. Houlberg 103. D.W. Swain
59. D.W. Jared 104. D.J. Taylor

60. T.C. Jernigan 105. A. Trivelpiece
61. P.W. King, ORNL Honors and 106. C.C. Tsai

Awards Office 107. N.A. Uckan



282

108. T. Uckan 117-118. Laboratory Records Department
109. W.I. van Rij 119. Laboratory Records, ORNL-RC
110. J.H. Whealton 120. Central Research Library
111. J.A. White 121. Document Reference Section

112. T.L. White 122. Fusion Energy Division Library
113. F.W. Wiffen 123-124. Engineering Technology/Fusion
114. J.B. Wilgen Energy Division Publications
115. W.R. Wing Office
116. R.A. Zuhr 125. ORNL Patent Office

EXTERNAL DISTRIBUTION

Office of Fusion Energy, Office of Energy Research, Germantown, U.S. Department of
Energy, Washington, DC 20545

126. S. E. Berk
127. R. A. Blanken
128. C. Bolton
129. M. Cohen
130. D. H. Crandall

131. R. Dagazian
132. N. A. Davies
133. V. Der
134. W. F. Dove
135. S. A. Eckstrand

136. T. V. George
137. J. Hoy
138. T. R. James
139. A. Katz
140. D. Markevich
141. W. Marton

142. R. H. McKnight
143. G. R. Nardella
144. D. B. Nelson

145. E. Oktay
146. A. Opdenaker
147. R. E. Price
148. T.C. Reuther
149. W. Sadowski

150. C. Sege
151. H. S. Staten
152. J.W. Willis



283

Lawrence Livermort. National Laboratory, P.O. Box 5511, Livermore, CA 94550

153. D. E. Baldwin
154. J. Denavit, L- 18

155. F. Coensgen
156. C. D. Henning, L-644
157. B. G. Logan
158. L. D. Pearlstein, L-630
159. R. F. Post
160. K. I. Thomassen, L-637

Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545

161. J. L. Anderson
162. H. Dreicer, MS-F640
163. R. A. Krakowski
164. R. K. Linford, MS-F646
165. J. D. Rogers

National Institute of Standards and Technology, University of Colorado, Campus Box
440, Boulder, CO 80309

166. V. D. Arp
167. A. Clark
168. G. H. Dunn

169. A. V. Phelps
170. F. R. Fickett

Naval Research Laboratory, Washington, DC 20375

171. W. R. Ellis
172. B. Hui

173. B. H. Ripin
174. A. Robson, Code 4760

Oak Ridge Institute lbr Science and Education, DOE/Oak Ridge Associated
Universities, P.O. Box 117, Oak Ridge, TN 37831-0117

175. A. M. Weinberg, IEA
176. University Programs Department
177. Institute for Energy Analysis
178. Information Center/EES (attention H. T. Bum)



284

Pacific Northwest Laboratories, Battelle Boulevard, P.O. Box 999, Richland, WA 99352

179. D. A. Dingee
180. B. F. Gore
181. L. L. Schmid

Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, NJ 08543

182. T. K. Chu
183. R.C. Davidson
184. J. File

185. R.B. Fleming
186. J.W. French
187. R. J. Goldston
188. K. W. Hill
189. J. C. Hosea

190. S. M. Kaye
191. D. M. Meade
192. R. G. Mills
193. P. H. Rutherford
194. J. A. Schmidt
195. T. H. Stix
196. S. Yoshikawa

Sandia National Laboratories, P.O. Box 5800, Albuquerque, NM 87185

197. W. B. Gauster, Div. 1837
198. F. L. Vook, Org. 1100
199. J. B. Whitley, Div. 6248

Bechtel National, Inc., P.O. Box 3965, San Francisco, CA 94119

200. E. von Fischer

201. H. K. Forsen, Advanced Technology Division

EG&G ORTEC, 100 Midland Road, Oak Ridge, TN 37830

202. J. Ayers
203. D. A. Gedcke

General Atomics, P.O. Box 85608, San Diego, CA 92186-9784

204. R. L. Freeman
205. R. Harder
206. C. Moeller
207. D. O. Overskei



285

208. T. Ohkawa
209. J. M. Rawls
210. T. Simonen

211. R. D. Stambaugh
212. T. Tamano
213. M. R. Wade

General Dynamics-Convair Division, P.O. Box 85377, San Diego, CA 92138

214. R. F. Beuligmann
215. D. S. Hackley
216. R. A. Johnson, MZ 16-1070

Grumman Corporation, Bethpage, NY 11714

217. R. Botwin
218. A. Favale

TRW, Inc., 1 Space Park, Redondo Beach, CA 92078

219. J. Gordon
220. N. H. Lazar
221. J. A. Maniscalco

Westinghouse Electric Corporation, Advanced Reactors Division, P.O. Box 158,
Madison, PA 15663

