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SUMMARY

The Fusion Program of Oak Ridge National Laboratory (ORNL) carries out research in
most areas of magnetic confinement fusion. The program is directed toward the development
of fusion as an energy source and is a strong and vital component of both the U.S. fusion
program and the international fusion community.

Issued as the annual progress report of the ORNL Fusion Energy Division, this report
also contains information from components of the Fusion Program that are carried out by
other ORNL organizations (about 15% of the program effort).

The areas addressed by the Fusion Program and discussed in this report include the
following:

• :,xperimental 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 de-

veloped in the course of this work to other areas.

Highlights from program activities follow.

Toroidal Confinement Activities

Experimental research in the toroidal confinement area is concentrated mainly in two
programs, the Advanced Toroidal Facility (ATF) Program and the Edge Physics and Panicle
Control (EPPC) Program. The ATF Program is an element of the U.S. Advanced Toroidal
Program, which seeks to study improvements to the mainline fusion confinement concept,
the basic first-stability tokamak. ATF, the world's largest stellarator, was designed to explore
a broad spectrum of toroidal physics issues, including the second stability regime. The
EPPC Program aims to characterize edge plasma behavior and to explore edge modification
techniques for improved performance. This prog-ram is collaborative in nature and is carried
out on a number of major confinement research facilities: TEXTOR (Jtilich, Germany), Tore
Supra (Cadarache, France, with support from the European Community), DIII-D (San Diego,
California), and ATE In addition, some research on advanced fusion projects is carried out
in this area.

The progress of ATF during 1989 was quite satisfactory. Although only modest im-
provements in the facility and the diagnostics were possible owing to budget constraints, the
results of the physics studies were notable. Since the removal of a field error that created
large magnetic islands in the plasma, pl_.sma profiles are broader and the operational space is
significantly expanded (to longer-lived plasmas, higher density and stored energy, and longer
energy confinement time). The plasma parameters are now similar to those of tokamaks of
similar size. The flexibility of the magnetic configuration has been used in studies of boot-
strap current. Several diagnostics are addressing plasma fluctuations in a coordinated effort
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directed toward understanding their effect on transport, in support of the Tokamak Transport
Initiative (TFI) of the U.S. Department of Energy (DOE). The behavior of impurities has
been much more thoroughly documented. Collaboration continues to be an important part
of the ATF program, with many international visitors to ORNL and exchanges with other
experimental programs.

It: the EPPC area, helium transport and removal studies were the focus oi collaborative
work on TEXTOR. Additional pump limiter diagnostics were installed and commissioned on
Tore Supra. Contributions to the Advanced Divertor Program on DIII-D included predictions
of divertor performance, evaluation of possible pumping systems, and preparation of divertor
diagnostics.

Advanced woject activity was extended to studies extrapolating the ATF-II compact
torsatron approach to a reactor.

Atomic Physics and Plasma Diagnostics Development

Activities in the atomic physics and plasma diagnostics development program are di-
vided among atomic collisions research, atomic data compilation and evaluation, and plasma
diagnostics development.

Atomic collisions research focuses on inelastic processes that are important for deter-
mining the energy balance and impurity t,ansport in high-temperature fusion plasmas and for
diagnostic measurements. The electron-ion crossed-beams experiment was equipped with a
new high-resolution electron gun as part of a collaboration with Niigata University, Japan,
improving the electron energy resolution. In addition, an electron-ion merged-beams appa-
ratus from the Joint Institute for Laboratory Astrophysics was installed on the main electron
cyclotron resonance (ECR) beam line. Ejected Auger electron intensities and line shapes
from collisions of helium atoms and ions with helium atoms were measured at different

emission angles.
Data compilation and evaluation are carried out by the Controlled Fusion Atomic Data

Center. Volume 6 of the "Redbook" series, Atomic Data for Fusion, was issued. The Data
Center also continued its major role in the development and implementation of a universal
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 magnetic fusion experiments. The pulsed-laser Thomson scattering diagnostic for
alpha particles, which is being tested on ATF, was commissioned, and the multichannel far-
infrared ir_terferometer was installed on ATF and operated on seven channels by the end
of the ' -_'r. A 28-t_m water vapor laser and an electro-optic polarization modulator were
built and tested for use in a two-color interferometer/polarimeter for the Compact Ignition
Tokamak (CIT).

Fusion Theory and Compuling

The fusion theory and computing effort is characterized by close interaction with the
division's experimental programs and with the national and international fusion programs.

Progress continued in the a_"eaof turbulence and confinement degradation in toroidal
systems. In support of the TYI mission to characterize, understand, and control anomalous
transport losses in toroidal systems, turbulent transport phenomena in the edge regions of
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ATF and the Texas Experimental Tokamak (TEXT) were modeled in detail. Cooperative
work with the TEXT group led to substantial progress in determining the appropriate models
to represent the experimental data.

The influence of the radial electric field on the transition from the L-mode to the H-mode

of operation (identified by lower and higher energy confinement times) was studied further.
Data from several exl"eriments provided increasing support for the bifurcation theories pro-
posed by ORNL researchers.

Theoretical modeling of the antenna and Faraday shield regions and of the wave prop-
agation and energy deposition processes in the plasma has become increasingly important
as heating and current drive _ystems for new experiments are developed. Results from the
ORION and RAYS codes were used in the International Thermonuclear Experimental Reac-
tor (ITER) and CIT programs and in proposals by the DIII-D group at General Atomics and
by Princeton Plasma Physics Laboratory (PPPL).

Work to understand the behavior of ATF was a key part of the program. Theoretical
calculations were compared with experimental data in studies of the second stability regime
and of the dependence of the bootstrap current on geometrical factors.

Existing computational tools were improved and new ones formulated. Examples in-
clude expressions for the neoclassical viscosity with strong rotation and plateau regime col-
lisionality, a hybrid fluid-kinetic model for plasma turbulence, methods for speeding up and
improving the convergence of the widely used VMEC equilibrium code, and testipg and
applicatioh of orbit-follewing models.

Experiments undertaken on the Joint European Torus (JET) to refine the theoretical
understanding of pellet penetration showed that the velocity dependence of the penetration
depth is greater than previously predicted. This improves the likelihood of finding a method
of depositing fuel near the center of a device at the ITER and demonstration reactor scales.

In the computing area, efforts focused on improving the ATF data acquisition system
and the associated software. New workstation computers are being used to improve the
visualization of scientific data and to provide effective analysis.

Plasma Technology

The Plasma Technology Section carries out the division's research into and development
of plasma fueling systems, rf technology, and neutral beams.

Development of the centrifuge and pneumatic pellet injector concepts and of advanced
concepts to achieve higher pellet speeds for more demanding plasma fueling applications
(e.g., CIT and ITER) continued. The centrifugal pellet injector for the Tore Supra tokamak
was installed and successfully tested, and an eight-pellet pneumatic injector was installed and
operated on ATE Testing of the tritium proof-of-principle pneumatic injector on the Tritium
Systems Test Assembly at Los Alamos National Laboratory was completed, demonstrating
the feasibility of tritiunl fueling for CIT and ITER. The ORNL repeating pneumatic injector
continued to be a key in the achievement of impressive plasma parameters on JET. Devel-
opment of the electron-beam rocket accelerator and the two-stage light gas gun continued.
Interest at PPPL in injecting high-velocity impurity pellets to peak the electron density pro-
file in high-temperature discharges in the Tokamak Fusion Test Reactor (TFI'R) led to a
collaboration in which the two-stage light gas gun was used to accelerate several LiH pellets
to velocities of 3.6 to 4.4 km/s.

xiii



In the rf technology program, the ion cyclotron range of frequencies (ICRF) heating
systems on TFTR were operated at new power levels and pulse lengths; the ORNL antenna
reached a power level of >1.0 MW for 1.0-s pulses. The ICRF antenna for Tore Supra
was tested in the Radio Frequency Test Facility (RFTF) and then shipped to Cadarache,
installed on Tore Supra, and tested. The design of a four-strap, 2-MW ICRF antenna for
DIII-D was completed, and construction was under way at year's end; the antenna will be
used for a high-field test of current drive and for core plasma heating. The folded waveguide
antenna was tested in RFFF, with encouraging results. St adies of interactions between rf
power and materials, also conducted on RFTF, were completed, demonstrating that rf power
increased plasma edge temperatures and potentials, consistent with modeling results. The
electromagnetic properties of several Faraday shield geometries were calculated.

The radio-frequency quadrupole (RFQ) concept for high-energy neutral beams was the
focus of a broad collaborative effort that led to the development of an architecture for an
ITER-relevant neutral beam line. A collaboration with Ecole Polytechnique (France) on the
volume negative ion source continued, as did modeling of negative ion sources and ion beam
dynamics.

Superconducting Magnet Development

The Magnetics and Superconductivity Section carries out experimental and theoretical
research in applied superconductivity. Activities this year focused on optimization of con-
ductor design, exploration of new applications for technology developed in support of fusion
research, and development and application of mathematical techniques for designing and un-
derstanding superconducting magnets. Analysis of the extensive data from the international
Large Coil Task conti_:ued.

Advanced Systems

The Advanced Systems Program was organized in 1987 as a focal point for design studies
of future fusion experiments. The Fusion Engineering Design Center (FEDC) is the major
engineering resource for this program. The principal activities of the Advanced Systems
Program during 1989 were the CIT project, directed by PPPL; the ITER project, under the
auspices of the International Atomic Energy Agency; and the Advanced Reactor Innovation
and Evaluation Studies (ARIES) project, managed by the University of California at Los
Angeles. Some work on the spherical torus concept was carried out.

ORNL continued to be have lead responsibility for design integration and for six elements
of the CIT design: ex-vessel remote maintenance, vacuum systems, ICRF heating, shielding,
external structure, and fueling, with additional responsibility for toroidal field (TF) coil
insulation. A conceptual design for a pellet injection system was developed, and candidate
TF coil materials were tested.

The conceptual design phase of the ITER project, ,,n international collaboration involv-
ing the United States, the U.S.S.R., the European Community, and Japan, continued through
1989. The Design Center led the U.S. effort in configuration development, design integration,
mechanical design of plasma-facing components and blankets, facilities, reliability and avail-
ability analysis, remote maintenance, design and analysis of heating and current drive, and
cost estimating. Design Center representatives participated in the ITER joint work sessions in
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Garching. The FEDC designs for the divertor and the plasma vacuum vessel were accepted
as the reference designs, and the FEDC interval segmentation approach was identified as the
preferred approaci_. A concept was developed for a fast-wave current drive system. The
TETRA systems code, developed and maintained under the direction of the Design Center,
was used to examine the operational space for the ITER technology phase.

As input to development of the ARIES-II concept, D-3He ignition and bum criteria were
examined. The results were more favorable for a configuration based on a spherical torus
than for one based on a second-stability tokamak.

ORNL was asked by Culham Laboratory to analyze the efficacy of Culham's novel
compression approach to create spherical torus plasmas with 200-kA plasma currents and
aspect ratios of ._1.2 for the small, tight-aspect-ratio tokamak (START) experiments. The
request also included a charge to develop collaborative programs for spherical torus research
and device design.

Materials Research and Development

The Fusion Materials Program is focused on the development of materials for use in com-
ponents of a fusion reactor that will be exposed to high neutron fluences during their design
life. Austenitic and martensitic steels are being developed for first wall and structural applica-
tions; copper alloys, graphite, anO carbon-carbon composites for high-heat-flux components;
and ceramics for electrical insulators, rf windows, and possible structural applications.

A collaborati, e program with the Japan Atomic Energy Research Institute to study the
properties of austenitic and martensitic steels for fusion entered its sixth year. Four spectrally
tailored experiments were designed for the High-Flux Isotope Reactor (HFIR). Data from
experiments in the Fast Flux Test Facility appear to indicate radiation-induced depletion of
chromium, which increases the susceptibility of austenitic stainless steels to intergranular
stress-corrosion cracking. Standard chemical immersion tests showed that reduced-activation
austenitic steels are more prone to thermal sensitization and thus to intergranular corrosion
than standard 300-series stainless steels. A database on the mechanical properties of austenitic
stainless steels is being assembled for ITER under the leadership of ORNL.

In a long-range program to study the effects of transmutation-produced helium on the
properties of the ferritic/martensitic steels, it was found that irradiation in HFIR with helium
concentrations of 30 to 100 appm produces a large upward shift of the ductile-to-brittle
transition temperature. This problem must be addressed before these steels can be considered
viable structural materials for fusion.

The fatigue behavior of copper and Glidcop AI-15 is being investigated for the ITER
divertor assembly. At room temperature, Glidcop has a lifetime of --_5 x105 cycles at
150 MPa, an order of magnitude longer than the fatigue lifetime of copper.

Polycrystalline specimens of spinel and alumina were irradiated at room temperature
and at 650°C with either dual or triple ion beams to investigate the effects of simultaneous
damage displacement and helium implantation. Catastrophic amounts of cavitation were
observed at the grain boundaries in spinel when displacement damage exceeded a critical
level (,--,40 dpa) in the presence of a fusion-relevant helium concentration.
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Neutron Transport

The Neutron Transport Program, carried out within the Engineering Physics and Mathe-
matics Division, includes three elements: analyses, cross-section evaluation and processing,
and the work of the Radiation Shielding Information Center.

The analysis program is part of a joint U.S.-Japan neutronics program and is directed
at validating computer codes and cross-section data by comparing calculated results with
experimental data obtained from the Fusion Neutron Source facility at the Japan Atomic
Energy Research Institute.

The data evaluation and processing program is directed at producing accurate cross-
section data for materials that are of interest to fusion reactor designers.

The Radiation Shielding Information Center responds to inquiries about radiation trans-
port problems from an international community. Staff members provide guidance by drawing
on a technical database that includes a computerized literature file, a collection of computer
programs, and a substantial body of nuclear data libraries.

Nonfusion Applications

In recent years, fusion technology development has been broadened to include nonfusion
applications. Challenging opportunities have been identified in many areas in which the
technology to be advanced is related to fusion in that advances expected to result from the
work will directly benefit future fusion systems, although the initial application may not be
directly fusion related.

The nonfusion technology applications are concentrated in four technical fields: (1) en-
ergy, (2) U.S. DOE facility environmental restoration and waste management, (3) defense,
and (4) technology transfer to industry, through which the competitive position of the United
States can be improved. Efforts during 1989 included microwave processing of radioac-
tive wastes, microwave sintering of ceramics, plasma processing for semiconductors, and
diamond film growth.

The range of activities, the scope of the collaborative work, and the technical achieve-
ments in a variety of areas that are described in this report clearly demonstrate the diversity
and strengths of the ORNL Fusion Program.

J. Sheffield
Director, ORNL Fusion Energy Division

C. C. Baker

Associate Director for Development and Technology,
ORNL Fusion Energy Division

M. J. Saltmarsh
Associate Director for Operations,

ORNL Fusion Energy Division
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1. TOROIDAL CONFINEMENT ACTIVITIES

SUMMARY OF ACTIVITIES

Experimental research in the toroidal confinement area is concentrated mainly in two
programs, the Advanced Toroidal Facility (ATF) program and the Edge Physics and Particle
Control (EPPC) program. The ATF program is an element of the U.S. Advanced Toroidal
Program, which seeks to study improvements on the mainline fusion confinement concept,
the basic first-stability tokamak. The ATF is a stellarator, the world's largest, designed to
explore a broad spectrum of toroidal physics topics, including the second stability regime.
In the future, it will also be used to investigate steady-state operation at high beta. The
EPPC program aims to characterize edge plasma behavior and to explore edge modification
techniques for improving performance. This program is collaborative in nature and is carried
out on a number of major confinement research facilities throughout the world: TEXTOR
(Jtilich, Federal Republic of Germany), Tore Supra (Cadarache, France, with support from
the European Community), DIII-D (San Diego, California), and ATE

The progress of ATF has been quite pleasing during this first full year of operation with
the field error removed. Only modest facility and diagnostic improvements were possible,
but the results of the physics studies were notable. The plasma profiles are broader, and
the operational space is significantly expanded (to longer-lived plasmas, higher density and
stored energy, and longer energy confinement time). The plasma parameters are now about
those of tokamaks of similar size. The flexibility of the magnetic configuration is proving
tt_: worth in such studies as that of bootstrap current. Several diagnostics are addressing

plasma fluctuations in a coordinated effort directed at understanding their effect on transport.
The behavior of impurities is much better documented. Collaboration continues to be an
important part of the ATF program.

Helium transport and removal studies were the focus of work on TEXTOR. Additional
pump limiter diagnostics were installed and commissioned.on Tore Supra. Contributions
to the Advanced Divertor Program on DIII-D included predictions of divertor performance,
evaluations of possible pumping systems, and preparation of divertor diagnostics.

The advanced project activity was extended to studies extrapolating the ATF-II compact
torsatron approach to a reactor.



1.1 THE ATF PROGRAM Tecnologicas (CIEMAT) in Madrid, Spain.
The Thomson scattering system was com-

1.1.1 Overview missioned to its full radial scan capability
with 15 spectrometers, and the far-infrared

J. L. Dunlap (FIR) interferometer was commissioned in
multiple-channel mode.

This report covers the second year of A number of these improvements were
operation of the Advanced Toroidal Facility significant factors in obtaining the results
(ATF). lt is the first full year of operation detailed in Sects. 1.1.2-1.1.4.
with the field error corrected.