222. A. Anderson
223. G. G. Gibson

Atlanta University, Atlanta, GA 30314

224. C. R. Handy
225. R. E. Mickens

Auburn University, Auburn, AL 36849-3511

226. M. S. Pindzola, Physics Department
227. D. G. Swanson

228. R. F. Gandy, Physics Department

Denison University, Granville, OH 43032

229. W. A. Hoffman
230. R. R. Winters



286

University of California at Los Angeles, Los Angeles, CA 90024

231. M. Abdou

232. R. W. Conn, Mechanical, Aerospace, and Nuclear Engineering Department

University of California at San Diego, La Jolla, CA 92093

233. M. N. Rosenbluth
234. P. H. Diamond

Georgia Institute of Technology, Atlanta, GA 30332

235. J. N. Davidson

236. R. K. Feeney, School of Electrical Engineering
237. W. M. Stacey, School of Nuclear Engineering
238. C. E. Thomas, School of Nuclear Engineering
239. E. W. Thomas, School of Physics

University of Illinois, Urbana, IL 61801

240. K. K. Kim, Department of Electrical Engineering
241. W. Sutton, Depa,'tment of Nuclear Engineering

University of Maryland, College Park, MD 20742

242. V. L. Granatstein, Electrical Engineering Department
243. H. R. Griem, Laboratory for Plasma and Fusion Studies
244. C. S. Liu, Department of Physics and Astronomy

Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge, MA 02139

245. G. Bekefi, 36-213
246. D. R. Cohn

247. B. Coppi, 26-217
248. J. P. Freidberg, NW 16-240
249° K. Molvig, NW 16-240
250. D. B. Montgomery, NW17-288
251. R. R. Parker, NW 16..288
252. J. Schuitz
253. R. J. Thome, NW 17-223

Rensselaer Polytechnic Institute, P.O. Box 2000, Troy, NY 12181

254. R. L. Hickok

255. W. C. Jennings
256. D. Stciner



287

The University of Tennessee, Knoxville, TN 37996

257. I. Alexeff, Dept. of Electrical Engineering
258. E. G. Harris, Dept. of Physics
259. J. R. Roth, Dept. of Electrical Engineering
260. P. N. Stevens, Dept. of Nuclear Engineering

University of Texas, Austin, TX 78712

261. H. L. Berk, Institute for Fusion Studies
262. K. W. Gentle, Dept. of Physics
263. D. W. Ross, Dept. of Physics
264. H. H. Woodson, Dept. of Electrical Engineering
265. A. J. Wootton, Fusion Research Center

University of Wisconsin, Madison, WI 53706

266. J. D. Callen, Nuclear Engineering Department
267. J. R. Conrad, Nuclear Engineering Department
268. D. W. Kerst
269. G. Kulcinski
270. D. C. Larbalestier

271. J. L. Shohet, Torsatron/Stellarator Laboratory
272. J.C. Sprott, Department of Physics

Research School of Physical Sciences, Australian National University, P.O. Box 4,
Canberra, A.C.T. 2601, Australia

273. S. M. Hamberger, Plasma Research Laboratory
274. Plasma Research Laboratory

Plasma Research Section, Physics Division, Forskningscenter, Rise, P.O. Box 49,
DK-4000 Roskilde, Denmark

275. C. T. Chang
276. V. O. Jensen
277. O. Kofoed-Hansen

JET Joint Undertaking, Abingdon, Oxon OX 14 3EA, United Kingdom

278. J. G. Cordey
279. K. J. Dietz
280. D. Dtichs
281. A. Gibson
282. L. D. Horton
283. M. Keilhacker



.\_.+ _+++,,,,+,_ ,,,o.,o.,.,o....,o._,,.,.+..,,0., ++..+++-+++++++++.+_+,.+
_\_ .++.+.,++ ,,oo++o+A,+noo,+o+,+,,oo_+_ +'+ m-'+

" _0
+,//'/ ,+_

+,+'

-+.%_+





288

284. P. H. Rebut
285. P. E. Stott

286. E. Thompson
287. Library

UKAEA, Culham Laboratory, Abingdon, Oxon OX 14 3DB, United Kingdom

288. R. Hancox
289. T. C. Hender

290. Library
291. M. W. Lomer
292. D. C. Robinson
293. D. R. Sweetman

294. J. B. Taylor

CEN/Cadarache, B.P. 1, F-13108 Saint-Paul-lez-Durance, France

295. C. Mercier
296. J. Tachon

297. Biblioth_que

CEN/Saclay, B.P. No. 2, F-91191 Gif-sur-Yvette, France

298. H. Desportes, STIPE
299. J. C. Lottin

i

IPP/KFA Jiilich, Postfach 1913, D-5170 Jiilich 1, Federal Republic of Germany

300. Bibliothek
301. H. Conrad,_

302. K.-H. Dippel
303. E. Hintz

304. H. Euringer
305. K.-H. Finken

306. A. Rogister
307. G. Wolf

Kernforschungszentrum Karlsruhe GmbH, Postfach 3640, D-7500 Karlsruhe 1,
Federal Republic of Germany

308. O. Hagena, Nuclear Engineering Institute
309. W. Klose, Division of New Technology and Basic Research
310. P. Komarek, Institute for Technical Physics
311. A. Ulbricht, Institute for Technical Physics
312. J. E. Vetter, Nuclear Fusion Project
313. Bibliothek



289

Max-Planck Institut ftir Plasmaphysik, D-8046 Garching, Federal Republic of
Germany

314. Bibliothek
315. G. von Gierke

316. G. Grieger
317. J. Junker
318. M. Kaufman
319. M. Keilhacker
320. A. Knobloch
321. K. Lackner
322. L. L. Lengyel
323. D. Pfirsch
324. K. Pinkau
325. H. Renner
326. A. Schl_iter
327. R. Toschi

328. F. Wagner

ENEA Centro di Frascati, C.P. 65, 1-00044 Frascati (Roma), Italy

329. A. Bracci, Fusion Department
330. H. E. Knoepfel
331. Biblioteca

332. N. Sacchetti, Technology Division
333. G. Sacerdoti

334. M. Spadoni, Fusion Reactor Engineering Project

International Centre for Theoretical Physics, P.O. Box 586, 1-34100 Trieste, Italy

335. A. M. Harnende

336. Library

National Institute for Fusion Science, Chikusa-ku, Nagoya 464-01, Japan

337. T. Amano

338. M. Fujiwara
339. K. Husimi

340. A. Iiyoshi
341. H. Ikegami
342. S. Okamura
343. Research Information Center
344. T. Uchida

345. Library
i

Im ' _' o.'q_ ............



290

Japan Atomic Fnergy Research Institute, Naka Fusion Research Establishment, Naka-
machi, Naka-gun, Ibaraki-ken 311-01, Japan

346. S. Shimamoto
347. K. Tomabechi
348. M. Yoshikawa

349. Library

Plasma Physics Laboratory, Kyoto University, Gokasho, Uji, Kyoto 531, Japan

350. Library
351. K. Uo
352. M. Wakatani
353. T. Obiki

Plasma Research Center, University of Tsukuba, Sakura-mura, Niihari-gun, Ibaraki
Japan

354. Y. Kiwamoto

355. S. Miyoshi

FOM-Instituut voor Plasmafysica, Rijnhuizen, Postbus 1207, NL-3430 BE Nieuwegein,
The Netherlands

356. M. J. van der Wiel

357. Library

Division de Fusion Termonuclear, EURATOI_dCIEMAT, Avenida Complutense 22,
28040 Madrid, Spain

358. J. Alvarez-Rivas
359. A. Perez Navarro
360. M. Soler
361. B. Zurro

Centre de R6cherches en Physique des Plasmas, Ecole Polytechnique F6d6rale de
Lausanne, 21 Avenue des B as, CH-1007 Lausanne, Switzerland

362. Biblioth6que
363. F. Troyon

Paul Scherrer Institute, CH-5234 Villigen, Switzerland

364. Library
365. G. V6csey

' _ l ' '' ' " ' M' ' , ]1 _ ' .... _ II



291

I. V. Kurchatov Institute of Atomic Energy, P.O. Box 3402, 123182 Moscow, Russia

366. G. A. Eliseev
367. V. D. Shafranov

Institute of General Physics, Russian Academy of Sciences, Ulitsa Vavilova 38,
1779246 Moscow, Russia

368. I. S. Danilkin

369. L. M. Kovrizhnykh
370. I. Shpigel

Kharkov Physico-Technical Institute, Ukranian Academy of Sciences,
310108 Kharkov, Ukraine