Budget constraints required reducing both
personnel- and material-related expenses. 1.1.2 Confinement Studies
Our response was to concentrate on the
shorter-term physics returns at the expense M. Murakami and the ATF Group
of longer-term capabilities of the facility.
The ongoing work toward installation of Confinement studies in ATF yielded sig-
the 2-MW ion cyclotron heating supply nificantresults in 1989. Plasma performance
and toward installation of the third neutral has improved substantially with improved
beam injector was halted. Planned work on wall conditioning and particle fueling. En-
particle and power handling was deferred, ergy confinement time in ATF has reached
Facility and diagnostic improvements with a level approximately equal to those in
high impact on the physics returns were tokamaks of similar size, and the scaling is
continued, though generally at a slowed similar to the gyro-reduced Bohm scaling.
pace. The bootstrap current observed during elec-

Getter assemblies, improved gas valving, tron syclotron heating (ECH) is in agreement
helical field power supply controls neces- with predictions of the neoclassical theory.
sary for 2-T operation, bus connections Extensive gettering (_60-80% wall cov-
to enable use of the mid-vertical field erage) and better gas programming have led
coils (the shaping coils), a second 200- to extended longevity for discharges with
kW, 53.2-GHz gyrotron, and an eight-shot neutral beam injection (NBI); discharges
pellet injector are facility improvements that lasting up to 0.35 s with a quasi-stationary
were completed. Diagnostic installations state for up to 0.15 s were achieved. 1
included the scanning mount for the neutral Figure 1.1 compares plasma performance
particle analyzer (NPA); a laser ablation parameters achieved during NBI operation
impurity injection system; the heavy-ion in 1988 and in 1989. The improvement is
beam probe (HIBP) primary beam and de- substantial. The maximum value obtained

tector systems, with Rensselaer Polytechnic for stored energy IVp (27 kJ at B0 = 1.9 T)
Institute (RPI); a fast reciprocating Langmuir is 3.5 times "he level achieved in 1988, and
probe, similar to one used on the Texas values of liL.z-average density increased by
Experimental Tokamak (TEXT) and supplied a factor of 2.5.
by the University of Texas at Austin; and a Figure 1.2 shows the time evolution
microwave interferometer as part of a three- of several plasma parameters for a typical
way collaboration with Georgia Institute discharge with NBI (H° into D+, 1.2 MW
of Technology and the Centro de Investi- total from co- and counter-injecting beams,
gaciones Energeticas, Medioambientales, y 130 = 1.9 T, titanium gettering). "Reheating"
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neoclassical theory of bootstrap current gives

Fig. 1.3. Global energy confinement times
observed in ATFvspredictions of gyro-reduced Bohm a good description of the current flow in

ATF despite the presence of anomalies inscaling.
the particle and heat flows. They also
demonstrate the ability to reduce the toroidal

The bootstrap current studies 2 have made current to zero, as is desirable for stellarator

use of the ability to control the magnetic operation.

configuration. Neoclassical theory 6 pre-

dicts that, in the low-collisionality limit, 1.1.3 Fluctuation Studies
the bootstrap current is given by jb =

-3(.ft/fc)GbBo127p, where Gb is a mag- J.H. Harris, E. Anabitarte, J. D. Bell,

netic geometry factor that depends on the ]B K. Carter, J. L. Dunlap, G. R. Dyer, G. R.

spectrum on a flux surface and changes with Hanson, C. Hidalgo, K. M. Likin, T. L.
the quadrupole (shaping) or dipole (vacuum Rhodes, Ch. P. Ritz, K. A. Sarksyan, M. G.

axis) component of the poloidal field. The Shats, C. E. Thomas, T. Uckan, J. B.

toroidal current observed during ECH is Wilgen, and A. J. Wootton
predominantly bootstrap current and ranges
between +3.5 kA and -1.5 kA. The observed During the past year, progress was made

current agrees with neoclassical theory in in several areas of fluctuation studies on ATF.

magnitude (to within 50%) and parametric The studies of edge magnetic fluctuations
dependences, as determined by systematic made in plasmas with the peaked pressure

scans of the quadrupole (Fig. 1.4)anddipole profiles found in ATF before the repair

poloidal field components and the magnetic of the field error were extended to the
field intensity. These results show that the broad profile plasmas obtained after the field



error repair. Microwave reflectometry was in the fluctuations correspond to values of
used to study plasma density fluctuations rotational transform in the outer part of the
in the outer portion of both ECH and NBI plasma (_ >_ 1/2), as would be expected for
plasmas. A reciprocating Langmuir probe broad pressure profiles. In 1990-91, high-
system was used to make measurements of beta experiments on ATF with (/3) _> J.5%
plasma edge turbulence for comparison with will attempt to reach the second stability
results from tokamaks. Work was begun regime with broader pressure profiles (as
on the development of a 2-mm scattering opposed to the very peaked pressure profiles
system with which to study drift wave used in the initial ATF second stability
turbulence inside ECH plasmas. In ali of studiesS).
these activities, collaboration with teams In collaboration with Georgia I;.stitute
from other institutions has been essential, of Technology and CIEMAT, a novel diag-

Measurements of fluctuations in the nostic technique that uses a two-frequency,
poloidal magnetic field (t) 0) at the plasma quadrature-phase detection microwave re-
edge were used to characterize the behavior flectometer was developed and used to study
of NBI plasmas obtained in ATF since plasma density fluctuation spectra and radial
the field error was repaired, 7 in preparation correlation lengths inside ECH plasmas and
for experiments to try to reach the second at the edge of NBI plasmas. Figure 1.6
stability regime in full-bore plasmas at high illustrates some of the initial results obtained
beta in 1990-91. The results (Fig. 1.5) with this system: in NBI discharges in
show that with the broader profiles now which the plasma stored energy increases,
seen in ATF, the helical resonances seen pauses, and then increases again (showing

ORNL-DWG89M3064 FED
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Fig. 1.5. Summary of mode numbers observed for magnetic fluctuations before repair of the field error

[1988, peaked p(r)] and after repair of the field error [1989, broad p(r)].
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Fig. 1.6. Correlation of change in edge density fluctuation power spectra S(_.,) with improvement in global
the chordal electron density (nj) and the stored energy (W_)confinement. The dme traces showenergy

determined from poloidal magnetic field measurements. The fluctuation spectra were measured at r/a '_ 0.9
using microwave rellectometry at 33 GHz (cutoff density = 1.35 x 1013 cm-3). The spectra were averaged
over 12.5-ms intervals centered at the times indicated. The NBI power (balanced injection) was 1.4 MW.

improved confinement), a marked change other plasma regimes and higher microwave
in the density fluctuation spectrum at the frequencies.

plasma edge is observed. The spectrum In collaboration with the TEXT group
measured with the reflectometer changes to at the University of Texas, a fast recip-

a narrow-band spectrum with a strong peak rocating Langmuir probe (FRLP) has been
between 20 and 40 kHz. This oscillation is installed on ATF and used to measure

coherent with high-n (n >_ 3) components plasma density and potential fluctuations in

of the /)0 signal. By separately tuning the the edge region (Te _< 40 eV) of ECH

two frequency channels of the reftectometer plasmas. 9,1° The results show broadband
to reflect off plasma layers at different fluctuations in density, /'_/7_ ,-_ 5%, and

radii, it is possible to determine the radial floating potential, _/kTe "_ 10%, just inside

correlation length of density fluctuations, the last closed magnetic surface (Hfi "--'0.95).

This technique yields correlation lengths of The outward particle transport induced by

1-2 cm in ECH plasmas and <0.5 cm at these fluctuations is comparable to that

the edge of NBI plasmas. Plans include estimated from the global particle balance
the extension of the reflectometer studies to if the flux is assumed to be poloidally and



toroidally uniform. Figure 1.7 shows that 1.1.4 Impurity Studies
the dominant contribution to the particle flux
comes from fluctuations in the frequency R.C. Isler, L. D. Horton, E. C. Crume, Jr.,
range 100-150 kHz. Details of this work S. Hiroe, T. C. Jernigan, and M. Murakami
are provided in Sect. 1.2.1.

Although .wall conditioning is necessary
for obtaining favorable parameters in ali
types of plasma confinement devices, it

ORNL-DWG90-2489RFED appears to be especially important for cur-
3 rentless machines. In the early stages of

operating ATF it was found that, without
._ adequate discharge cleaning and bakiog,
• 2 discharges generated by ECH alone exhib-

ited rapid, uncontrollable rises in density
and low-Z impurity radiation that caused

_1 _ collapses to low-temperature, low-density

_ plasmas. 11 Simultaneous glow discharge

lt..,

cleaning (GDC) and baking reduced the
amount of impurities and hydrogen evolved0 ">,,

' ' ' from the wzll_ t,-. ti_e point where steady-state0 100 200 300 400 ..........
operation was obtained for plasmas heated

0J/2n(kHz) by ECH alone. Nevertheless, when only
Fig. 1.7. Spectrumof fluctuation-inducedparticle this type of wall conditioning was employed,flux in the edge of ATF as measured by a fast

reciprocating Langmuir probe. NBI plasmas always collapsed within about
50 ms of the start of injection. It was
suspected that radiative losses, exacerbated
by field errors that generated a large rrz = 2

Trapped-particle instabilities are thought island and stochastic regions around the
to play a role in determining anomalous = 1 surface, might cause this undesirable
transport in both stellarators and tokamaks, behavior. However, repair of the field
and the configurational flexibility of ATF errors did not significantly ameliorate the
can be used to vary the trapped-particle tendency of NBI plasmas to collapse shortly
populations (as demonstrated in the bootstrap after the beginninng of injection, and during
current studies). In order to measure directly the last year attention was focused on
the expected plasma drift wave fluctuations, improved wall conditioning as a possible
work has begun on the development of remedy for the problem. As described
a 2-mm microwave scattering diagnostic, in Sect. 1.2.1.2, gettering was initiated in
in collaboration with the L-2 stellarator the hope that further reduction of Iow-Z
group at the Institute of General Physics impurities would lead to an improvement of
in Moscow. This instrument will be used plasma parameters and eliminate collapses in
to determine frequency and wave number NBI plasmas.
spectra for drift wave turbulence in the low- In addition to the expanded use of
collisionality ECH plasmas where trapped- gettering as a method for assessing the influ-
particle effects are expected to be important, ence of impurities, active impurity injection
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experiments were performed to gain more and gettered sequences in which chromium
insight into the effects of contaminants on and titanium were evaporated with different
ATF plasmas. A laser ablation system was fractions of wall coverage. The effects of
installed in order to determine the impurity gettering are best evaluated from the quasi-

transport coefficients and to permit more steady ECH plasmas, since the percentage of
accurate modeling of the impurity behavior, radiation can vary substantially during NBI.
Neon injection experiments were also used Emissions from the low ionization stages of
to assess power losses and to determine the carbon, nitrogen, and oxygen were lower
level of radiation that the plasmas could by factors of 2 to 5 in the discharges with
support, chromium gettering than in the nongettered

The changes of impurity radiation under discharges. This result does not indicate
various conditions, improvements of plasma the reduction of the influx of low-Z ions
parameters as a result of gettering, and by the same factor owing to the nonlinear
impurity injection experiments are described response of peripheral emissions to changes
in Sects. 1.1.4.1-1.1.4.3. of plasma conditions. Indeed, charge-

exchange excitation (CXE) signals, which
provide a direct measure of the impurity

1.1.4.1 Gettering and impurity radiation content in the interior of plasmas, indicated a
drop of about 30% in the density of carbon

Radiated power levels determined from immediately after the first getter cycle, but
spectroscopic analysis and from bolome- a rise of approximately the same percentage
ter measurements are listed in Table 1.1 in the oxygen content. Titanium gettering,
for plasmas heated by ECH alone and however, reduced the interior carbon and
in Table 1.2 for plasmas heated by NBI oxygen densities by factors of 2 to 3, while
with the emissions observed for a typical the emissions from the strongly radiating
edge ion, O VI. These analyses encompass edge ions were lower by factors of 40 to 60
both nonget,ered sequences of discharges than in the nongettered cases.

Table 1.1. Spectroscopic analysis of radiated power during
discharges with 200-kW ECH

Gztters None None 2 Cr 2 Cr 4 Cr 4 Ti 6 Ti

fi_. × 1012 cm -3 4.1 7.4 6.1 4.5 9.0 5.1 4.9

Ev, ission rate for 1032-A 12 50 16 25 42 2 5

line of O VI, GR

Radiated power, kW
Oxygen 33 93 70 37 71 4 12
Carbon 48 28 23 11 29 3 6

Nitrogen 8 19 21 5 3 0 0
Iron 16 6 10 8 5 13 25
Chromium 5 2 20 8 7 7 9
Titar_ium 0 0 0 0 0 12 20

Total power, kW
Spectroscopy 115 148 144 69 116 45 85
Bolometer 60 60 38 75 55 87
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Table 1.2. Spectroscopic analysis of radiated power during
discharges with NBI

Getters None None 4 Cr 4 Ti 4 Ti 6 Ti

Beam power Pm, kW 635 a 610 a 800 900 a 900 a 800

fie, xl0 _2cm -3 10.9 17.6 16.7 8.3 10.0 53.0

Emission rate for 1032-A 150 400 150 12 32 50
line of O VI, GR

Radiated power, kW
Oxygen 263 364 216 18 69 92
Carbon 298 219 95 7 3 11

Nitrogen 26 93 8 1 1 11
Iron 56 72 100 41 63 22
Chromium 17 20 77 22 18 9
Titanium 0 0 0 55 83 30

Total power, kW
Spectroscopy 681 798 536 160 261 183
Bolometer -- -- 180 160 235 175

a 200 kW of ECH power applied duringthe entire neutral beam pulse.

The total radiated power from a given wall area is covered with titanium. In
impurity is determined from specla'oscopic these low-density ECH discharges, radiated
data by fitting measured signals from several power scales approximately as fie, so that the
spectral lines to the output of an impurity spectroscopic analyses shown in Table 1.1
transport code in which the free parameters imply that chromium and titanium gettering
are adjusted to give an acceptable correlation reduce the total radiated power in 200-kW
with experiment. Toroidal symmetry is ECH discharges by factors of 1.4 and 2.7,
assumed. The uncertainty in evaluating the respectively, when normalized to the density.
total radiation from this method is estimated Similar conclusions hold for the 400-kW

to be -t-25%. discharge characterized in Table 1.1 if the
One obvious effect of gettering over radiation is also normalized to the input

the operational period covered by the se- power. Data from a wide-angle bolometer
quences presented in Table 1.1 is the strong indicate that gettering has, at most, a
reduction of low-Z power losses, which small effect on the total radiation. When
raises the plasma edge temperature, and a normalized to the electron density, the losses
corresponding increase in the power lost measured by this diagnostic are a constant
through radiation from the metals as a result fraction of the input power, within 4-16%,
of increased sputtering rates. The metal under ali conditions of wall conditioning.
radiation was almost negligible compared to The spectroscopic and bolometric data are
the losses from low-Z ions before gettering, seen to agree well in ECH plasmas when
but it accounts for as much as 80% of extensive titanium gettering is employed;
the radiated power when 70% of the vessel they diverge by factors of 2 or more when
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the low-Z ions dominate the radiative losses, titanium-gettered plasmas. No gas is added
The dichotomy between the two types of during NBI in the low-density case. In
analyses remains an unresolved problem, fact, the gas puff is reduced throughout

the NBI phase, and any increase in n_

1.1.4.2 Effects ot gettering on plasma comes from beam fueling or from particles
released from the walls. Such plasmas

performance manifest the typical evolution observed for
Regardless of any uncertainty about the nongettered or chromium-gettered plasmas.

effect of gettering on radiated power, it is After the beams are turned on, the electron
clear, at least when titanium is used, that the temperature falls monotonically from 500 eV
hydrogen released or recycled from the walls to less than 20 eV [Fig. 1.10(a)]. The
is greatly reduced during a discharge. This stored energy and the ion temperature rise
feature permits tailored gas puffing and has for about 60 ms after injection begins,
made high-density operation accessible. At but then decay rapidly. Impurity levels
these high densities (up to 1.2 x 1014 cm -3) increase by a factor of 2 to 3 shortly after
NBI plasmas can be operated in a quasi- injection begins. The rapid increases of
steady mode, although gettering per se did emission from the ionization stages depicted
not eliminate the collapses in low-density in Fig. 1.9 appear to be the result of the
plasmas, falling electron temperature. Although these

Figures 1.8-1.14 illustrate several char- plasmas collapse, the radiation level remains
acteristics of low-density and high-density relatively low, less than 18% of the input

OFINL-DWGgOM-2859FED

2.5 t l _/////j ...... 81 I l t t

.._ (a) 6
_ 2.0 -- NBI-890 KW _

1.5 - _ rrI.,u

_ _ 4 --

(.9_nu-u-1'0__.__.._0.5 _-- orrUjr"m_..2 --

o 1 I"-"'-t'---_- o LI ,

8 (c) I 1 I I _ 4 1
r"

6-- = 3 --z",
._

04- _ 2 -
x

c 2 x 1 --

o_" 1 1 I
0 100 200 300 400 500 0 100 200 300 400 500

TIME (ms) TIME (ms)

Fig. 1.8. Plasma parameters for a low-density NBI discharge with 200-kW ECH from 0 to 400 ms. The

stored energy begins to collapse at 360 ms.
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ORNL-DWGgOM,2861FED power up to the time of the stored energy
6o0 I I 1 I maximum. Distinct changes in the slopes(a)

of the impurity signals appear first in the
4o0- _ innermost ions; this behavior implies that the

temperature decay results from confinement
oZ losses in the interior rather than from a

_-=2o0- gradual narrowing of the plasma column as

a result of increasing peripheral radiation.0. I I _'/.//,/j] The evolution of the high-density dis-
charges is quite different from that of

3o0 I I I I discharges with no additional gas puff during
(b) injection. Figure 1.11(a) shows that the

• . fueling rate is increased strongly at the same
20o- -oy - time the beams are injected. Initially, the

cv • • electron temperature cools rapidly, but in the
10o- . _ following 50 ms it reheats to 275 eV in the

• •0••0• •

•..... center. The electron temperature behavior
• is reflected in the soft X-ray signal shown in

o 1 1 1 '_ Fig. 1 l l(d) and Thomson scattering profiles0 100 200 300 400 500 " " '

TIME(ms) are illustrated for various times during the
Fig. 1.10. Typical electron and _ontemperature discharges in Fig. 1.13(a). After the initial

evolution in low-density NBI plasmas, reheat, the electron temperature and stored
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ORNL-DWG90M-2O64FED energy increase slightly until the end of the

1000 _1 I I I (a) NBI pulse with no sign of evolving toward.a collapse. The central ion temperature,

800 -X- - measured from the Doppler broadening ofO VII spectral lines, exhibits a brief rise

_ 6oo-- _95ms - when the beams are turnedon butreturns
"-" to the preinjection level within 16 ms.
t-_ 400 370ms \ Modeling indicates that this ion is spread out

2oo ""_._.._.i._._._i_'_.',_.'.'_.'_--... over a region where the electron temperature
28orns........................'_...i.i..'".......... is 200 to 300 eV, and it is not now understood

0 I I _1 ........Z'.-.:., why the electron and ion temperatures should
0 0.2 o.4 0.6 0.8 .0 be so different in these high-density, lOW-REDUCEDRADIUS

temperature plasmas.
200 l I (b) Emissions from the lower ionization

stages of oxygen, titanium, and iron
15o- ° - (Fig. 1.12) are seen to be almost constant•vii

• • after 400 ms. The Ti XIX signal disappears

loo --i• °%••• °•••••°•° - before 400 ms because the electron temper-
_-- ature in the plasma is too low to sustain a

cv - measurable density of this ion. (The loss of
50 ,,oooooo signals from Fe XV and Ti XIX at 230 ms) _ ( _, _. ,_ 00 O(-)O()O00C,

• 00__ 0 " "' O"-"r,u_C;O,_
• ,9 _, ,,oV v° ° i . .*°,_°°** Iv results from termination of ECH heating

0 200 400 600 before NBI begins in these discharges. Note
TIME(ms) that the plasma still reheats when the beam

Fig. 1.13. Typical electron and ion temperature turns on.) As in the low-density case,
evolutionin high-density NBI plasmas, radiated power remains a modest 25% of

the input power throughout the discharges.
Without gettering, it has not been possible
to achieve such high-density, quasi-steady

ORNL-DWG90M-286SFED discharges. The comparable fractions of
o.lo t 1 i i radiated power in the NBI phases of both

the transient and the quasi-steady discharges
0.o8- - indicate that global radiation losses are not a

primary factor in initiating collapses.
0.o6- - Modeling of the profiles of radiated

power from the spectroscopic data alsoA

0.04-----------"--__ / _ indicates that radiation is very
unlikely to

o:- be responsible for initiating the loss of

0.02- confinement in the interior inferred from
the data of Fig. 1.9. Figure 1.14 shows

0 I 1 I 1 that the radiated power during low-density
0 0.2 0.4 0.6 o.a .0 discharges is approximately 0.04 W.cm -3

P fr_:n the center of the plasma to a reduced
Fig. 1.!4. Radiation profile deduced from spec-

troscopy for a low-density, titanium-gettered sequence minor radius of 0.8. If all the power from
of discharges, a 1-MW neutral beam is deposited in this
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volume, it is more than 10 times this level below the level that initiates a continuous

on average, drop in the electron temperature, lt is
introduced in a 7-ms-wide pulse at 200

1.1.4.3 Impurilv injeelion ms. The emissions from the low stages
" peak about 80 ms later, then decline until

Although the global magnitude of the about 350 ms, when a sudden change in
radiated power appe,'u's insufficient to ex- the plasma characteristics results in a steady
plain the collapse depicted in Figs. 1.8 state. Radiation from the intrinsic ions
and 1.9, it is obvious that at some level is only about 30% lower in the steady-
impurity radiation can seriously degrade the state phase than it is before neon injection.
plasnla confinement. Neon was injected into Table 1.3 shows the power radiated from the
titanium-gettered plasmas to ascertain the dominant impurities before injection, at the
level of radiation that could be supported, maximum of Ne VIII radiation, and in the
Figure 1.15 illustrates the emission from steady-state interval. Once neon is injected
several spectral lines for collapsing (dashed into the plasmas, it doubles the radiative
lines) and noncollap:dng (solid lines) dis- power and becomes the dominant emitter
charges. The amount of neon introduced according to the spectroscopic analysis. The
in the noncollapsing sequence is marginally bolometer detects almost no change in the
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Table 1.3. Spectroscopic analysis of than they are at 180 ms before the neon
radiated power during NBI heating is introduced. This direct observation of

edge cooling supports the similar inference
Time, ms from the behavior of the iron emission [Fig.

200 300 400 1.15(d)]. The profile is again relatively
broad at 400 ms. A sudden change in

/-_, x l012 cm -3 4.2 4.9 4.8 the profile around 350 ms is apparently
Emission rate for 770-A 1.5 21 11 responsible for the transition to the steady-

line of Ne VIII, GR state emission levels observed in the spectral

Radiated power, kW lines.
Neon 5.2 61.5 27.2 Lengthening the neon pulse from 7 _o

Oxygen 2.6 3.2 1.8 8 ms causes the plasmas to evolve to a
Carbon 1.8 0.8 1.1 collapse, as shown by the dashed lines
Nitrogen 0.5 0.3 0.4 in Fig. 1.15. The temperatures after the
Iron 15.6 6.1 9.8 collapse in this experiment are not as low
Chromium 5.6 3.1 4.5 as those usually observed; O VI remains,
Titanium 0 0 0 uncharacteristically, a dominant ion in the

Total spectroscopic 44 87 56 afterglow. The erosion of the plasma edge
power, kW has been proposed as a possible mechanism

for the collapse on the basis of predictive
calculations using the PROCTR code. The

total radiated power, however. The maxi- neon injection experiments confirm that this
mum radiated power is 48% of the 200-kW scenario can occur when a strong edge influx
ECH input. Electron temperature profiles narrows the profile; it appears that the total
measured by means of Thomson scattering radiation required to trigger this behavior is
at three different times during the neon about 50% of the input power. These results
injection experiments are shown in Fig. 1.16. tend to confirm our conclusions that the

It is obvious that the profiles are narrower radiative power losses of 20 to 25% observed
at 320 ms--that is, after neon injection-- during NBI cannot initiate the collapses and .

imply that some other loss mechanism leadsORNL-DWG90M-2867 FED

_500 I I I _ to collapse at low densities.
Although impurities have become less of

a problem in ATF as a result of gettering,
their influence on plasma behavior is not

_o00 - completely understood. A laser ablation
system has been installed on ATF to de-

___ termine transport coefficients and to model

500 impurity behavior more accurately. For

32f,ws.i,iii,..i.,_,,__I the experiments described here, the injected

' impurities were aluminum and scandium.

' ....I....._._._ The results of these experiments have been0 1 modeled with the one-dimensional (l-D)
0 0.2 0.4 0.6 0.8 .0

p PROCTR transport code, which has been

Fig. 1.16. Electron temperature profiles from modified to solve the full multi-charge-
ECH discharges followingneon injectionat 2(10ms. state impurity equations. The code now
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solves for impurity transport in the proper simulation gives a global impurity particle

stellarator geometry using arbitrary values confinement time .r_' = 65 ms. This is
of the diffusion coefficient D and of the significantly longer than the global energy
convective velocity v, both of which can confinement time, which was approximately
be functions of the reduced minor radius. 5 ms for these discharges. The results of the
To model the ECH plasmas, a diffusion fit to the scandium data from NBI plasmas
coefficient that increased with minor radius are shown in Fig. 1.18. For these plasmas
was required. The best fit was obtained with a centrally peaked diffusion coefficient was
D = 1000+4000p 2 cmZ/s and with v = 0. required. In this case the best fit was
The results of this fit are shown in Fig. 1.17 obtained with D = 5000 - 4500p z cm2/s.
for aluminum. If the global impurity Again, the convective velocity was set to

particle confinement time is defined as the zero. In this case, "rf = 40 ms, which
exponential decay time of the total injected is also longer than the energy confinement
impurity density, then for ECH plasmas the time. We emphasize that an impurity particle
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confinement time deduced from the decay T.F. Rayburn, J. E. Simpkins, and
time of central impurity radiation such as T. Uckan
Sc XIII would be about twice as long as that

The Edge Physics and Particle Controldefined by global losses. The difference in
the diffusion coefficients deduced for ECH (EPPC) prouam addresses issues related to

characterizatio_ of the plasma edge, plasmaand NBI plasmas is striking. This type
of increased transport in the center of NBI interactions with the wall, and techniques
plasmas has been deduced previously from for edge modification aimed at the im-
measurements of charge-exchange emission provement of plasma performance. This

includes optimization of wall conditioningfrom helium-like ions of light impurities.
for particle and impurity control as wellSuch increased transport substantially alters
as studies of plasma edge properties, pumpthe ionization balance, especially of light
limiter and divertor operation for densityimpurity species, and contributes to higher

radiation levels. Nevertheless, the total control, confinement improvement, and ash

radiated power from both spectroscopic and exhaust. Collaborations with TEXTOR, Tore
bolometric measurements is only about 25% Supra, and DIII-D offer opportunities to
of the input power for these beam-heated study these issues in limiter as well as
discharges, which are near the effective divertor machines, and in stellarator as well
density limit, as in tokamak configurations. Application

It is difficult in the sim_liation to repro- of identical experimental techniques and
duce the absolute levels of radiation from modeling tools to machines cf different

sizes and configurations provides maximumionization stages in the plasma edge. Apply-
ing a pinch term to lower the edge radiation payback of investments made and also offers

the opportunity for direct comparisons ofto a level in better agreement with the
data does not reproduce the observed time plasma performance as a function of machine
behavior of the more central emission. In configuration and plasma parameters.

ATF, the edge rotational transform is unity, During the past year, activities on ATF
in contrast to tokamaks, where generally were focused on wall conditioning and
q -- 3 at the edge. From the definition of edge fluctuation studies. On the Advanced
q, it follows that poloidal spreading of edge Limiter Test-II (ALToII) in TEXTOR, the
impurities will be smaller in ATF for each emphasis was on helium transport and re-
toroidal transit. Since the transit time for moval experiments with full pumping of the

pump limiter. In addition, particle transportthese impurities is of the order of 1 ms,
studies by Ha measurements were contin-poloidal asymmetries may be the cause of

the overestimates shown in Figs. 1.17 and ued. On Tore Supra, additional pump limiter
1.18 for the emissions from low ionization diagnostics were installed and commissioned

stages, in preparation for particle transport and
exhaust studies with the phase II pump
limiter module. Within the collaboration

1.2 EDGE PHYSICS AND PARTICLE with General Atomics (GA) on the Advanced
CONTROL PROGRAM Divertor Program (ADP) on DIII-D, work

was performed in three areas: (1) computer
P. K. Mioduszewski (Program Manager), code calculations were carried out to predict
D. L. Hillis, J. T. Hogan, C. C. Klepper, the performance of the advanced divertor,
R. Maingi, M. M. Menon, L. W. Owen, (2) possible options for a pumping system
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were evaluated, and (3) a set of divertor inside (about 2 cm) and outside the LCFS.
diagnostics was prepared. The other tips are used to measure _ and

the wave number k. The data have been

analyzed using spectral analysis techniques:
1.2.1 Edge Plasma Studies and the fluctuation signals are digitized at 1 MHz

Particle Control in ATF and then, with a conventional fast Fourier

transform, their power spectra S(/,-,_) as a
1.2.1.1 Initial measurements of edge function of frequency ,., and k are obtair, ed

plasma turbulence using a fast from a two-probe technique. 13 The ensemble
reciprocating Langmuir probe averaging of the spectral distribution of the

flux, obtained from the correlation of the
T. Uckan, C. Hidalgo, J. D. Bell, J.H. density and the floating potential fluctuations
Harris, J. L. Dunlap, G. R. Dyer, P.K. (temperature fluctuations are ignored), gives
Mioduszewski, J. B. Wilgen, Ch. R Ritz, the turbulence-induced radial particle flux:
A. J. Wootton, T. L. Rhodes, and K. Carter

The electrostatic turbulence on the edge
of the ATF torsatron is measured to study = 2 Z (k/B)Tn4'nrms
the role of this phenomenon in particle ,_>0

transport in this currentless magnetic con- x 4,,_ssin 0n4_ , (1.1)
figuration. Spatial profiles of the plasma
electron density he, temperature Te, and where i_. = -ik_/B is the radial velocity
fluctuations in density (fie) and in the plasma due to the electrostatic fluctuations, "/nO is
floating potential (_) are measured around the coherence, 0n4, is the phase angle be-
the last closed flux surface (LCFS) using tween the density and potential fluctuations,
an FRLP similar to one on the TEXT and n_msand 4,rmsare the rms values of the
tokamak. 12 Measurements are carried out fluctuations.

on ECH plasmas at a magnetic field B = Spatial profiles of the edge plasma den-
1 T. The plasma is created using a gyrotron sity, temperature, and floating potential 4' are
source at 53 GHz with heating power/-_clt = given in Fig. 1.19 for 0.95 < r/fi < 1.15,
200 kW. In these ECH plasmas, typical line- with fi - 0.27 m the average plasma radius
average electron densities /_._ = (3-6) x at the LCFS, where the safety factor q _ 1.
1012 cm -3 and stored energies lVp _ 1-2 kJ. These measurements were made during the

The FRLP is located one field period steady-state phase of the plasma discharge.
away from the instrumented raillimiter. The Around the LCFS, r/_t _ 1, n_ = (1-
probe is inserted into the edge plasma from 2) x 1012 cm -3 and T_ = 30-40 eV. The
the top, moves 5 cm into the plasma in characteristic density and temperature scale
50 ms, and remains there for about 40 ms to lengths are Ln = [-(1/ne)(dne/dr)] -1
facilitate the fluctuation measurements. The 2-4 cm and L T _ 2Lh, respectively.
FRLP head consists of a square array of The normalized density (5_/n,,)and float-
four tips that are 2 mm long and 2 mm ing potential (_5/T_) fluctuation profiles are
apart. From the double Langmuir probe given in Fig. 1.20. Typical values around
operation of two tips aligned perpendicular the LCFS are he/he _ 0.05-0.1 and _b/Te ,_
to the local magnetic field, the edge plasma 0.1-0.2. The fluctuations depart increasingly
he, Te, and fiehe profiles are measured from the Boltzmann relation (@Te = 5e/he)
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[] Fig. 1.20. Relative fluctuation levels for edge
40 []B density and potentizJ.> DQ

v QO
v-• o o

30 o []rc

_- n 0rc< 20 O The fluctuation spectra of /'-_ and
uJ rl

Q- have been examined for frequencies up to
uJ

_0 400 kHz. Observed wave number-frequency
power spectra S(k,w) are broad and mostly
in the range 40-300 kHz. The estimated0 • i • i • i • i

0 wave numbers k = 1-3 cm -1 satisfy kps
o 0.05-0.1, where ps is the ion Larmor radius

at the sound speed. The propagation of
-10 0 []o the fluctuations is in the ion diamagnetic_J

-< direction for r/_ > 1 but it reverses to the
Z,,, electron diamagnetic direction for r/?_ < 1_- -20
oo_ The fluctuation-induced particle flux is

o estimated from Eq. (1 1), using 7n¢ _ 0.8_Z []
_- o _ 0.2 beyond_-30 o• up to 150 kHz and 7n¢

E/ o_5[] 250 kHz. The phase angle is 07_4, _ 40 °
[] around 150 kHz. The spatial profile of the[]

-40 , • " "
0.90 0.95 1.0; 105 1.1'0 1.15 total particle flux [" is given in Fig. 1.21

r/_ for fze = 3.5 X 1012 cm -3. The flux

Fig. 1.19. Spatial profiles of the ATF edge plasma is always outward and at the LCFS has
density,temperature,and floatingpotential, a value [" ,-_ 4 x 1015 cm-2.s -1. The

corresponding fluctuation-induced particle
confinement time is _p= 0.75(_/2)fi/[" _ 8-
10 ms for the assumed parabolic plasm_

as the probe is moved into the core plasma density profile. Using He measurements
where T_ > 20 eV, and _/Te _ 2fi_/r_ at to estimate the particle flux at the LCFS is

r/__ _ 0.95. rather difficult because of the complicated
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ORNL-DWG90M-2490FED ual gas as measured by the quadrupole mass
8 , , , , , , , , , spectrometer (QMS). Initially, P,,d was near

100%, causing thermal plasma collapse, butD
6 D - was reduced to less than 40% with Zef f _ 2

_- [] after chromium gettering. Since a chromium

"E 4 [] film can pump only about one monolayer
[] of hydrogen, 14 the recycle coefficient from

ov._2 [] [][] the walls for this gas is near unity. On
It. [] R the other hand, titanium can pump large

0 - = quantities of hydrogen by surface adsorption
and subsequent bulk diffusion. 14 To aid in

-2 , , , L , , , i , pi hydr0.90 0.95 1.00 1.05 1.10 1.15 the pum ng of ogen, the chromium
r/_ sources were replaced by titanium.

Fig. 1.21. Spatial profile of the fluctuation- At present, seven titanium sources are
inducedparticle fluxat the edge. used on ATF to deposit a film that covers

,-_70% of the vacuum vessel wall. Improve-
ments to the plasma include the reduction of

geometry of the ATF edge. Instead, the radiated power to about 25% and longer NBI
energy confinement time is compared with discharges at higher densities. Gettering is
?p. From the stored energy IVp _ 2 kJ, the usually performed once each day, just before
estimated global energy confinement time plasma operations begin. Some of the effects

is 7-_: = Wp//_.ctt _ 10 ms, which is of gettering on the vacuum may be seen
comparable to "_p.The local density diffusion in Fig. 1.22. The rates of rise of partial
coefficient can be estimated from Dn = pressures of the gases shown were measured

F'f_,n/7_e '_ 1.5 × 10 4 cm2.s -1, which is with the pump valves closed. Prior to day
about the same order of magnitude as the 1 (Aug. 18, 1989)no gettering had occurred
Bohm diffusion coefficient at B = 1 T. since an extended opening. Gettering with

four chromium sources began on day 10 and
was continued as a routine procedure until

1.2.1.2 Gettering techniques day 86, when the vacuum vessel developed
a large leak. Gettering resumed on day 99

J. E. Simpkins with seven titanium sources. After a few
getter cycles, the leak rate could no longer be

Initial gettering in the ATF vacuum vessel calculated from either the total pressure rate
was accomplished by subliming chromium of rise or the Nz partial pressure rise because
from spherical sources fabricated at ORNL. on a "well-gettered" surface the getter film
A 30-min getter cycle with two such continued to pump Nz, even after 24 h.
sources provided a chromium film with Instead, the argon rate of rise, identified
an average thickness of 5 monolayers that as mass 40* in Fig. 1.22, was used as the
covered ,--,30% of the vacuum vessel wall. equivalent air leak. For a short time (around
The results were promising, and two more day 50), the leak rate decreased by more
chromium sources were added to increase the than an order of magnitude, as shown by the
wall coverage to ,_50%. Reductions in the decrease of both N2 and argon. The H2 rate
levels of gaseous impurities were observed in of rise from outgassing by the walls remains
the plasma spectroscopically and in the resid- lower after titanium gettering, indicating the
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ORNL-DWGSOM-2870FED core with high efficiency is necessary to
10 -3 t_ w _ T----------T l

o prevent dilution of the fuel and concomitant
10-4 .,3 u o• o extinction of the burn. Exploration of

lo_5.,,:•. o_. o _ continuous helium removal with a pump
• ° []o & limiter is part of the ALT-II experimental

• 10--6 • _o •o _

o'- - •" : []_-. " [] . •[] program on the TEXTOR tokamak. To
lo-7_ " [] • [] ". - simulate the presence of recycled helium ash[] •

"'•% in a tokamak, concentrations of 3 to 8%
10-8 I"_MASS2 • %• • oMASS18 helium (relative to he) are either premixed
10-9 _ _ _ _ ' into the working gas (H/D) or puffed into the

TEXTOR plasma during the discharge. The10 -3 ] 1 I I I

_, transport of the helium in the plasma core
• [][] _- and its subsequent pumpout using the ALT-II

_Z_ • .
• _. _" .° °" " ._ system are followed with CXE spectroscopy,

• •#. ".2 . ° ._ " in combination with NBI. The time evolution
• 10-4 • °
o [],_ of the helium concentration is measured

_. _ £ [] , at three spatial locations along the plasma
[; MASS28 ] " [] minor radius. The exhausted helium in theMASS 40" _j (f)

10 -5 (a) i(b) _t. (c) t(d) ,(e) (g)l .xa__ limiter chamber is detected by a modified0 20 40 60 80 100 120 Penning gage combined with a spectrally
DAY resolving light detector system. Helium

Fig. 1.22. Rate of rise measurements of selected transport results have been obtained with
masses in the ATF vacuum vessel following an plasmas heated both by neutral beams alone
extended vacuum vessel opening. (a) Gettering with (co-injection and co- plus counter-injection
four chromium sources begins (day 10). (b) Gettering
with four titanium sources begins. (c) Leak rate up to 3.0 MW) and by neutral beams in

decreases. (d) Leak rate increases. (e) Vessel is combination with up to 1.5 MW of ion
opened for leak repah'. (0 Vessel is closed. (g) cyclotron resonance heating (ICRH).
Gettering with seven titanium sources begins (day In helium puffing experiments (with NBI)
99). at low density (-.,2 x 1019 m-3), the helium

is transported into the plasma core within
,-..100 ms. With ALT-II pumping, up to

continued pumping of H2 by the titanium- 90% of the injected helium is subsequently
coated walls, exhausted within 1 s (Fig. 1.23), but the

concentration is unchanged when the ALT-

1.2.2 Helium Removal Experiments and II pumps are off. Modeling of the helium
Ha Studies on ALT-II in TEXTOR transport in the removal experiments has

been performed with the MIST impurity
1.2.2.1 Helium exhaust and transport transport code: experimental results can be

studies fitted with a spatially dependent anomalous

D. L. Hillis, J. T. Hogan, C. C. Klepper, diffusivity [which varies from DA(core) "-_
P. K. Mioduszewski, R. C. Isler, and 0.1 mZ/s to DA(edge) = 1.0 m2/s] added to

sawtooth mixing, a pinch term [I'p(edge) =
L. D. Horton -50 m/sl, and a global helium recycling

In future burning fusion devices, the coefficient RlI,, = 0.92. This is done by
continuous removal of helium ash from the matching both the observed rise time and
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0 I I
0.8 1.2 1.6 2.0 Fig. 1.24. Modeled helium densities. The

TIME(s) helium recycling coefficient is varied for a fixed
transport model (anomalous diffusivity and pinch)

Fig. 1.23. Helium concentration measured with with sawtooth spreading.
CXE spc,ctroscopy after a short helium puff at 0.7 s
with and without ALT-II pumping during NBI.