371. A. Y. Omelchenko
372. O. S. Pavlichenko

373. R. E. Aamodt, Lodestar Research Corporation, 2400 Central Ave., Boulder, CO 80301
374. E. Anabitarte, Avenida de los Castros s/n, Dpt. Fisica Aplicada, Universidad de

Cantabria, 39005 Santander, Spain
375. W. D. Ard, McDonnell Douglas Astronautics Company, P.O. Box 516, St. Louis, MO

63166

376. M. P. G. Avanzini, NIRA S.p.A., C.P. 1166, 16100 Genova, Italy
377. W. Bauer, Dept. 8340, Sandia National Laboratories, P.O. Box 969, Livermore, CA

94550

378. P. R. Bell, 132 Westlook Circle, Oak Ridge, TN 37830
379. K. H. Berkner, B50 Rm 150, Lawrence Berkeley Laboratory, Cyclotron Road,

Berkeley, CA 94720
380. R. A. Berry, Varian Associates, Inc., 611 Hansen Way, Palo Alto, CA 94303
381. G. Bohner, Forschungslaboratorien, Siemens AG, Postfach 325, D-8520 Erlangen 2,

Federal Republic of Germany
382. R. A. E. Bolton, IREQ Hydro-Quebec Research Institute, 1800 Mont6e Ste.-Julie,

Varennes, P.Q. JOL 2PO Canada
383. M. H. Brennan, Australian Atomic Energy Commission, Lucas Heights Research

Laboratories, New Illawara Road, Lucas Heights, Private Mail Bag, Suthcrland,
N.S.W., Australia 2232

384. G. Briffod, CEN/Grenob!e, B.P. 85X, F-38041 Grenoble, France
385. P. Catto, Lodestar Research Corporation, P.O. 2400 Central Ave., Boulder, CO 80301
386. R. N. Cherdack, Burns & Roe, Inc., 700 Kinder Kamack Road, Oradell, NJ 07649
387. E. W. Collings, Battelle Memorial Institute, 505 King Ave., Columbus, OH 43201
388. J. G. Crocker, EG&G Idaho, Inc., Idaho National Engineering Laboratory, Idaho Falls,

ID 83401
389. F. L. Culler, Electric Power Research Institute, P.O. Box 10412, Palo Alto, CA 94303

390. R. A. Dandl, Applied Microwave Plasma Concepts, Inc., 2075 N. Portico de Nogal,
Carlsbad, CA 92009



292

391. S. O. Dean, Fusion Power Associates, Inc., 2 Professional Drive, Suite 248,
Gaithersburg, MD 20879

392. H. W. Deckman, Advanced Energy Systems Laboratory, Exxon Research and
Engineering Company, P.O. Box 8, Linden, NJ 07306

393. Department of Nuclear Engineering Sciences, 202 Nuclear Science Center, University
of Florida, Gainesville, FL 32611

394. Director, Technical Library, Defense Atomic Support Agency, Sandia Base,
Albuquerque, NM 87185

395. T. J. Dolan, Department of Nuclear Engineering, University of Missouri, Rolla, MO
65401

396. G. W. Donaldson, School of Electrical Engineering, University of New South Wales,
P.O. Box 1, Kensington, N.S.W., Australia

397. D. A. Dreyfus, Gas Research Institute, 1331 Pennsylvania Ave., N.W., Suite 730N,
Washington, DC 20(_4-1703

398. E. Dullni, NB-05/639, Experimentalphysik, Ruhr-Ur,_iversit_itBochum, D-4630
Bochum, Federal Republic of Germany

399. W. G. Ellis, DP-20, U.S. Department of Energy, Washington, DC 20545
400. T. K. Fowler, University of California at Berkeley, Berkeley, CA 92740
401. H. B. Gilbody, Department of Pure and Applied Physics, Queens University, Belfast

BT7 INN, Northern Ireland, United Kingdom
402. R. W. Gould, California Institute of Technology, Building 116-81, Pasadena, CA 91125
403. D. C. Griffin, Rollins College, Winter Park, FL 32789
404. R. A. Gross, Department of Applied Physics & Nuclear Engineering, Columbia

University, New York, NY 10027
405. T. G. Heil, Department of Physics and Astronomy, University of Georgia, Athens, GA

30602

406. J. P. Holdren, Energy and Resources Group, Building T-4, Room 100, University of
California, Berkeley, Berkeley, CA 94720