1.2.2.2 Modeling of Ha emission and

the longer pumping-induced decay of the plasma co_ifinement
helium in the plasma core as a function of

the recycling coefficient (Fig. 1.24). The L.W. Owen, T. Uckan, and
helium exhaust efficiency is about 8%, as P.K. Mioduszewski
estimated from pressure measurements in the

ALT-II pumping duct, and is in agreement Modeling of Hc_ emission for Ohmic
with these calculations. Combining the disch_-_es m TEXTOR was begun during
helium transport results with energy balance 1988. Is A semi-empirical model of the

analysis using the TRANSP code for a low- edge plasma particle flux incident on the
density ca_e gives an estimate of the ratio ALT-II blade limiter agreed well with the

T_XJ'/TE "_ 3. Extrapolations to the pa- experimental data. However, the model
rameters of the International Thermonuclear neglected poloidal asymmetries in the edge

Experimental Reactor (iTER) indicate that particle flux and distributed the plasma
more efficient helium removal is required, flowing under the blade uniformly on the

These studies are carried out in collabo- vacuum liner.

ration with K. H. Finken, K. H. Dippel, A. During 1989, we attempted to cor-

PospieszczyE D. Rtisbuldt, an(* H. Euringer rect these deficiencies by using measured
of the Kernforschungsanlage (KTA) Jtilich; distributions 16 of core plasma density and

R. A. Moyer and D. S. Gray of the temperature with scrape-off layer plasma

University of California at Los Angeles; K. parameters from the sct,nning probe, the
Akaishi of the National Institute for Fusion neutral lithium beam diagnostic, and Lang-

Science (Nagoya, Japan); and R. A. Hulse muir probes in the ALT-II scoops to describe

and R. Budny of Princeton Plasma Physics the plasma environment for DEGAS neutral
Laboratory. transport simulations.
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The Langmuir probe measurements 16 of 2.2 i i I i I I

particle flux into the scoops on the electron
and ion drift sides of the ALT-II blade 2.o- o -
indicate a flux asymmetry, favoring the
ion drift side, of 2.25 to 1.24 for line- 1.8-

average densities of 1.5 x 1013 to 3.7 x 1013

cm -3 Exponential fits of the scoop flux 1.6-
measurements indicate that the ratio of the

decay length on the electron drift side to >--._1.4 -
that on the ion drift side is approximately z<

1"3" Extrap°lati°n°fthesedistributi°nst° _ 12- S _j_/
the LCFS gives the tangency point parallel --- 1.0 -
particle flux at the limiter but neglects the ,--, mt30,_

effects of local recycling inside the scoops. :_ _ _Direct measurements of the tangency point :_ 08 - no
fluxes are available from the scanning probe 0.6 - -- v,.,-- HA4 (LINEFt-BOTTO'A) _

(electron drift side) and the lithium beam
diagnostic (ion drift side); however, the o4-
lithium beam data 17 indicate a pronounced

steepening of the density profile as the o2-
plasma flows to the blade.

With these uncertainties in mind, we used o I _ i _ _

the scanning probe data for edge plasma ,2 1.6 2.0 2.4 2.8 3.2 3.6 4.0LINE-AVERAGED DENSITY (1013 cm 3 )

density and temperature profiles and the
scoop Langmuir probe data (extrapolated) Fig. 1.25. Ha intensity at the ALT-II blade(HA3) and the TEXTOR liner (HA4). Circles: mea-
for particle flux to the blade in the DEGAS surements. Curves: fits to the data based on DEGAS
code to fit the data from the HA3 monitor calculations.

(viewing the center of blade number 3) and
the HA4 monitor (viewing the vacuum liner).
The results of these calculations are shown

in Fig. 1.25. The corresponding particle important quantity in the construction of
confinement times vary from 45 ms at ne = scrape-off layer models. As part of the
1.5 x 1013 cm -3 to 80 ms at ne = 3.7 x 1013 ADP, it is important to characterize the flux

cm -3 These particle lifetimes are in good of recycled high-energy neutrals that might
agreement with those obtained by Goebel et strike the cryogenic pumping system.
al. ]6 with the scanning probe on the outboard Previous work by the TEXTOR group

had shown that the wavelength spectrum
midplane, of Ha light emitted from such surfaces

could give a sensitive indication of the
1.2.2.3 Analysis of recycling energy velocity distribution of neutral hydrogen as

distributions from Hc_ it recycles. ]7 Strong features on the red side
measurements of the H_ spectrum were found to be well

J. T. Hogan, C. C. Klepper, and D. L. Hillis correlated with edge Te and the existence of
particles reflected with an energy of ,--,3kTe.

The energy spectrum of particles reflected To explore the feasibility of this technique
from limiter or divertor surfaces is an for the DIII-D application, measurements



26

were carried out as part of the ALT-II 1.6 MW on TEXTOR)and to characterize
program. A number of poloidal scans of the the incoming energetic spectrum for the
ALT-II limiter were made with a wavelength- future DIII-D pumps.
resolved spectrometer. Figure 1.26 shows
a typical result. The onset of NBI led
to increased recycling of hydrogen from 1.2.3 Pump Limiter Studies on
the walls, but no systematic asymmetric Tore Supra: Measurements of
(red-side) features were observed on the Pressure Buildup and Particle
Ht, spectrum. The lack of pronounced Fluxes
asymmetries is probably due to the fact that
particle reflection coefficients for graphite C.C. Klepper, P. K. Mioduszewski,
surfaces are lower than those forthe stainless L.W. Owen, J. E. Simpkins, and T. Uckan
steel test limiter used in previous work on
TEXTOR. Monte Carlo modeling studies The aim of the Tore Supra pump limiter
of TEXTOR with the Oak Ridge General program is to study particle control with a
Geometry code (GEORGE) showed a trend pump limiter system in long-pulse (_30-s)
toward diminution of strong reflection peaks discharges with high fueling rates and high
in the Ht, distribution. If this trend is auxiliary heating. This limiter system
confirmed, it would support the operation of consists of six vertical modules located at the
cryogenic pumping systems near the divertor bottom of the machine and one horizontal
strikepoint, module located at the outboard midplane.

Further work is planned on the DIII-D lt is designed to remove approximately
tokamak to extend the observations to higher 8 MW of power. The initial pump limiter
power (up to 20-MW NBI, compared with experiments were carried out in ohmically

heated discharges (BT = 2 MW, lp = 750
A, typically), in which the power flux to
the edge was low enough to operate onORNL-DWG 90M-2872 FED

1.0 , , , , the outboard module only. This module is
SHOT 37816 instrumented with pressure gages, a residual

COMPARISON OF OH AND NBI
0.8 - (NORMALIZED TO MAXIMUM) gas analyzer, Langmuir probes in the limiter

throat, and a spectrometer viewing the
0.6- D,_ - neutralizer plate. The core particle inventory

was deterr';lined from the density profiles of

0.4- Nak,. ` - a five-chord FIR interferometer.
Most experiments were done in helium;

0.2 NB H2 and D2 plasmas were produced near the

j] end of this first experimental phase. Some of0 .... the pump limiter results in helium plasmas
6561 6563 are described in ref. 18. Even though

WAVELENGTH (A) the determination of particle balance in the
Fig. 1.26. Ha/Dc, spectra duringtheOhmic (OH) helium discharges is simpler, the pumping

and neutral beam (NB) heating phases of TEXTOR effects are only transient, since the 200,000-
shot 37816. The Ha emission increases, but there L/s (nominal) titanium getter pumps, locatedare no systematicred-sideasymmetries,whichwould
indicate a high-energycomponentreflected from the inside the pumping chamber of the limiter,
ALT-IIblade, do not pump the helium. Therefore, the
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small set of D2 discharges with the pump lo _ _ _ _ _ ........
limiter provided the opportunity to study la)
the particle balance with pumping in steady _2 8 - SHOT1683

£
state. ,r

The analysis was done with a global ? 6-
particle model. This model connects the 2"
measured changes in core plasma density g 4-¢.O

(Fig. 1.27) and in the edge particle efflux _

to changes in the pressures inside the pump __ 2 - _._
limiter as pumping is turned on and off 0L _ i
(Fig. 1.28). At low densities (he _ 2 x
1019 m -3) an exhaust flux of about 3 torr.L/s 10 _ _ _ w(b)
was determined, which corresponds to a 6%
exhaust efficiency, g_ 8 - SHOT 1684 -

Detailed modeling of the processes in "r 6-

the pump limiter with the DEGAS neutral
transport code is under way. This work is _ 4-
carried out in collaboration with M. Chatelier

4'_ rrand J. L. Bruneau of the Centre u l.,tudes __ 2-
Nuclraires, Cadarache, and J. G. Watkins of
Sandia National Laboratories, Albuquerque. °-2 0 2 4 6 8 10

TIME (s)

Fig. 1.28. Pressures (measured halfway between

ORNL-DWG90M-2873FED the throat and the pumps) for the shots in Fig. 1.27.
9 I 1 I I 1

PUMPS CLOSED
8 - SHOT 1684 - 1.2.4 The DIII-D Advanced Divertor

_E7 - _ Program

6 - - 1.2.4.1 Neutral particle modeling

_" ,."'°"° °""""°""° °""'"l"

I--

5 _ - L.W. Owen, R K. Mioduszewski,Z -- t
ILl

a .J PUMPSOPEN M M. Menon, and J. T. Hogan
III ;" _ '
z 4 -- - SHOT 1683 ___

_3"a _ .....} _ A principal objective of the collaborative_- ADP on DIII-D is to achieve density control
Z

"' _ in H-mode discharges with edge biasing
02 and with continuous particle exhaust at

1 - the rate determined by external fueling

L sources (typically 20 torr.L/s). The divertor0 l i 1 ___1__ baffle-bias ring system has been optimized
30 32 34 36 38 40 with the neutral transport code DEGAS to

TIME (s)

Fig. ].27. Central line densities (double pass) for achieve maximum particle throughput within
a p!asma diameter of approximately 1.5 m with tim- constraints imposed by other aspects of the

nium getter pumps open and closed. DIII-D experimental program. Magnetic flux
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surfaces and plasma parameters from the H- A cryopump configuration that meets the
mode documentation series are used to estab- objective of removing half of the incoming
lish the dependence of baffle entrance slot particle flux is shown in Fig. 1.29. The
conductance, baffle pressure, and particle positions and orientations of the components
throughput on the baffle-bias ,'ing geometry, of the liquid-nitrogen-cooled radiation shield

For typical H-mode discharges, approxi- were optimized with DEGAS to maximize
mately 40 torr.L/s enters the outboard baffle the conductance from the baffle entrance
chamber. With an entrance slot conductance to the cryopump and simultaneously min-
of 50,000 L/s, a pumping speed of the imize the power deposited on the liquid
same order is required to remove half of helium tube. For typical quiescent H-
the incoming particle flux. Increasing the mode conditions, the heat load on the
exhaust fraction with higher pumping speed cryopump resulting from energetic particles
is self-limiting, because of the reduction of is negligibly small for this configuration.
the recycling particle flux with increasing
divertor exhaust. The required pumping o,_,_owG_0_,_,_,__t_

speed of 50,000 L/s can be achieved with BAFFLE _/_
either titanium pumps or cryopumps but PLATE., / //

' -../.-- i//
evaluation of bo_h systems, as described in RADIATIONSHIELD.-..... / //

Sect. 1.2.4.4, led to the conclusion that a BIASn.,G.,_ "__ _//wccryopump will be more compatible with the
environment of the DIII-D divertor. - uuM

An important consideration in the design _Lo
of an in-vessel cryopump is the power L .Z_::_

deposition on the cold surfaces of the pump _---f _--1 ,_" ,._-t_oop
and radiation shield. No experimental data ___1 ' ROOMTEMPERATURESURFACE

exist for particle and energy reflection in the Fig. 1.29. Schematicdiagram of the cryoconden-
energy range (a few electron volts) of neutral sation pump insidethe bafflechamber.
atoms in the baffle chamber. Consequently,
there is considerable uncertainty in the power
deposition estimates from neutr',d transport
simulations in this low-energy regime. Ruzic 1.2.4.2 The pre-VORTEX code
and Chiu 19 have developed a fractal surface
roughness model for use in the TRIM J.T. Hogan
binary collision model code 20 and the EAM
molecular dynamics code. 21 Reflection co- To determine the effect of pumping on
efficients generated with these fractal codes plasma performance, an internally consistent
for deuterium on carbon have been used model for particle transport in an open
in DEGAS to calculate the energetic atom- divertor geometry has been developed. Em-
energy flux on the cold surfaces of the pump. bodied in a new code, pre-VORTEX, the
Preliminary results indicate that the heat model couples the particle balance in the
load is somewhat lower than that obtained plasma core, the scrape-off layer, the open
with reflection coefficients extrapolated from divertor channels, and the vacuum regions.
the 100-eV range, where experimental data The plasma core is considered to have
exist, a relatively quiescent center and a less
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well confined outer region characterized by ORNL-DWGg0M-2498FED

an edge-localized mode (ELM) frequency z 125_____..__ i " , , , J
and amplitude. The radial (l-D) density _o

_- _ E_re = 250 Aconservation equation is solved, assuming <
that ali external ionization occurs in the -_ 200

outer (ELM)region and all external fueling "_<-<=7s L "xx_z__:_>a_'__ la0

(e.g., from neutral beams) occurs in the _0__0<50- -'--c__50-,-_100central region. The scrape-off layer is _,,
modeled with 1-D parallel and perpendicular o->
transport, assuming particle influx from the ,,,rr 2.5 -I--

plasma core and ionization of recycling o_ (a)
neutrals from the wall and divertors. A o , _ i i z

two-point divertor channel model integrates _ 0x _'_=
the 1-D parallel transport equations between 250 A

the throat and the divertor plates It is _ 10 200
similar to previous "simple" models, but new _g ta,,_ "'v-v.._

physical Processes are c°nsidered: hydr°gen Wez-20 ___charge exchange, impurity thermal charge
exchange, and flux-limited parallel transport, o 150
The differing recycling properties of the wall -3o -

z DIII-D

regions and the divertor plates enter in the w ADP£3
100

neutral particle balance, which couples the "'rr -40 -

nine separate regions of the open divertor o (b)0 I

pumping geometry. No explicit water- 0 10 20 30 40 50 60
shed symmetry condition is imposed for PUMPINGSPEED(10 3 L/S)

the scrape-off layer solutions, and particle Fig. 1.30. Effect of pumping calculated with pre-
balances for the various regions are coupled. VORTEX.(a) Variationof the outer divertor amplifi-

A more detailed description of the model is cation factor,showing A ,--,9-12 forT-,c,orc "-" 150-250
given in ref. 22. A. Co) Change in core density with pumping.

Given locat plasma and scrape-off layer
diffusivities, wall recycling properties, and
magnetic geometry data, the model predicts
both divertor properties and the volume- has been examined. Figure 1.30 shows the
average density and global particle confine- outer divertor amplification factor A, which
ment time. The model has been compared is the ratio of divertor particle flux to throat
as a stand-alone code with typical data from particle flux. Without fueling, A decreases
the DIII-D experiment and applied to the from 12 to 5; with 200-250 A of central
proposed ADR fueling, A remains around 10. The core

For the nominal parameters of DIII-D plasma density drop is large (,--,50%) without
and the pump geometry described in core fueling, as shown in Fig. 1.30(b).
Sect. 1.2.4.1, the effect of pumping on the The pre-VORTEX model predicts particle
particle balance in a discharge with 5 MW of confinement times of 150 to 350 ms, with a_
injected power at various fueling ratios Z_,_ assumed ELM diffusivity of 104 cm2.s -1
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1.2.4.3 Diagnostics a relation between the fast particle flux and
the corresponding pressure buildup inside the

C. C. Klepper, M. M. Menon, C. L. Hahs, housing.

J. E. Simpkins, and P. K. Mioduszewski Visible spectroscopy

Optical measurements of recycling at the
ORNL is responsible for the diagnostics divertor strikepoints are made with external

of the ADP in two areas: fast pressure optics and direct, vertical views through
measurements inside the closed divertor re- viewports located on the top part of the
gion and visible spectroscopy of the divertor machine. When the divertor baffle is
strike region under the biased plate, added, the outer divertor strikepoint will be

inaccessible from external ports. For this
Fast pressure gages reason, special vacuum-compatible, high-

The fast gages developed by Gunther temperature optical fibers 23 will be used
Haas of the ASDEX group will be used inside the DIII-D vacuum vessel. The fibers
for fast pressure measurements. Such gages will not be in contact with the plasmas;
are already employed in DIII-D, where they will only be inside the closed divertor
they work more reliably when enclosed in pumping chamber. At least one fiber may
housing.," that prevent energetic neutrals or be embedded into a tile at the strikepoint to
ions f,'om arriving directly (or after a single provide a view perpendicular to the tile. This
bounce) at the gage. These housings provide has the advantage of allowing the fiber to
a slot where the particles may enter and a "see" the peak of the distribution of energetic
set of baffles to ensure that the particles are particles reflected off the tile. These
thermalized before reaching the gage. In reflected particles are expected to follow a
designing such housings, care must be taken cosine law in their angular distribution with
not to substantially reduce the response time respect to the tile.
of the system by limiting the conductance. On the outside, fiber cables (1-mm
A typical response time of the electronics fiber) that are fully protected with 3.5-mm
is 5 ms. Therefore, the maximum response polyethylene tubing will be attached to the
time of the housings should not exceed 5 ms. vacuum fibers by means of standard SMA

Two gages will be used; the second will connectors. The connectors of the vacuum
be employed to detect the effects of the fibers will be rigidly attached to a plate to
energetic particles. In the design of the prevent breakage of the vacuum fibers. The
pumps for the closed divertor, the modeling light will then be transmitted by the external
included energetic particle fluxes based on cables to a spectrometer/OMA, which will
assumed reflection fractions and energies at be in a room outside the biological shield.
the strike point. These measurements will The design of the telescope/fiber holder,
provide an experimental basis for checking shown in Fig. 1.31, includes fused silica
these assumptions, lenses to control the viewing volume. Two

The gages will be installed in the closed such telescopes will be employed inside
divertor region, near the future location of the vacuum vessel. One or both of these
the cryogenic pump, by means of a re- holders (telescopes) might be turned to view
entrant tube. For the energetic neutrals gage, tangentially at another toroidal location of
DEGAS modeling will be used to determine the strikepoint.
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Fig. 1.31. Plan view of the fiber-optics system for the closed divertor of DIII-D.

1.2.4.4 Divertor pumping (1) the pumping speed is not constant but
decreases from >10 L.s-].cm -2 at fluxes

M. M. Menon, E K. Mioduszewski, and corresponding to less than a monolayer
L. W. Owen to 0.5 L.s-l.cm -2 as the cumulative gas

loading reaches about 0.015 torr.L.cm -2, (2)
As noted in Sect. 1.2.4.1, a pumping the pumping surface is poisoned by gases

speed of about 50,000 L/s is required in such as O2 and CO2, and (3) rejuvenation
DIII-D to exhaust the particles introduced of the surface by baking at 380°C for

by neutral beams. If pumps external to the 4 h and depositing a thin (0.1-/_m) layer
tokamak are used, the pumping speed will of titanium, as prescribed by Sledziewski
be limited to <15,000 L/s by the toroidal and Druaux, did not help to regain the
conductance of the baffle chamber and the pumping capacity. These results, illustrated
number and size of the available ports. Thus, in Fig. 1.32, in conjunction with limited
in-vessel pumping is necessary to achieve access to the pumps after they are installed,
the required speed. Two different pumping suggested that titanium getter pumps are not
schemes have been investigated: titanium appropriate for this application.
getter pumps and cryopumps. Cryocondensation pumping is well

The titanium getter pump investigated for known and has found wide applications.
this application, which is based on the work However, adoption of this technique inside
of Sledziewski and Druaux, z4 !s made up the tokamak is complicated by (1) radi-
of an array of annular disks on which a ation from t igh-temperature surfaces, (2)
thick layer (_1 ttm) of titanium is deposited electromagnetic effects that can contribute
by an axial filament. Our experiments significant heat loads, (3) plasma disruption
with thick titanium films z5 showed that forces, (4) energetic particle flux from the
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Fig. 1.32. Pumping speed of titanium films as a function of hydrogen loading.

diverted plasma, (5) restrictions on allowable in DIII-D. Current practice is to raise the
materials imposed by the tokamak, (6)com- chamber pressure to about 60 mtorr of
patibility with glow discharge conditioning helium for a few seconds before the glow
of the tokamak, and (7) severe access strikes. To handle the high heat load
restrictions, during this regime, it may be necessary

The cryocondensation pump that is being to allow the pump to regenerate, thereby
developed for DIII-D is shown in Fig. 1.29. utilizing the latent heat of vaporization of
lt consists of a helium-cooled tube that forms liquid helium. Electron-assisted glow, where
the cryocondensation surface, surrounded the maximum helium pressure seen by the
by a nitrogen-cooled radiation shield. A pump is anticipated to be in the range of
room-temperature shield around the liquid- 1-2 mtorr, is being investigated in DIII-
nitrogen-cooled surface faces the particle D. 27 If this works, regeneration of the
entrance region to prevent desorption of cryopump between tokamak shots may not
condensible impurities such as water vapor be necessary.
due to the impact of energetic particle flux.
To prevent induction of currents in the loop,
the pump will be electrically insulated from 1.3 ATF-II STUDIES
the tokamak and provided with insulating
breaks outside the vacuum vessel. Estimates J.F. Lyon and S. L. Painter
of ali major sources of heat loading have
been made in a coaxial geometry, 26 and the Studies of ATF-II 28 during this report
design is found to be dictated by the need period focused on extrapolation of the
to accommodate the helium glow discharge ATF-II compact torsatron approach z9 to a
conditioning performed before each shot reactor. The relatively open coil geometry
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of the M = 6 configuration should allow ation assuming a coronal model with fixed
good access for tritium breeding blanket fractions of carbon and iron, synchrotron
modules and for remote maintenance, but the radiation with 90% wall reflectivity), and
accompanying field tipple coupled with low- diffusive losses [Shaing's neoclassical rip-
aspect-ratio toroidal effects could lead to an pie model with electric field including
unacceptable level of energetic alpha particle the off-diagonal terms (K77_,KT_), Chang-
losses and of ripple-induced heat conduction. Hinton a,.Asymmetric neoclassical losses, and
Revisiting the reactor extrapolation in light anomalous electron losses based on the
of our improved understanding and better Alcator model].
computational techniques should help to
clarify the issues that ATF-II would have to
address. 1.3.2 Effect of the Electric Field

The electric field should p!ay a dominant
1.3.1 Transport Code Development role in reactor-grade stellarator plasmas. Its

effect on transport enters through the electric
Our previous study of compact torsatron field dependence of the heat diffusivities

reactors 3° used the POPCON (Plasma OPer- X and through the V_ term in the heat
ating CONtours) feature of the WHIST 1-D balance equations. Because the coefficient
transport code, 31 modified for stellarators, of the xT_ term has opposite sign for ions
to define the reactor operating conditions, and electrons, this term reduces the heat
This code did not include alpha particle flux for one species and increases it for the
energy losses and, because the POPCON other. These effects lead to two qualitatively
plots were generated by varying the input different modes of operation, depending on
power P to linearly ;amp the temperature whether the electric field is positive (the
at fixed density, ti_e WHIST calculations electron-root condition, which retards the
did not treat the thermally unstable region electron heat flux) or negative (the ion-root
(OP/OT < 0) properly. A new, fast 1-D condition, which retards the ion heat flux).
transport code, COLTRANE, was written to This is illustrated in Fig. 1.33 for an M = 6
address these issues. It solves the steady- compact torsatron reactor with major radius
state radial 1-D power balance equations for Ro = 10 m, average plasma radius ft,= 2 m,
electrons and ions in integral form using the and on-axis field ]3o = 7 T. Both cases have
spectral collocation method. It assumes fixed broad density profiles and parabolic potential
forms for the density and potential profiles profiles parameterized by _0 = e_(0)/kTi(0).
and varies these forms to test the sensitivity The two POPCON plots show contours of
to the forms assumed. This approach is used constant auxiliary heating power required for
because there are large uncertainties in the operation at a given value of volume-average
calculation of these profiles, and there are dens;ty (Tz)and density-average temperature
techniques that may be used to control them. (T) = W/2(r_), where W is the total plasma

COLTRANE incorporates ali relevant thermal energy.
physical processes: external heating sources, For the electron-root case [Fig. 1.33(a)
alpha particle heating (with or without direct- with (0 = +3], ignition (P = 0 contour)
orbit and scattered energy losses), electron- occurs at high temperature (low collisionality
ion Coulomb collisions, radiative losses t.,*), where the electrons are just entering
(hydrogenic bremsstrahlung, impurity radi- the ,y o< 1./* regime and the ions are deep
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ripple amplitude eh, anomalous electron heat

_wJ/ conductivity _;e = n_Xc, and profile shapes

_- 3.2 for density, potential, and auxiliary power
1oo MW

, deposition. The reference reactor parameters

'E2.4 ; __1_00 _ _-.__ were Ro = 10 m, _ = 2 m (so the toroidal

_ /I!_ ripple amplitude et = g/Ro = O.2), Bo = 7 T,
'" _ - _ eh = 0.2, and _0 = +3. The parameter ranges>_1.6 _ i

I1'1 vC ....... -_ _ examined were a--" 1-3 m, _t -- 0.1---0.3,

3 B0 = 3-10 T, eh = 0.05-0.4, and _0 = -4
o 08 / to -2 and +1.5 to +4.
> _ ("_........ The greatest impact is from the value

0 of _0 assumed. For electron-root operation0 4 8 12 16 20

DENSITY-AVERAGEDTEMPERATURE, (Z)(keV) (_0 > 0), relatively modest power levels

Fig. 1.33. POPCONplots for (a) electron-root are required for ignition (typically P <
operation ((0 = +3) and (b) ion-root operation ((o = 20 MW with (0 > 1.5). These (0 values
-3) for an M = 6 compact torsatron reactor with are consistent with those expected from

Ro = l0 na, _ = 2 m, and B0 = 7 T. The auxiliary balancing the ion and electron neoclassical

heating power contours are equally spaced in 20-MW particle fluxes. Including alpha particle

intervals from 0 to 100 MW and in IO0-MW intervals energy losses and varying the device pa-from 100 MW.
rameters and assumedprofile shapeschanges
the temperature at which the plasma ignites

in the _ _x u* regime, so electron heat but has relatively little effect on the power
conduction is the dominant transport loss. required for ignition.
The lowest auxiliary heating path to ignition Ion-root operation (_0 < 0) is much more
is at low density. For the ion-root case sensitive to these assumptions, particularly
[Fig. 1.33(b) with _0 = -3], ignition occurs with regard to the value of _0; for example,
at moderate temperature and high density, _0 = -4 requires P = 9 MW, _0 = -3
where the electrons are in the X o( l/u* requires P = 28 MW, and _0 = -2
regime and the ions are in the X o( u* requires P = 545 MW. Values of _0 <_
regime. The lowest auxiliary heating path -3 are more negative than those obtained
to ignition is through the saddle point that from neoclassical particle losses; additional
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ion losses would need to be induced or a are close to that seen in the experiment and

large negative electric field would have to to that estim,_ted from the LHD scaling.
be imposed to sustain these values of (0,
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2. ATOMIC PHYSICS AND PLASMA
DIAGNOSTICS DEVELOPMENT

SUMMARY OF ACTIVITIES

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

The atomic collisions research program focuses on inelastic processes that are critical
for determining the energy balance and impurity transport in high-temperature plasmas
and for plasma diagnostic measurements. The objective is to obtain a better fundamental
understanding of collision processes involving highly ionized impurity atoms at kinetic
energies that are 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 benchmarks 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 for electron-impact ionization of highly ionized

D+ions in initial charge states as high as +16. Electron-impact dissociation of C 4 has also
been studied using the crossed-beams approach. Merged beams have been used to study
charge-exchange collisions of multiply charged plasma impurity ions (e.g., 03+ and 04+ )
with hydregen (deuterium) atoms at the lower kinetic energies relevant to the edge plasma.
A new collaborative electron-ion merged-beams experiment to measure cross sections for
electron-impact excitation of multiply charged ions by energy-loss spectroscopy is in the
final testing phase and will be a major part of the experimental effort for the next several
years. Ejected-electron spectroscopy has also been applied as a diagnostic too! to the study
of electron capture and to the interaction of multiply charged ions with a solid surface. 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 planned merged-beams
experiments. These calculations require the development and implementation of sophisticated
computer codes and depend heavily on the advanced computing capabilities of the National
Magnetic Fusion Energy Computer Center.

The Controlled Fusion Atomic Data Center (CFADC) is operated by the atomic physics
group, with the assistance of a network of expert consultants under contract. The CFADC
searches the current literature and maintains a_l up-to-date bibliography of fusion-related
atomic and molecular processes, which is available for on-line searching. This facilitates
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the primary mission of the CFADC: the compilation, evaluation, and recommendation of
relevant atomic collision data to the fusion research community. The major effort during the

period continued to be directed to the revised and expanded "Redbook" series Atomic Data
for Fusion. The CFADC actively participates in the International Atomic and Molecular Data
Center Network, sponsored by the International 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 a universal system for the computer storage,
retrieval, and exchange of recommended atomic data.

The plasma diagnostics program concentrates on the development of advanced
diagnostics 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 by fusion of deuterium and tritium. A prototype
diagnostic system based on small-angle Thomson scattering of a pulsed CO2 laser beam
has been developed and installed on the Advanced Toroidal Facility (ATF) for initiation of
proof-of-principle tests. These will consist of measurements of a scattered signal at an angle
of <1 ° from the electrons in a nonburning plasma. A novel multichannel interferometer
operating at a wavelength of either 214 or 119 t_m has also been developed and installed on
ATF. A relatively large number of channels is realized by use of a single reflective cylindrical
beam expander, a technique that significantly reduces the number of optical elements needed
by a conventional system. The interferometer has been installed on ATF and operated
on seven channels to provide a measurement of the plasma electron density profile. To
address the issue of optical beam refraction in higher-density plasmas, a two-color infrared
interferometer/polarimeter system, which will operate at wavelengths of 10.6 and 28 t_m,
has been proposed for the Compact Ignition Tokamak. A prototype 28-/tm water vapor laser
and electro-optic polarization modulator have been constructed and tested in the laboratory.
Another laser application is the operation of a facility to quantify radiation damage to optical
mirrors and materials. Calorimetry experiments were also initiated to investigate the claims of
anomalous heat production in electrolysis cells containing deuterated solutions and palladium
cathodes. No evidence was found for the production of neutrons or gamma rays from any
of the cells, but evidence for production of excess heat in one cell was found. Improved
follow-up experiments are planned to further investigate the effect.
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2.1 EXPERIMENTAL ATOMIC 8o

COLLISIONS ""- o'" +.(D)--o2"+H'(D')

2.1.1 Electron Capture in 0 3.++ H (D) ._ so _-\ -... . . P,,,.o,R,,o,,,7 i "-..
and O4+ + H (D) Collisions Using o _\ --;-. i

v L \ 7_ -r',,,
Merged Beams _ X. __:Tt?'__i-_f _ :

C. C. Havener, M. P. Nesnidal, and _ 20_ ___'__'__

R. A. Phaneuf _' i _ i i_iI t i
Experimental investigations of electron o ....... ,1 ........ 1 ........ L ........ , ....... J0.1 1 10 100 1000 10000

capture resulting from low-energy collisions R,,o,;v,Eo,rgyi,v/om,,)
of multiply charged ions with neutral hy- Fig. 2.1. Comparison of merged-beams data lhr
drogen (deuterium) have continued. Mea- o3* + H (D) with other measurements (Ref. 3) and
surements for O3+ and O4+ + H (D) in theoretical calculations (Refs. 4 and 5). The solid

curve is from Ref. 4; the dashed curve, frorn Ref.
the energy range from 1 to 1000 eV/ainu 5.
were performed at the ORNL Electron
Cyclotron Resonance (ECR) Multicharged
Ion Research Facility using the ion-atom 0 " N L l D W _ 8 8 -- ] _ 9 ' 2

merged-beams apparatus. We are able o'". HCt_)-"0i' , .'(D') !
_ EXPERIMENT THEORY -_

to obtain such low collision energies by 6o \ • Prl$1ntRe'*ult$ Gorgaud.to,,(1989) I

merging a relatively fast (_ q x 10 keV) _ ! --3s--_, -,o,,L i
multicharged ion beam with a ground-state ?o !
neutral hydrogen beam traveling at nearly c 4o a
the same velocity. The primary objective is _ !

to I

to obtain a better quantitative understanding _ 20 -_
of such collisions at energies where the o I
internuclear motion is slow, compared with i
the orbital motion of the active bound o ....... '-'-":'_" ........' ........' ........o,1 i 1o 1oo 1ooo 1oooo
electrons in the system. A quasi-molecular R,,o,_,_-,,,rgv(.v/omr)
description of the interacting system is Fig. 2.2. Comparison of merged-beams data lhr
appropriate for this study. Our experimental o 3"+ H (D) with theoretical calculations (Ref. 4) for
data for 0 5+ + H show an unexpected capture into the 3._and 31, states.

enhancement at low energies, which may
be due to the ion-induced dipole attraction

]
modifying the trajectories of the reactants.
No such enhancement, though, was found 03+ and O4+, the merged-beams data join
in subsequent measurements for N3'4'5+ + H smoothly with other measurements 3 at the
(ref. 2). higher energies based on ion-beam-gas-

To continue these studies, cross sections target methods and verify the normalization
have been measured for electron capture methods used for the latter. In the 03+ +
for the collision systems 03+ + H (D) and H case, the measurements lie significantly
O4+ + H (D). The data are presented with below theoretical calculations 4'5 at ener-
other experimental and theoretical results gies below 100 eV/ainu where significant
in Figs. 2.1-2.3. For collisions with both contribution from capture to the 3p state
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o_,_-o_o_.-,_o_ coming increasingly unlikely. 7 However, the
' • t_tttt T _ x rtttr H _ _ _1TTTT1 T _ T?Tr]T_ T r rT]tTT]

I difficulties involved in performing precise
O" + H(D) .O _" + H'(O') i

_. 6o_ _xPe,,_,e., _ absolute cross-section measurements have
T.Eo,_ _ p".... ,,,o, _82) limited the number of experimental studies• Present Results

, --oo,go_,,o,(88_ on molecular ions We have measured
aO _. -- - Gargaud et 01. (88) w/o _,

,o,o,,o°o,coo_,,o_f._:/--._ absolute cross sections for ionization and__

t__,____, "/-r_z"_ dissociation of CD_ at collision energies

20 ;"P-__L from 4 to 300 eV using the ORNL ECR
ion source and crossed electron-ion beams

o ....,_-,_--_-_-_-,_-._-_-_-_ apparatus.S
o._ _ _0 _0o _0oo _0000 CH_ and CD_ are of particular interest

r_ot_ e_rg_(.v/o_,) to edge plasma modelers because of the in-
Fig. 2.3. Comparison of merged-beams data for evitable presence of these molecular ions in

0 4+ + H (D) with other measurcments (Ref. 3) and devices using carbon limiters and hydrogen
available thex)ry (Ref. 6). (or deuterium) as fuel. An unusual feature

of the deuterated form of the ion is that

it can be vibrationally excited to a long-
is predicted. The measured cross section lived (metastable) state that is above the
is, in fact, consistent with the calculation dissociation limit, forming what is usually
for capture to the 3s state down to 10 called a "predissociating" ion. We expect
eV/amu and suggests that this calculation the signature of a predissociating component
may overestimate the 3p contribution by in the ion beam in this experiment to be
roughly a factor of two. For collisions the measurement of a nonzero cross section
with O4+, the measurements agree with the at energies far below the 10-eV threshold
general trend predicted by the available for dissociation of the "ground-state" CD_
theory 6 but suggest that rotational coupling ions. Indeed, the measured cross sections for
between states may not be as important as each dissociation channel studied are finite
previously thought, at the lowest collision energies obtainable,

decrease rapidly with increasing collision

2.1.2 Dissociation and Ionization of energy, and are still nonzero just below
10 eV. The fact that the magnitudes of these