407. W. R. Husinsky, Technical University of Vienna, Karlsplatz 13, A-1040 Vienna,
Austria

408. S. Ihara, Central Research Laboratory, 8th Department, Hitachi Ltd., Kokubunji, Tokyo
185, Japan

409. M. Iwamoto, Central Research Laboratory, Mitsubishi Electric Corporation, 80
Nakano, Minamishimizu, Amagasaki, Hyogo 661, Japan

410. Japan Atomic Energy Research Institute, 1825 K Street, Washington, DC 2(XX)6
411. C. K. Jones, Cryogenic Research Laboratory, Westinghouse Electric Corporation,

Research and Development Center, 1310 Beulah Road, Pittsburgh, PA 15235
412. R. W. Jones, Physics Department, Emporia State University, 1200 Commercial,

Emporia, KS 66801
413. R. Jones, Department of Physics, National University of Singapore, Bukit Timah Road,

Singapore 10.25
414. D. Klein, Westinghouse Electric Corporation, Strategic Operations Division, P.O. Box

598, Pittsburgh, PA 15230
415. A. C. Kolb, Maxwell Laboratories, Inc., 9244 Balboa Avenue, San Diego, CA 92123
416. K. Koyama, Electrotechnical Laboratory, 1-1-4 Umezono, S_kura-mura, Niihari-gun,

Ibaraki-ken 305, Japan



293

417. N. A. Krall, Krall Associates, 1070 America Way, Del Mar, CA 92014
418. A. H. Kritz, 69 Lillie Street, Princeton Junction, NJ 08550
419. K. Kuroda, Central Research Laboratory, 1-280, Higa Shiko Igakubo, Kokubumji,

Tokyo 185, Japan
420. Laboratorio Associado de Plasma, Instituto Nacional de Pesquisas Espaciais, Caixa

eostal 515, 122201, Sao Jose dos Campos, SP, Brazil
421. Laboratory for Plasma and Fusion Studies, Department of Nuclear Engineering, Seoul

National University, Shinrim-dong, Gwanak-ku, Seoul 151, Korea
422. Laser Fusion Group, Department of Mechanical and Aerospace Science, River Campus

Station, University of Rochester, Rochester, NY 14627
423. B. Lebnert, Department of Plasma Physics and Fusion Research, Royal Institute of

Technology, S-10044 Stockholm 70, Sweden
424. P. C. Liewer, MS 198-231, Jet Propulsion Laboratory, 4800 Oak Grove Dr., Pasadena,

CA 91109

425. C. M. Loring, EIMAC Division of Varian, 301 Industrial Way, San Carlos, CA 94070-
2682

426. V. A. Maroni, CEN 205, Argonne National Laboratory, Argonne, IL 60439
427. A. Maschio, !stituto Gas Ionizzati, Corso Statti Uniti 4, 1-35020 Padova, Italy
428. E. A. Mason, Brown University, Providence, RI 02912
429. D. G. McAlees, Advanced Nuclear Fuels Corporation, 600 108th Ave., NE, Bellevue,

WA 98009

430. R. L. McCrory, Jr., Laboratory for Laser Energetics, University of Rochester, 250 East
River Road, Rochester, NY 14623-1299

431. O. Mitarai, Department of Electrical Engineering, Kumamoto Institute of Technology,
Ikeda 4-22-1, Kumamoto 860, Japan

432. F. Moon, Department of Theoretical and Applied Mechanics, Cornell University,
Ithaca, NY 14850

433. T. J. Morgan, Physics Department, Wesleyan University, Middletown, CT 06457
434. K.G. Moses, JAYCOR, 2811 Wilshire Boulevard, Suite 690, Santa Monica, CA 90403
435. N. F. Ness, Bartol Research Institute, University of Delaware, Newark, DE 19716
436. C. Oberly, Aero Propulsion Laboratory, Power Distribution Branch, Wright-Patterson

Air Force Base, OH 45433
437. T. Ogasawara, Department of Physics, College of Science and Technology, Nihon

University, Kanda-Surugadai, Chiyoda-ku, Tokyo 101, Japan
438. H. Ogiwara, Toshiba Research and Development Center, 1 Komukai Tsohiba-cho,

Saiwai, Kawasaki, Kanagawa 210, Japan
439. R. J. Onega, Nuclear Engineering Group, College of Engineering, Virginia Polytechnic

Institute and State University, Blacksburg, VA 24061
440. B. Outten, Jr., Western Metal Products Company, 1300 Weber Strec , Orlando, FL

32803

441. D. Palumbo, via Gabriele d'Annunzio 52, Palermo 1-90144, Italy
442. K. Prelec, Brookhaven National Laboratory, Upton, NY 11973
443. F. C. Rock, Plasma Physics Laboratory, Department of Physics and Astronomy,

Brigham Young University, Provo, UT 84602
444. R. H. Rohrer, Department of Physics, Emory University, Atlanta, GA 30322



294

445. M. Rosenbaum, Director, Nuclear Science Institute, Universidad Nacional Autonoma
de Mexico, Circuito Exterior, Ciudad Universitaria, Delegaci6n Coyoac,'in, Apartado
Postal 70-360, 04510 Mexico D.F.

446. P. A. Sanger, Airco, 600 Milik St., Carteret, NJ 07008
447. S. St. Lorant, Stanford Linear Accelerator Center, P.O. Box 4349, Stanford, CA 94305
448. M. M. Satterfield, The Nucleus, 761 Emory Valley Road, Oak Ridge, TN 37830
449. Y. Sawada, Heavy Apparatus Engineering Laboratory, Toshiba Corp., 2-4 Suehirocho,

Tsurumi-ki, Yokohama 230, Japan
450. J. H. Schneider, Joint Research Centre, Ispra Establishment, 1-21020 lspra (Varese),

Italy
451. G. R. Siegel, Tennessee Valley Aulhority, 25 33A Missionary Ridge Place,

Chattanooga, TN 37402
452. P. Staudhammer, Vice President and Director, Center for Automative Technology,

TRW, Inc., Bldg. El, Room 2091, One Space Park, Redondo Beach, CA 90278
453. Z. J. J. Stekly, Magnetics Corporation of America, 47 Hartz St., No. 2, Gloucester, MA

01930

454. U. Stiefel, Eidg. Institut fiir Reaktorforschung, CH-5301 Wurenlingen, Switzerland
455. K. Tachikawa, Chief, Electric Materials Laboratory, National Research Institute for

Metals, 3-12, 2-Chome, Nakameguro, Meguru, Tokyo, Japan
456. R. J. Taylor, Center for Plasma Physics and Fusion Engineering, University of

California, Los Angeles, CA 90024
457. D. P. Tewari, Department of Physics, Indian Institute of Technology, New Delhi

110016, India
458. M. Thumm, Institut fur Plasmaforschung, Pfaffenwaldring 31, D-7000 Stuttgart 80,

Federal Republic of Gerrnany
459. J. F. Traexler, Westinghouse Electric Corp., Quadrangle 2WII.-203, Orlando, FL 32817
460. G. Vahala, Department of Physics, College of William and Mary, Williamsburg, VA

23185

461. T. C. Varljen, Westinghouse Hanford, P.O. Box 1970, Richland, WA 99352
462. R. Varma, Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
463. C. Walters, Technology Division, Building R25, Rutherford Laboratory, Chilton,

Didcot, Oxon OX11 OQX, United Kingdom
464. C. N. Watson-Munro, University of Sydney, Wills Plasma Prqiect, Sydney, N.S.W.,

Australia
465. H. Weitzner, Courant Institute for Mathe-natical Sciences, New York University, 251

Mercer St., New York, NY 10012
466. S. B. Woo, Department of Physics, University of Delaware, Newark, DE 19711
467. H. Yoshikawa, Manager, Materials Engineel :rig, Hanford Engineering Development

Laboratory, P.O. Box 1970, Richland, WA 99352
468. V. A. Glukhikh, Scientific-Research Institute of Electro-Phys_.:al Apparatus, 188631

St. Petersburg, Russia
469. D. D. Ryutov, Institute of Nuclear Physics, Siberian Branch of the Academy of

Sciences, Sovetskaya St. 5, 630090 Novosibirsk, Russia
470. Deputy Director, Southwestern Institute of Physics, P.O. Box 15, Leshan, Sichuan,

China (PRC)



295

471. Library, The Institute of Plasma Physics, Academia Sinica, P.O. Box 1126, Hefei,
Anhui, China (PRC)

472. M-L. Xue, Institute of Mechanics, Academia Sinica, Beijing, China (PRC)
473. Office of Assistant Manager for Energy Research and Development, U.S.

Department of Energy, Oak Ridge Operations Office, P.O. Box 2001, Oak Ridge,
TN 37831-8705

474-513. Given distribution as shown in DOE/OSTI-4500/R75, Energy Research (Category
UC-420, Magnetic Fusion Energy) (40 copies)

oU.S. GOVERNMENT PRINTING OFFICE: 19911-'_50- 1f,',-8()(L! 1





II