CD_ by Electron Impact "below-threshold" cross sections are strongly

D. C. Gregory, D. W. Mueller, and dependent on ion source conditions indicates
H. Tawara that a predissociating component is present

in the incident CD_ ion beam.
The presence of certain molecular ions The cross section for direct ionization of

near the edges of high-temperature plasma "ground" CD_ (forming CD4z+) is negligible
devices has stimulated interest in these ions compared with the competing dissociation
in the fusion community, adding to the channels. As predicted, the resultingCD] . is
attention received from researchers in plasma unstable, with a lifetime considerably shorter
processing and flame chemistry. The con- than the time scale of this experiment.
ventional assumption has been that dissocia- However, the "predissociating" incident ions
tion of molecular ions should be dominated apparently do ionize, since a finite cross
by removal of a single light particle, with section for production of CD4z+ was observed
more extreme degrees of dissociation be- at energies below 10 eV.
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The cross sections for dissociation of 2.1.3 Studies of Angular Dependence
"ground" CD_ into C., CD +, and CD_ were and Line Shapes for Auger
obtained by subtracting the apparent cross Electron Emission in Low-Energy
section due to the metastable component in Heq+ + He Collisions
the ion beam from the total cross section

for production of the desired fragment ion. E W. Meyer, J. K. Swenson, and
The resulting cross section for dissociation C.C. Havener
of "ground" CD_ to C. is shown in Fig. 2.4.
The peak cross sections for the three dissoci- In a follow-up experiment to our
ation channels measured in this experiment measurements 9 of Coulomb focusing in low-
are ali within a factor of 2 (with average energy He . + He collisions, we studied the
value 4.5 x 10-]7 cm 2) and are only about a energy and angular dependence as well as the
factor of 10 smaller than the predicted cross line shapes associated with Auger electron
section for dissociation to CD_ by removal emission resulting from low-energy Heq. +
of a single deuterium atom. He collisions. The aim of this study was

twofold. The first goal was to investigate
the target/projectile electron emission asym-

ORNL-DWG89-17926 metry resulting from Coulomb focusing as a35 _ Tl_T...... r.......r -Tr _-r-rrr- r T T-
function of projectile charge. Results of this

,-. 30 _l:_iitl -_ _i investigation are illustrated in Fig. 2.5, which"_ 25 _ _ _ :*- -- shows electron spectra produced in 10-keV_- _-_ collisions of He°, He ., and He2+ projectiles' 20 - [O

,,. with helium target atoms. As expected, with
c 15 -
o neutral projectiles (produced by resonant
® lo- electron capture in an upstream helium

= 5 -_t_ CD4. C . gas cell) the Auger electron line shapes

o _ e + • are no longer broadened by postcollision
U 0

i_4 interaction (PCI) and, within the uncertainty_ j J ..... J.....J J _ _Jlit J _ ' of the measurement, are equal for target- and
5 10 10e projectile-based electron emission (i.e., no

Electron Energy (eV) asymmetry). On the other hand, for He2+
Fig. 2.4. Cross section for dissociation of projectiles, significantly increased PCI line

"ground" CD,_to form C*. broadening is observed, as well as increased
target/projectile intensity asymmetry relative
to that characterizing the electron spectrum

The "predissociating" state that has been observed for He. projectiles.
observed in spectroscopic studies of CD_ The second goal of this study was to
has not been seen for CHI. Follow-up search for experimental evidence of interfer-
measurements will be made to confirm that ence effects that may arise from the exis-
the cross section measured below 10 eV is tence of two equivalent and indistinguishable
real and due to the small predissociating trajectories around the "focusing" ion that
component of the incident CD_ ion beam. an Auger electron may take. To increase
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Fig. 2.5. Autoionization electron spectra for 10- 30" _
keV collisions of He, He*,and He2. projectileswith

Hetarget gas. _ 800 --_

0 400

the rate of data acquisition for nonzero o ........ _ .....1 i 1 _ 1 _ I _ 1 _ 1 ] 1 _ 1
observation angles, a new target gas cell was
used for these measurements instead of a gas 26 30 34 38 42 46 50 54

LAB ELECTRON ENERGY (eV)
jet. The new cell had, in addition to the
entrance and exit apertures for the ion beam, Fig. 2.6. Electron spectra resulting from 5-
separate openings to permit analysis of kev He . + He collisions, observed at four differentlaboratory angles.
Auger electrons emitted at selected nonzero
laboratory angles. Figure 2.6 shows typical
electron spectra obtained for 5-keV He+ +
He collisions at four different laboratory preliminary analysis, ]° the dominant mecha-
observation angles. Pronounced interference nism giving rise to the observed interference
structure is observed, particularly in the line structure appears to be interference between
shape associated with the Auger decay of the contributions from different doubly excited
target-based 2_2 ]S level. On the basis of a states that overlap in energy because of PCI,
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as described, for example, by Morgenstern adjusting the relative amplitudes and phases
et al. ]_ This statement is based on the of the first two states with respect to the third
fact that, when Morgenstern's treatment is (i.e., four free parameters). While this model
used, satisfactory fits are obtained to the predicts that the obtained fitting parameters
line shapes observed for electron emission should equally well describe the line shapes
away from the charged collision partner observed for the case of electron emission
(e.g., at laboratory angles of 0 ° in the toward the charged collision partner, it was
case of projectile-based transitions or of found that fitting parameters significantly
180 ° for target transitions), as illustrated in different in amplitude as well as phase were
Fig. 2.7(a). The fits shown in that figure required to obtain reasonable fits for this
were obtained by assuming interference case [see Figs. 2.7(b) and 2.7(c)]. Similar
between the mz = 0 sublevels of the conclusions were derived from analysis of
2s21 S, 2p2 _D, and 2s2p IP initial, states and electron spectra obtained at 10-keV collision

energies. The fitting parameter adjustment
required for the case of electron emission in
the direction of the charged collision part-

''' _' _' _' _' ' ' ' ' 1 ner (i.e., under conditions where Coulomb

5 keV He+ + He 7

"_ 0_--,8o. ._] focusing is possible) may be evidence for
' _,_.0_ ,,c_.,, | a modification of the Auger electron phase

a,o-0, ,,o.-,3, .q evolution or, even more speculatively, for
alp- 1.0 01p" 0

2 an additional interference mechanism causedby the presence of the He + collision part-

-_' _. A_ k. ner. Alternatively, the parameter adjustments0 .... ;V"7-7"-] required may merely reflect the limitations
_2 , _ , 1 ,....i , , • _ , _ ' _ _ of the model on which the analysis is

(b) _l 5keV He*,He _
_ ,o - I| 0,_=0. based. Work is in progress to obtain a better

8 - III uSmNG0=--,8o" _ understanding of the assumptions underlying

)16 - _ the model used and the ways in which these
, assumptions might restrict the model's range

of validity.

0 ................
I , I l I t I i I l I _ I _ I i

_2 , ,, _, , : _ , _, ,, 1 _ 2.1.4 Auger Spectroscopy of
(c) hl 5 keV Ha' , He

,o - I_ o_=o - Low-Energy Multicharged
8 -- [I_ IMPROVED FIT:

_" li a,s'°7 *,s"_3_ Ion-Atom Collisions

_', 1[ a,p-,0 ,,_-0 F.W. Meyer, C.C. Havener, K. Okuno,
J. K. Swenson, K. Sommer, and

2 _/.,/_ N. Stolterfoht- ...........
o , I _ I I I _ I , I _ i J I i _

2_ _o _ 34 36 3_ ,o ,2 ,, During the past year, we have continuedEMI'I-I'ER FRAME ELECTRON ENERGY (aM)

the analysis of the Auger electron emission
Fig. 2.7. Linc shapc tiL'; to spectra for electron

cmisssion (a) away from and (b), (c) toward thc resulting from double-electron capture Col-
charged collision partncr in 5-keV Hc* + tic lisions of 60-keV C6+ ions colliding with a
collisions, helium target. Unlike our previously studied
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0 6+ + He system, in which the nonequivalent resolution as a function of helium target
2pnl configurations produced by correlation thickness. In the single collision limit, the
effects decay by very low energy (<20-eV) K-Auger yield is proportional to the product
Coster-Kronig transitions, which are difficult of the electron capture cross section times the
to measure, the nonequivalent configurations metastable fraction. At equilibrium target
produced in the C6+ + He system decay thicknesses, where each incident metastable
by KLX Auger transitions occurring around ion has a 100% probability of capturing an
300 eV, which are relatively straightforward electron and subsequently filling the initial
to measure. The other attractive feature of K-vacancy by Auger decay, the yield is
the present system is the fact that there are proportional to the metastable beam fraction.
no "hidden" (i.e., nonautoionizing) channels From the yields obtained in these two limits,
for two-electron capture. Consequently, a the total (i.e., single plus multiple) electron
more quantitative estimate can be made capture cross section for the helium-like
of the importance of correlation effects in metastable ion can be determined. Iiigh-
this system (e.g., by comparison of the resolution measurements of the K-Auger
production of nonequivalent vs equivalent electrons were also performed to permit
doubly excited configurations). To infer separation of single- and multiple-electron
cross sections for the production of the capture by identifying the corresponding
nonequivalent configurations from the KLX lithium-like, beryllium-like, etc., K-Auger
Auger electron intensities, it was found, transitions. Figure 2.8 shows the target
from calculations 12 of Auger and radiative
transition rates, that significant corrections
had to be made because of Auger yields ....................
that were significantly smaller than unity, r _ J _...x-,----_ ' "_

I / 50 keV NS.+ He

For example, the calculated average Auger __ //, _:__7O/o._ _ •yield for a KLX transition from the 217ff 6 12x10"Ocmo ._
i

L / •
configuration was found to be 0.11, in s . / fm=63o/°
sharp contrast to the unity yield found for _ /, ..,.rf. ,;'_=4Sx10'%m2

the corresponding Coster-Kronig transition _4)/" /J "in the 0 6* + He system. After this q
correction was made, very good agreement _3_/ ,Z/..I..t-_-°----_ '°60 keV O6++ He

was found between the 0 6+ and C6+ cross 2 o,=loxlo"rcm2 -
sections for the production of nonequivalent II/

configurations. _ _,/' -In addition to the electron spectroscopy " 1 I I I I I0

studies of double-electron capture by ground o _ 2 3 4 s 6 7
state projectiles, we have performed Auger TARGET THICKNESS(10'Scm2)

spectroscopy measurements of single- Fig. 2.8. Target thickness dependence of the
and double-electron capture by helium-like normalized yields of K-Auger electrons associated

metastable ions in a helium gas target. The with electron capture by metastableHe-likeions of
goal of the study was to obtain normalized c, N, and O.The metastablefractions./',,,and capture

cross sections crKshown in the figure were determinedelectron capture cross sections, as well as to
determine the metastable fractions of helium- using the asymptotic thick target K-Auger yields and

the initial yield slope in the low uirget thickness limit
like C, N, and O beams extracted from the as described in the text. The solid curves are the

ECR source. The method used involved calculated yields _ = f,,,{l - expl--crK(,'r)]} and do

the measurement of K-Auger yields in low not represent least-squares Ills to the daub.
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thickness dependence of the normalized K- shell vacancies in the target, which give
Auger yield for the collision systems studied, rise to Auger emission characteristic of the
The target thickness was calibrated using a metal. The important time scales of the
capacitance manometer, while the electron neutralization of the projectile ion (the rate
spectrometer efficiency was determined by at which electrons fill the higher levels and
normalizing to the known 13 Auger electron the rate of decay of the inner-shell vacancy)
emission cross section for 10-keV He+ + He are only qualitatively understood. 15
collisions. The metastable fractions deter- In order to quantitatively determine neu-
mined from these measurements are consis- tralization times above the surface, we

tent with independent measurements of this monitor the target Auger emission resulting
quantity using ion-surface collisions. 14 For from collisions of the projectile with the
ali three ion species investigated, the total target atoms. The variation of the nitrogen
electron capture cross sections determined projectile KLL peak and the gold target
for the metastable ions were in reasonable NVV (69-eV) and NNV (220-eV) peaks

agreement with the total ground-state elec- were measured for N 6. incident on gold at
tron capture cross sections obtained from various angles of incidence (see Fig. 2.9).
the literature. Further work is planned to If neutralization is assumed to begin at a
resolve single- vs multiple-electron capture critical distance 16above the surface at which
processes by analysis of the high-resolution the Coulomb barrier between the projectile
K-Auger spectra, and the metal falls below the Fermi level

(equal to about 16 atomic units for N 6+ ions),
. each angle of incidence, O, corresponds to

a different above-surface neutralization time

2.1.5 Electron Spectroscopy of _. Since the observed nitrogen KLL peak
Multicharged Ion-Surface position is relatively insensitive to incident
Interactions angle, it is inferred that filling of the upper

L levels is accomplished quickly compared
F. W. Meyer, C. C. Havener, D. M. Zehner, to the relevant KLL Auger decay. The
and K. J. Reed disappearance of the 69-eV target line at

the lowest angles of incidence indicates that
: We have continued our collaborative the nitrogen K-vacancy does not survive the

effort to study the interaction of multi- neutralization process before interacting with
charged ions with surfaces. Our previous the surface. The areas under the 69-eV and
measurements of a variety of projectile ions 220-eV gold peaks are plotted in Fig. 2.10 as
incident on copper and gold single crystals a function of the above-surface neutralization
have shown electron Auger emission from time. The slopes of both curves are nearly
both the projectile and the target. The the same and lead to an estimate of the K-
projectile Auger electrons result from the vacancy lifetime T above the surface on the
decay of inner-shell vacancies either carried order of 1.5 × l0 -14 S.
into the collision or produced by vacancy lt is hoped that this technique can be ap-
transfer from empty outer projectile levels plied to a system where the various electron
via close collisions with target atoms. If configurations leading to Auger emission
the incident projectile vacancy survives the may be resolved in the electron emission
neutralization process above the surface, spectra. Comparison of the observed and
subsequent close collisions with the target calculated decay rates may then lead to a
atoms may lead to the creation of inner- better understanding of the neutralization
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process, especially the apparent rapid filling completed, and preliminary measurements of
of the upper levels, excitation of C+ were initiated. 17

The apparatus will be transported to
ORNL in early 1990, with subsequent

2.1.6 Merged-BeamsExperiment for initiation of collaborative measurements
Electron-Impact Excitation of electron-impact excitation of multiply
oJ Ions charged ions. In preparation, modifications

were made to the main beam line of the

E. W_ihlin, C. Timmer, L. Forand, ORNL ECR ion source, and the existing
D. Swenson, B. DePaola, R. A. Phaneuf, crossed-beams and merged-beams experi-
D. Belir, K. Rinn, J. S. Thompson, ments were relocated. Collaborative ex-
A. Mtiller, and G. Dunn periments using this experimental approach

will constitute a significant fraction of our
Apart from their fundamental importance, experimental effort in electron-ion collisions

cross sections for electron-impact excitation during the next several years.
of multiply charged plasma impurity ions
are critical to radiative power loss and

diagnostics of magnetic fusion plasmas. All 2.1.7 Electron-Impact IoniT_tion of Ta 8+
such excitation cross-section measurements

to date have been based on the crossed- D.C. Gregory
beams approach and on absolute intensity
measurements of the radiation emitted as the In the next generation of magnetic fu-
excited states decay. The number of such sion experiments, such as the proposed
measurements has been severely limited by International Thermonuclear Experimental
low intensities and efficiencies of photon Reactor (ITER), the power loading at the
detection. Resonances are predicted to play vacuum vessel walls and divertor plates will

a major role in the near-threshold region, but exceed the capabilities of low-Z materials
the experiments performed to date have had such as carbon, which is widely used in
insufficient energy resolution to adequately current devices. Refractory metals such as
test theoretical calculations, tungsten and tantalum are being considered.

A novel experimental approach to this Such high-Z elements will be only partially
problem has been under development for a ionized in the hot plasma, and radiation from
number of years at the Joint Institute for these ions will cool the edge region, insu-
Labor_,tory Astrophysics (JILA) in Boulder, lating the vacuum vessel from the hot core
Colo. This approach involves merging fast plasma. Line radiation from specific charge
beams of electrons and multiply charged ions states will provide a useful diagnostic of
in a uniform axial magnetic field and using the plasma. Accurate modeling will require
electron energy loss spectroscopy to detect knowledge of cross sections for electron-
electron-impact excitation events. This impact ionization and recombination of these
experiment has been developed specifically high-Z elements.
for use in conjunction with the ORNL ECR Preliminary measurements of electron-
multicharged ion source. During a six-month impact ionization cross sections for Ta 8+ as
assignment of R. A. Phaneuf to JILA during a function of collision energy have been
FY 1989, the proof of principle of the tech- made. The experiment used the ORNL ECR
nique was established, systematic tests were ion source and electron-ion crossed-beams
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apparatus. This was the first use of heavy M.S. Pindzola, D. C. Griffin, and
refractory metal ion beams from this source C. Bottcher
in an experiment. The measurements in
this preliminary study show that the cross Electron-impact excitation cross sections
section is approximately 50% larger than for outer-subshell transitions in Ca+, Sc2+,

Ti3+ Cr s+, and Fe7+ are calculated in thethat predicted by the simple Lotz formula
for collision energies over the energy range close-coupling and distorted-wave approxi-
from 150 to 900 eV. There are no indications mations. Coupling effects, beyond the first-

of a high-lying metastable component in the order perturbation included in the distorted-
incident ion beam or of sharp features in the wave approximation, are found to decrease
cross-section energy dependence. Possible rapidly as one moves to higher Z along the
future experiments include a remeasurement potassium isoelectronic sequence. Only for
of this cross section in greater detail as well Fe7+, however, are the close-coupling and
as ionization measurements for additional distorted-wave results in agreement to 10%

charge states, or better for ali the excitations studied.

2.2.3 Abstract of "Indirect Processes in
2.2 ATOMIC COLLISION THEORY

the Electron Impact Ionization of
Atomic Ions "a°

2.2.1 Abstract of "Strong-Field Laser

Ionization of Alkali Atoms Using M.S. Pindzola, D. C. Griffin, and
2-D and 3-D Time-Dependent C. Bottcher
Hartree-Fock Theory ''18

General theoretical methods for the calcu-

M. S. Pindzola, G. J. Bottrell, and lation of indirect processes in the electron-
C. Bottcher impact ionization of atomic ions are re-

viewed. Theory is compared with the
The time-dependent SchrOdinger equation results of recent crossed-beams experiments

is solved directly for an alkali atom sub- for several atomic ions.
ject to an arbitrarily strong electromagnetic
field. Two methods are compared. A
tridiagonal finite difference method is used 2.2.4 Abstract of "Correlation
to solve SchrSdinger's equation on a three- Enhancement of the

dimensional (3-D) Cartesian coordinate lat- Electron-Impact Ionization
tice. Multiphoton ionization cross sections Cross Section for Excited State
are extracted from the two-dimensional Ne-Like Ions ''21
(2-D) calculations for hydrogen and lithium

and then compared with previous perturba- M.S. Pindzola, D. C. Griffin, and
tion theory results. Single-photon ionization C. Bottcher
probabilities are compared from the 2-D and
3-D calculations for hydrogen. The electron-impact ionization cross sec-

tion is calculated in the distorted-wave

approximation for the neon-like ions Ar 8+,
2.2.2 Abstract of "Coupling Effects for Ti 12+,Fe 16+,Zn 2°+, and Se 24+. For ionization

Electron-Impact Excitation in the from the 2p6 ground state, the contributions
Potassium Isoelectronic from inner-shell excitation followed by auto-
Sequence ''19 ionization are negligible. However, when
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these ions are initially in the 2p53s excited lO-_ I I I I
configuration, contributions arising from the _ 0.5 _
inner-shell excitations 2p53s --_ 2p43sT_l 10-a _ P .... 2.5

........ 5.5
and 2p53s _ 2s2p53sTzl are large. The 10-3
overall branching ratio for autoionization of
the 2p43srtl and 2s2p53sT_l levels increases ,,, lO-4 - "- ___-°'''''''°''''°°-! "" q"_,

when the atomic structure calculations are _-o10-5 - "'"'........""-, -extended beyond the single-configuration ap- "-...

proximation to include configuration interac- 10-4 - "".................tion. The resulting correlation enhancement 10-7 ............. -

of the excited state ionization cross section (a)
is found to increase as a function of Z. 10-4 I I I I
For Se 24+ the correlation enhancement of the 1°-a

" total ionization cross section is found to be
42%. 10-3 -

t.u 10-4

Q..
"O

2.2.5 Time-Dependent Hartree-Fock 1°-5
".

Studies of Ion-Atom Collisions "'--...
10-6

-- %%.=......o... .... °.... ,.o=.

G. J. Bottrell and C. Bottcher (b)
10-7 I I I 1

We have completed studies on p + H 0 0.5 10 15 20 2.5E (hartrees)
and C6+ + Ne collisions using our 3-D
time-dependent Hartree-Fock (TDHF) codes. Fig. 2.11. Secondary electron energy distributions
Calculations have been made for p + H at in projectile (P) and target (T) frames for a p + ttcollision at _, = 1. The curves refer to three impact
two ion velocities, v = 1 and 2 atomic units, parameters: solid line, v = 0.5; dashed line, v = 2.5;
and for C6+ + Ne at one velocity, v = 6. dotted line, ,, = 55.
For each velocity and a range of impact
parameters, we have extracted excitation and

capture probabilities and secondary electron 2.3 CONTROLLED FUSION
spectra in the target and projectile frames. ATOMIC DATA CENTER
Typical energy distributions are shown in
Fig. 2.11. The p + H runs at v = 2 I. Alvarez, C. F. Barnett, C. Cisneros, H. B.
show evidence of "ridge" electrons, trailing Gilbody, D. C. Gregory, C. C. Havener,
behind the projectile at a relative velocity H.T. Hunter, R. K. Janev, M. I.

v_ = v/2. We expect that a definitive picture Kirkpatrick, E. W. McDaniel, F. W. Meyer,
will emerge when the angular distributions T. J. Morgan, R. A. Phaneuf, M. S.
are plotted. The amount of data arising Pindzola, and E. W. Thomas
from all possible excitations of the five active
orbitals of C6+ + Ne is rather large. Thus The Controlled Fusion Atomic Data Cen-
far, the results agree with intuition based on ter (CFADC) collects, reviews, evaluates,
the geometry of the orbitals and the extent and recommends numerical atomic collision
to which the electrons' velocities match the data that are relevant to controlled thermonu-

velocity of the projectile, clear fusion research. The CFADC operates
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with an equivalent of 1.5 full-time staff • the Research Information Center at the
members and a number of expzrt consultants Institute of Plasma Physics (IPP), Nagoya
under contract, ielembers of the Exveri- University, Japan; and
mental Atomic Physics for Fusion Group • the Atomic and Nuclear Data Center
also contribute a sinai 1 fraction of their time of the Japan Atomic Energy Research
to literature searches and categorization of Institute (JAERI), Tokai, Japan.

relevant publications.
The major activities of the CFADC are: Updates of our bibliography are sent peric_li-

• the maintenance of an on-line computer cally on computer diskettes to the IAEA and
database of fusion-related publications to both Japanese data centers. This forms the
on atomic collision processes and the basis for the semiannual IAEA International
periodic distribution of updates to other Bulletin on Atomic and Molecular Data far
data centers; Fusion.

• the preparation and publication of compi- During this reporting period, work has
lations of recommended atomic collision continued on preparation of the "Redbook"
data; series of recommended data, Atomic Data

• the deduction of scaling laws and parame- for Fusion. Volume 6 of this series,
entitled Spectroscopic Data for Titanium," terization of atomic collision data for ease

of application in fusion research; Chromium, and Nickel, by W. Wiese and
• the establishment of a computer database A. Musgrove of the National Institute of

of recommended atomic collision data Standards and Technology (NIST), was
and a data exchange format to facilitate published and distributed as ORNL-6551,
their application in fusion research; Vols. 1-3. Data compilation and evaluation

• the review of the existing atomic collision have been completed for another volume,
database with respect to current applica- entitled Collisions of H, H2, He and Li
tions L' fusio_ research, identification of Atoms and Ions with Atoms and Molecules.
data needs, and coordination of research Publication and distribution of this volume
to fill those ,,eeds; and (ORNL-6086) are planned for 1990. Ali

• the handling of individual requests for tabular and graphical data for this series
specific data or literature searches on are computer-generated in publication-readyformat. Maxwellian rate coefficients are
specific processes, calculated from the cross-section data, and

The CFADC pani,:il3ates in the Atomic Chebyshev polynomial fits are given for ali
a;ld NSolecular Dat_. Center Network estab- the recommended data.

: lished oy the Inter'national Atomic Energy The CFADC also participated in two
Agency (IAEA) in Vienna and has coopera- IAEA-sponsored workshops held in Vienna
tive a reements with a number of other data during the period: a specialists' meeting on
centers. These include review of the status of atomic and molecular

• the Atomic and Molecular Processes data for fusion edge plasma studies and
Information Center at JILA; the consultants' meeting of the Atomic and

• the Data Center for Atomic Spectral Molecular Data Center Network.
Lines and Transition Probabilities at the A major role of the CFADC is to assist
National Institute for Stanuards and Tech- with the implementation of a new atomic
nolo_v, Gaithersburg, Md.; data interface program, called ALADDIN, a

• the I-tkEA Atomic and Mc, ecular Data FORTRAN code designed to facilitate e,ffec-
Unit in Vienna; tive exchange of data and the establishment
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of a computer database for "users." It alpha particles must deposit this energy in
can accept a wide range of data formats, the plasma fuel. Because of this critical lm-
including tabular, parameterized, and fitted portance, the demonstration of alpha particle
data, and operates on a wide range of com- heating is the main physics goal of the next
purer systems, including personal computers generation of fusion reactors. 22 To study the
(PCs). Plans call for a diskette containing behavior of alpha particles in a plasma as
the data and the ALADDIN program to they lose energy and produce a distribution
be distributed with the next volume of the characteristic of this energy loss, we have
"Redbook" series, proposed a Thomson scattering diagnostic. 23

In collaboration with JAERI, work also With a scattering source at the CO2 laser
has continued on the scaling, parameteri- wavelength (10.6 #m), the background from
zation, and fitting of heavy-particle ioniza- electron scattering requires that small-angle
tion data using functional forms based on (_1°) detection be used to monitor the alpha
analytical physical models for the process, particle distribution.
Often the available data are limited to a As a measure of this diagnostic capability
narrow energy range, and such "physical" in detecting scattered signals at these small
fitting formulas permit extrapolation of the scattering angles, a proof-of-principle test is
data outside this range with some measure currently in progress on a nonburning plasma
of confidence. Such extrapolation of data is in the Advanced Toroidal Facility (ATF).
impossible with polynomial fits. The goal is to measure a scattered signal

The death of C. F. Barnett, the founder (in this case a low-level signal from plasma
of the CFADC, in June 1989 is a most electrons) at an angle of 0.86 °. The major
significant loss to the data center. "Barney" hardware components have been installed
served as director of the CFADC until at the ATF facility, and preliminary tests
his retirement from ORNL in 1985 and have been conducted using the extremely
subsequently a'- a consultant until the time sensitive heterodyne receivers. Tests of the
of his death. His keen insights and tireless full scattering system to demonstrate proof of
efforts will be sorely missed, principle are scheduled for the second half of

FY 1990.

2.4 ADVANCED PLASMA
DIAGNOSTICS DEVELOPMENT 2.4.2 Multichannel Far-Infrared

Interferometer and Scattering
2.4.1 Small-Angle CO2 Laser Thomson System for the Advanced

Scattering Diagnostic for D-T Toroidal Facility
Fusion Product Alpha Particles

C. H. Ma, D. P. Hutchinson, C. A. Bennett,
R. K. Richards, C. A. Bennett, D.P. Y.M. Fockedey, and K. L. Vander Sluis
Hutchinson, L. K. Fletcher, Y. M.
Fockedey, H. T. Hunter, and K.L. During the past year, a multichannel
Vander Sluis far-infrared (FIR) interferometer system has

been fully installed on ATF to measure
The deuterium-tritium (D-T) fusion reac- the line-integrated electron density along 15

tion produces alpha particles at 3.5 MeV. For vertical chords on the 4_ - 0 ° plane of the
a IU_tUtl t_a_tut Iu "-"_:'_*'_;" ;,_,-,;,;,.r, th,._,_ ATr-,' lab:rna The _:y_tern ix a mcwlification111 KI.I I ! I,g_l I 1 1 _ 11 ,t t.1 _,..,Pi 1, t.a t _... ,o _,, .... p ...................
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of the FIR interferometer system that was from the reference laser is mixed first in
used on the Impurity Study Experiment a reference detector with a portion of the
(ISX-B) tokamak. 24 However, instead of probing laser beam, which is split off before
using separate probing beams, a phase passing through the beam expansion optics.
image technique 25 is used to improve the The remainder of the reference beam is
spatial resolution of the measurement. A also expanded and is guided to the signal
schematic diagram of the interferometer detectors to mix with the probing beam. The
system is shown in Fig. 2.12. Briefly, detector signals are filtered, amplified, and
the system employs a pair of cw 214-pm fed into a digital phase detection circuit to
difluoromethane (CHzF2) lasers, optically extract the phase shift between the output of
pumped by separate CO/ lasers. The FIR the signal detector and the reference signal,
cavities are tuned so that they oscillate at which is proportional to the line-integrated
frequencies differing by Af of the order of electron density. The outputs of the phase
2 MHz. As shown in the figure, cylindrical detectors are displayed on oscilloscopes for
parabolic mirrors are used to create a slablike photographic recording and are digitized for
2- by 45-cm probing beam. The beam computer storage and processing.
is transmitted through almost the whole A plasma density measurement has been
cross section of the plasma. After passing made successfully along one chord of the
through the plasma, the probing beam is system. The multichannel system is being
dissected at the focal plane of the optics tested.
system by an array of 15 off-axis paraboloid A study has also been carried out to
reflectors, each of which illuminates a single determine the optimum design of an FIR
Schottky-diode detector. Part of the beam scattering system for measuring spatial and

ORNL-DWG 89-8732
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temporal electron density fluctuations in the 2.4.3 Feasibility Studies of a Two-Color
ATF plasma. The proposed system may be Interferometer/Polarimeter for the
operated at wavelengths from 447 /zm to Compact Ignition Tokamak
119 /zm. Lasers operated at these wave-
lengths have been designed, constructed, C.H. Ma, D. P. Hutchinson, C. A. Bennett,
and tested. Output power levels from and K. L. Vander Sluis
100 to 500 mW have been achieved. A

pair of crystal quartz windows, 38 mm by Feasibility studies of a two-color infrared
300 mm, located next to the multichannel interferometer/polarimeter system for mea-
FIR interferometer windows, will allow surements of electron density and plasma
scattering angles of +15 ° from the incident current profiles in the Compact Ignition
beam. A single FIR laser beam will be Tokamak (CIT)were continued. During the
split to provide both the scattering beam past year, the proposed 28-/_m system was
and the local oscillator beam in a three- to investigated both theoretically and experi-
five-channel detector array. The detector is mentally. A prototype water vapor laser
designed to observe scattering from a single was successfully designed, constructed, and
point at three to five different angles or from tested. The maximum output power of
several points at the same angle. _torage 30 mW was achieved at a wavelength of
of the scattered signals will be accomplished 27.972 /Lm. A photograph of the laser
by a PC-based CAMAC data acquisition is shown in Fig. 2.13. The laser is of
system, the waveguide type and is operated in the

ORNL PHOTO 603-89

Fig 2.13. Photograph of the c()ntinuous wave 2_-l_rn water ValX)r la_cr.
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TEM00 mode. The total length of the laser 8
tube is 2 m, and the inside diameter of
the tube is 0.9 cre. A cooling jacket is

provided outside the tube for ethylene glycol _" 6
cooling at 5°C. Two cathodes are located g
at the center of the tube, and the anodes rrLM

are at either end. The distance between the O

anodes and the cathodes is approximately a. 4rr
74 cm. The laser operates with the ends at ,,,(/3

ground potential and only the center section
at high voltage. This configuration makes 2
high-voltage shielding easier and removes
the electrical hazard from the regions where
the operator works. The semi-confocal
resonator is formed by a flat mirror and 200 400 600 800 1000
a concave mirror with radius of curvature PZTVOLTAGE(Volts)

of 3 m. The concave mirror is mounted Fig. 2.14. Output power of the water ValX_r
in a piezoelectric translator. The concave laser vs the piezoelectric voltage under the operating
mirror has a 0.75-mm-diam coupling hole at conditions: water vapor pressure of 1.5 torr, lte

the center. The position of the flat mirror pressure of 0.5 torr, H._ pressure of 0.5 torr, and

can be adjusted manually by a micrometer, discharge current of 25(1tnA.
The mirror mounts and the tube supports
are connected by Invar rods for temperature o.._._,,_8
stability. A KRS-5 window is used to
transmit both the 28-#m beam and the HeNe

laser beam for alignment. Water vapor in _ 6
the water reservoir and gas additive are
continuously pumped out through the Pyrex rrt.u

glass tube. The flow rate and the pressure are _o
controlled by needle valves. A typical cavity _. 4uJ

detuning curve obtained by changing the i
piezoelectric voltage is shown in Fig. 2.14. -_ |
The operating conditions are water vapor 2 J
pressure of 1.5 torr, helium pressure of 0.5 , I , 1 , l , 1 ,
torr, H2 pressure of 0.5 torr, and discharge o o._ o.2 o.3 o.4 o.5
current of 250 mA. Figure 2.15 illustrates LASER CURRENT (Amps)

the dependence of the output power as the Fig. 2.15. ()Utl)Ut power of the water ValX_r
discharg.: current is varied, laser vs the discharge current under the opcraling

The feasibility of a 28-t_m polarimeter conditions' water vapor pressure of 1.5 torr, lie

using both the electro-optic and photoelas- pressure oi 0.5 torr, and !t2 pressure of 0.5 u)rr.

tic polarization-modulation techniques was
investigated. A cadmium telluride (CdTe)
crystal is used in the electro-optic polariza- over the photoelastic technique in fast time
tion modulator. The electro-optic modula- response. A modulation frequency of 1 MHz

tion technique has an important advantage can be easily achieved. The drawback of
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electro-optic modulation is the high loss with microsecond bursts of fast neutrons
in beam transmission. Even with perfect from the Health Physics Research Reactor
antireflective coating, the transmission of the (HPRR) facility at ORNL. Transmission
28-#m laser beam through a 3-cm-long CdTe effects at three different laser wavelengths
crystal is only 19%. On the other hand, the were recorded during and after the irradia-
photoelastic modulation technique offers the tions.
advantage of high beam transmission, but Currently, the work effort has shifted to
the time response is limited by the natural pulsed COE laser damage of both infrared
standing wave frequency of the crystal, mirrors and windows. For the last two
A rectangular silicon bar is used in the years, we have been measuring the laser-
photoelastic modulator. The silicon bar induced damage thresholds (LIDTs) of these
vibrates at its lowest frequency of standing optics and their coatings to screen samples
compression waves; thus, a time-varying for improving manufacturing techniques and
birefringence is obtained. To sustain these developing new coatings with high infrared
vibrations in the bar, the bar is bonded to transmission or reflectance. This work
a quartz transducer tuned to the same fre- is sponsored by the U.S. Army Strategic
quency. The amplitude of the vibrations and Defense Command (USASDC).
therefore the magnitude of the birefringence To date many types of mirrors, windows,
are controlled by the signal generator driving and other optical materials have been suc-
the transducer. The transmission of the water cessfully tested for their damage threshold.
vapor laser beam through a 1-cm-long silicon The equipment allows the selection of COE
bar has been measured. A transmission of laser pulse widths from 30 ns to 100 ns and
45% is observed without any antireflective spot sizes from approximately 1 mm 2 to 10
coating. With perfect coating, transmission mm z. Further sample analysis is provided by
of 92% is expected. For a 5 × 5 x other groups at ORNL both before and after
1-cm silicon bar, the modulation frequency ODIS damage testing.
is approximately 42 kHz. Ali the test samples are carefully cleaned

before damage testing, and ali damage
tests are conducted in high vacuum. Our2.4.4 Optics Damage and Irradiation

Studies (ODIS) capabilities allow for testing ali sizes and
shapes of test samples from 5 mm 2 to 8-in.-
diam optics. A HeNe laser illuminates theH. T. Hunter, R. K. Richards, and

D. P. Hutchinson target site on the test optic, and the scattered
radiation is collected. Damage of an optic

Optics Damage and Irradiation Studies surface, after a pulsed CO2 laser shot, will
(ODIS) have as their main goal the screening be indicated by a change in scattered signal
of high-quality infrared mirrors, windows, from the HeNe laser. A schematic of the
and coatings in support of the Advanced Op- ODIS facility is shown in Fig. 2.16.
tical Materials and Components Technology Currently, we are capable of damage
Development Program at Martin Marietta testing up to ten optics per day with the
Energy Systems, Inc. ability to scan over the surface of a test optic

Initiated in 1985, the screening was for multiple L1DT measurements. Work is
performed by irradiating window samples performed under a contract with USASDC.

..... r'_lL;_"_ 'l;,?',,.'f
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3. FUSION THEORY AND COMPUTING

SUMMARY OF ACTIVITIES

The most visible progress in fusion theory during 1989 continued to be in the area of
turbulence and confinement degradation in toroidal systems--most notably in tokamaks, but
also, mutatis mutandis, in stellarator devices. As a part of the Tokamak Transport Initiative
of the U.S. Department of Energy, detailed modeling was undertaken of turbulent transport
phenomena in the outer regions of the Texas Experimental Tokamak (TEXT) at the University
of Texas and the Advanced Toroidal Facility (ATF) stellarator at ORNL. The two devices
are similar in size, have plasmas of roughly similar characteristics, and are arrayed with
sensors for diagnosing fluctuating densities, temperatures, and electric fields. As a result of
cooperative work with the Texas group, substantial progress has been made in distinguishing
which of several competing models best reproduce experimental data; these are impurity-
driven rippling mode turbulence in TEXT and resistive pressure-gradient-driven phenomena
in ATF.

Obtaining a picture of the way the radial electric field Er influences the transition between
the L-mode and the H-mode (identified by lower and higher energy confinement times) in
tokamaks has remained a major issue in the world fusion program. Data from several
experiments give increasing indication that the bifurcation theories proposed by Shaing have
pinpointed the key mechanisms. Further work is required, however, to obtain a clear picture
of how Err affects turbulence and, conversely, how turbulence contributes to the development
of Ev.

The design and development of new heating and current drive experiments for tokamaks
and stellarators place increasing reliance on theoretical modeling of the antenna and Faraday
shield regions and the wave propagation and energy deposition processes within the plasma.
Results obtained with the ORION and RAYS codes have been used in the International

Thermonuclear Experimental Reactor (ITER) and Compact Ignition Tokamak programs, as
well as in proposals from the DIII-D group at General Atomics and the Tokamak Fusion Test
Reactor group at Princeton Plasma Physics Laboratory.

Understanding the behavior of the ATF stellarator in more general terms is a key part of
our activity, with substantial progress made in comparing the results of theoretical calculations
with data. During 1989, the primary areas were the study of entry into the second regime
of stability and the dependence of the bootstrap current Ib on geometrical factors, which is
important in determining the extent to which collisional phenomena dominate Ib; turbulence
effects are much less important than they are for energy transport.
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Improving the "tools of the trade" was a key activity, with important progress made in
sharpening the existing models and formulating new ones. Examples include expressions for
the neoclassical viscosity in the presence of strong rotation and plateau regime collisionality,

a hybrid fluid-kinetic model for turbulence, methods for speeding up and improving the
convergence of the widely used VMEC equilibrium code, and testing and application of
orbit-following models using the symplectic integration technique developed by J. R. Cary
of the University of Colorado.

Contributions were also made to the ITER program in the analysis of general confinement

physics and the effects on beta limits of nonoptimal profiles influenced by transport and by
non-Ohmic current drive schemes.

Specific experiments were undertaken on the Joint European Torus in the U.S.-European
Community collaboration to refine the theoretical understanding of the penetration of
energetic pellets used to fuel a plasma and modify its distributions. As a result, it has been
determined that the velocity dependence of the penetration depth is greater than previously

predicted. This improves the likelihood of finding a method to deposit fuel near the center
of a device at the ITER and demonstration reactor scales.

Continued improvements were made to the ATF data acquisition system and the
associated software for analysis, formation of the overall database, and retrospective analysis
of the data. This made possible the rapid assessment of results and modification of the

experimental program to capitalize on the resulting understanding. The capabilities of the
new workstation computers are being applied to improving the visualization of scientific
data and to providing effective analysis at the mesoscale, where massive computers are not
required.
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3.1 EQUILIBRIUM AND • With the theory group of the Plasma
STABILITY Physics Laboratory at Kyoto University,

Kyoto, Japan, we have completed and
3.1.1 Overview documented optimization studies of tor-

satron configurations for the design of
Magnetohydrodynamic (MHD) equilib- the Large Helical Device (LHD) to be

rium and stability studies are directed toward built in Toki, Japan. 7,8 We have applied
the understanding and improvement of the the approach that we followed for ATF-II
global confinement properties of tokamaks studies.

and stellarators. Equilibrium and stability • With the Centro de Investigaciones En-
theory is applied to complement config- ergeticas, Medioambientales, y Tecno-
uration optimization studies and used for logicas (CIEMAT), Madrid, Spain, we
interpretation of experimental results, have continued the stability analysis of

In the area of equilibrium theory, cal- the TJ-II experiment, which is under
culation techniques have been improved to construction in Madrid, and shown that
provide more efficient computations and a the flexibility built into the device allows
better physics understanding. With the incor- access to a broad range of beta values
poration of the three-dimensional (3-D) ((ft) '-_0 to 6%) 9,10 and that, for some of
Mercier criterion, the resistive interchange the configurations, access to the second
stability criterion, and the 3-D ballooning stability regime is possible.
stability solver, the ORNL 3-D spectral • With researchers at the Australian Na-

code VMEC has be(" _ one of the most tional University in Canberra, we have
efficient tools for eq_,. ium studies of 3-D evaluated the stability properties of the
configurations. 1 These asymptotic criteria high-transform configuration for the H-1
are good enough to determine the stability flexible heliac. The improvements in the
boundaries of stellarators. They lead to VMEC code allow us to study these very
the same results as the low-n stability strongly shaped configurations.
calculations. 2,3These criteria have been used We have continued to survey the stability
in the ATF-II optimization 4,5 and in the low- properties of shaped tokamaks with aspect
aspect-ratio stellarator reactor studies. 6 The ratios between 3.9 and 2.6 to provide a
stability properties of other stellarator config- database for scaling studies for the Intema-
urations have been studied in collaboration tional Thermonuclear Experimental Reactor
with other stellarator laboratories: (ITER) design. We have included the
• With researchers at the Kharkov Physical- evaluation of the resistive and alpha particle

Technical Institute, Kharkov, U.S.S.R., stability prope_ies for ITER equilibria in the
we have investigated effect of finite beta ideal MHD database. We also continued
on stellarator confinement in the 1/v to evaluate the effect of compressibility
regime. The quadrupole magnetic field on global MHD modes, 11,12 in particular
was used to improve the confinement applying it to m = 1 instabilities for different
in this regime for the vacuum magnetic q profiles. 13'14 The linear and nonlinear
field. However, the finite-beta shift of the properties of infernal modes 15for discharges
magnetic axis reduces the transport opti- with pellet injection in the Joint European
mization done for the vacuum magnetic Torus (JET) have also been investigated. 16
fields. We have shown that the internal disruptions
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observed in some of these discharges can be Second, a 3-D drift wave code z3 was
caused by this instability, implemented; it uses the results from VMEC

An important area of research is the as input. This code has been used to study
application of equilibrium and stability the- trapped-electron instabilities in stellarators.
ory to the analysis of experimental data. The trapping in the helical wells can have
A focus of this activity has been the important effects, such as lowering the
Advanced Toroidal Facility (ATF), which collisionality threshold and increasing the
started operation in 1988. In the initial phase radial width of the instability. On the
of ATF operation in 1988, the plasma minor other hand, the external magnetic controls
radius and the edge rotational transform were in the stellarator permit external control of
reduced by field errors. New methods for the shear length and the fraction of confined
evaluating the magnetic island width were trapped particles. Therefore, stellarators in
developed in interpreting the experimental general and ATF in particular are excellent
results. 17 The presence of magnetic islands devices in which to study these instabilities.
caused an effective change of the magnetic
configuration that improved the stability

properties, allowing access to the second 3.1.2 Highlights of 1989
stability regime, as discussed in Sect. 3.1.2.1.

Discharges with electron cyclotron heat- 3.1.2.1 ATF operation in the second
ing (ECH) in ATF at different settings of the stability regime
vertical field (VF) coil currents and different
plasma positions have been analyzed, and the ATF was designed to have stable access
bootstrap current Ib has been evaluated. 16'17 to the second stability regime. For the
The results show very good agreement with design conditions, this access should occur

.,,the theoretical predictions. The predicted at beta values of /30 -_ 5%. In the initial
•dependence on the quadrupole and dipole phase of operation, the plasma minor radius
moments of the VF coils has been demon- _ and the edge rotational transform .t-(a)
strated. This analysis of the experimental were reduced by field errors, which have
results shows that the bootstrap current in since been repaired. This reduction of _ and
a stellarator can be externally controlled _-(a) caused a large increase in the Shafranov
and reduced to zero for proper stellarator shift and, as a consequence, a reduction in
operation, the beta value needed to access the second

Some of the efforts in the MHD group stability regime. 24-26 From low-n and high-
were dedicated to code development. Two n stability analysis using experimentally
main areas were investigated, measured profiles, 27 the threshold to second

First, a stellarator stability code, CHA- stability was found to be as low as /30 "_
FAR, was implemented using the stellarator 1.0%. The beta values reached in the
expansion approach in flux coordinates. 2°-22 experiment, up to /30 _ 3.0%, are well
The averaging is done directly from a 3-D above this threshold value (Fig. 3.1). The
equilibrium calculated with the VMEC code. magnetic fluctuation measurements showed
This method eliminates the need forcalculat- a reduction of the fluctuation level for

ing an averaged equilibrium independently /30 _- 1%. These fluctuation levels are in
of the full 3-D calculation and reduces the reasonable agreement with the theoretical
number of codes involved in the stability calculations based on the resistive pressure-
evaluations for stellarators, gradient-driven turbulence and support the
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ORNL-DWG90M-2425FED has been s,aweyed. Use of a hardcore cen-
4 1 ] _ tral conductor with separately controllable,,....

lit

a.< ax_mmetfic and helical windings provides
"r-

flexibility to modify the rotational transform
3 - _ EXPERIMENTAL

_"a VALUE and the magnetic weil. For the parameters
o of TJ-II, the Mercier criterion can be usedtr

._ a. to vary the beta limits almost continuously

_z from 0 to 4%, and a path in parameter
_ space has been found that provides access to

the second stability region. This flexibility
t:X. 1
x in controlling the threshold for instabilitiesut

tr by varying the external parameters willo
provide means for correlating theoretical

0 1 I
0.2 0.4 0.6 0.8 .0 stability predictions with the behavior of the

r/a experiment (Fig. 3.2). The work was done
in conjuncSon with the CIEMAT gToup.9'1°Fig. 3.1. Mercier stability results for a fi×txl

profile equilibrium sequence corresponding to the

highest beta value accessed in ATF (rio _'23.0%). 3.1.3 Advanced VMEC E£1uilibrium
Analysis

evidence that ATF has already operated ia During the past year, the ORNL 3-D
the second stability regime. 28 equilibrium code VMEC has come to be

widely used, both within the United States

3.1.2.2 Stability of helical-axis (primarily as a tokamak equilibrium code,
stellarators with and without ripple) and internationally

at various stellarator laboratories. At the

The stability of flexible heliac configura- Institut ffir Plasmaphysik (IPP), Garching,
tivns for confining toroidal fusion plasmas Federal Republic of Germany, VMEC forms
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Fig. 3.2. Mercier smt, ility diagram for the TJ-II heliac with different settings of the helical hardcore current,
giving various depths for the vacuum magnetic weil.
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the core of the effort to optimize the so- boundary equilibrium, which is especially
called "Helias" configuration for both MHD important for the discharges with very high
and 'aansport performance. 29 At Kharkov, a poloidal beta tb_at are of present interest.
version of VMEC that runs on a personal The correct interpretation of these data is
computer is installed but not yet fully important, for example, in analyzing the
operational. In the United States, Princeton effect of bootstrap currents at high pressures.
Plasma Physics Laboratory (PPPL) is a ma- We have also participated in a number of
jor customer for the two-dimensional (2-D) collaborations to assess the effects of 3-D
version of VMEC. Analyses of discharges ripple on self-consistent tokamak equilibria
in the Tokamak Fusion Test Reactor (TFTR) for both TEXT and ITER. The ITER work
use VMEC in its fixed-boundary mode, was begun over two years ago; the recent
and preliminary efforts are ufider way to numerical improvements in VMEC have
adapt the TRANSP code to use the free- made possible the computation of equilibria
boundary mode. The aL,ility of VMEC for this device. In the course of this work, a
to treat finite-beta rippled tokamak fields simple numerical procedure was developed
has led to collaborations with the Texas for checking the integrity of the magnetic
Expenme.'tal Tokamak (TEXT) and ITER field data arising from the external coils
grovps. Work at ORNL to analyze ATF (these data are used as input to VMEC,
equilibria in the presence of various shaping and its numerical convergence is adversely
fields and to determine the effects of these affected if they are not accurate enough to
fields on bootstrap current control constitute_ preserve the assumed stellarator symmetry of
a major impetus for further developme:,t of the magnetic field).
this code. VMEC is also being used for analyzing

Continuing numerical improvement of the effects of field shaping in ATE The
VMEC was done in conjunction with several comparison of VMEC-generated vacuum
physics l:_'_iects. The Green's function configurations with field line tracings for var-
formulat_Dn i'or the vacuum region has been ious combinations of dipole and quadrupole
coupled with the free-boundary version of fields has proved to be a valuable tool in
VMEC to predict the ex,ernal magnetic improving the free-boundary convergence of
signals that Rogowski loops w:,ll measure at VMEC equilibria.
arbritrary positions and for various pressure We have collaborated with Japanese re-
and iota profiles. 3° We have collaborated searchers to aid them in computing finite-
with our Rassian colleagues to compare ou.- beta effects on free-boundary equilibria for
numerical computations with analytic calcu- the Compact Helical System (CHS).
lations based on the method of averaging. A collaboration was begun with M.
This work was completed in December 1989, Wakatani (Kyoto University) and J. L. John-
during a visit by the Russians. son (PPPL) to use the VMEC equilibrium

Improved convergence for the free- as input to a stability code for analyzing
boundary version of VMEC has led to a long-wavelength modes using the method of
number of useful applications. VMEC is averaging.
now used in its fixed-boundary form as A fruitful collaboration with O. Betan-
the main equilibrium solver in the PPPL court of New York University has resulted
dizcharge analysis code, TRANSR Efforts in a significant improvement in the conver-
u.lC tallUCi Wily ............ i_,_ ,-,,-,,,-,-,_,--,t ¢v.,__ ono_ time, t_f VM_(" 31 With a rnc_dificati_m

li
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of the preconditioning algorithm developed continued this year with increased accuracy
by Betancourt for his BETAS code, conver- in the numerical calculations 35 and with the
gence acceleration factors of 10 or more can derivation of the electron thermal conduction
be achieved in VMEC. This has a significant coefficient induced by the resistive pressure-
impact on equilibrium and stability calcu- gradient-driven turbulence. 36 The results of
lations for stellarators and could lead to a resistive pressure-gradient-driven turbulence
much more rapid determination of optimized have been applied to the interpretation of
stellarator configurations in the future. 32 ATF fluctuation data, revealing similarities

between the experimental and calculated
spectra. 24,28 This calculation indicates the

3.2 TURBULENCE importance of the beta self-stabilization
effect, which has been confirmed experimen-

3.2.1 Overview tally.
In the first part of this year, as part of the

Plasma turbulence research at ORNL is Tri, code development was a major portion
characterized by the parallel use of analytical of our effort. We have developed codes
and numerical fluid models to study the for tokamak edge turbulence calculations
behavior of magnetically confined plasmas, by integrating some of the models studied
Calculations are also made of nonlinearly independently in the past. The basic
evolved fluctuation levels and their con- models include resistivity gradient drive, line
scqaences for particle and heat transport, radiation drive, and the effect of impurities.
Research is carried out on two strongly Rest'ts of these calculations show good
interconnected levels. First, fundamental agreement with the resonance-broadening
physics research is performed, generally in mechanism for the saturation of the turbu-
a simplified geometry, to unveil the basic lence. These codes have been intensively
mechanisms that underlie plasma behavior, applied to the TEXT edge parameters, as
This work establishes a sound basis for discussed in Sect. 3.2.2.3.

further theoretical development. Theoretical A code based on the fluid approach has
results are then applied to specific devices, been developed to study dissipative trapped-
providing basic physics understanding and electron (DTE) mode turbulence. The basic
tools for configuration optimization and for equations follow a model developed by Catto
plasma modeling, and Tsang to include the toroidal trapping in

Duriz_g the last eight years, this continued real space. The code has been benchmarked
effort has led to the development of a turbu- in the linear regime using analytical models,
lence theory for resistive pressure-gradient- and application to tokamak geometry has
driven turbulence, resistivity-gradient-driven started.
turbulence, and current-gradient-driven tur- As turbulence calculations become more
bulence. This year, under the Tokamak sophisticated, there is an increasing need
Transport Initiative (TTI), 33 new efforts to improve the analysis tools. We have
were directed toward modeling plasma edge adapted some of the analysis codes to
fluctuations in TEXT and ATE AnotJaer produce Macintosh files and now transfer
important part of the TTI is the explo- a great deal of the analysis work from the
ration of the role of the electric field in Crays to Macintoshes. An important step in
reducing the turbulence level. 34 Promess this direction has been the implementation
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of software from the National Center for because detailed numerical calculations are

Supercomputer Applications (NCSA) for possible with present computer capabilities.
visualization (Fig. 3.3). Because the amount When kinetic effects have to be included,
of information to handle is large, we plan to the gyrokinetic equation offers a potential
transfer part of this analysis to workstations, approach, but future-generation computers

will be required to provide the range of

3.2.1 Highlights of 1989 time and space scales necessary for turbu-
lence calculations. We have successfully

3.2.2.1 The hybrid fluid-kinetic model developed an approach that bridges the
fluid and kinetic descriptions and can serve

The fluid approach to the study of as the solution for the immediate future
turbulence in plasmas has been effective while more sophisticated computers are
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developed. The hybrid fluid-kinetic model of helically trapped and toroidally trapped
treats the ions with fluid equations but particles. In ATF it is possible to study DTE
follows the electrons as particles obeying modes and to evaluate and test their role
the drift kinetic equation. In the hybrid in plasma confinement. In this way, some
model, the low-frequency wave resonances of the fundamental physics of these modes
of the electrons are described exactly. In can be better understood and the theoretical
slab geometry, the hybrid model accurately results validated.
reproduces sound waves as well as density
and ion temperature gradient drift waves.
Nonlinear studies of the latter show that the

nonlinear kinetic electron response signifi- 3.2.2.3 Edge turbulence modeling
cantly alters the features of the turbulence

in the saturated state. Kinetic electrons are The turbulence at the edge of the TEXT
currently being imported into our higher- tokamak is characterized by a high level
dimensional fluid turbulence parameters and of density and potential fluctuations that
geometries characteristic of fluid models and do not obey the adiabaticity condition,
a direct assessment of electron transport in since eqS/kTe can be larger or smaller than
the presence of fluid turbulence. Trapped- fi/7_. We have incorporated impurity line
electron modes can play an important role in radiation in our 3-D nonlinear resistive

enhancing losses in a toroidal confinement MHD computer model of impurity-driven
device. They could be one of the causes rippling mode turbulence. 35'36 Experimental
for the deterioration of confinement with beta TEXT edge parameters were used as input
in tokamaks. For straight stellarators, it has for the model equilibrium profiles. The
been shown that the helical ripple and short radiation function was taken to be a shifted
connection lengths allow for strongly local- coronal one, with a rate enhancement of
ized solutions to the drift wave equation, a factor of 4 over the nominal coronal

Therefore, in shearless stellarators trapped- rate for carbon impurities. Results of
electron modes may be more unstable than the computer calculations in the nonlinearly
in tokamaks, saturated state (the equilibrium profiles and

radiation source were held fixed throughout
the calculation) show excellent agreement
with the analytical predictions for ecb/kT_,

3.2.2.2 Trapped-electron modes provided the average poloidal wave number
rn at each radial position is taken into

In contrast to tokamaks, stellarators have account (Fig. 3.4). The nonlinear computer
the advantage that the vacuum magnetic field calculations are also in good agreement
can be changed substantially by modifying with the experimentally measured levels and
the currents in the VF coils. In ATF, for radial variation for edp/kTe, 7"lTe, and Br.,
example, changing the dipolar or quadrupo- with ec_/kTe larger than fi/n . Finally, the
lar moment of the VF coils changes lbl average rn is measured to range from 12 to
along the field lines, therefore changing the 50, which yields an average poloidal wave
trapping regions and local curvature. This number of 0.8-1.8 cm -l, compared to the
presents the opportunity of changing the ratio experimentally measured 2-3 cm- 1.
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O_,-DW_,O,.,._O_E_ of dc electric fields like those observed
1.2 _ V ........... q 1.....

O NUMERICAL RESULTS experimentally.
¢_NUMERICAL RESULTS

1.0- SCALED TOEXPERIMENTAL It was found, not surprisingly, that dc
f_ADIATION MEASUREMENT

"_ _ EXPERIMENTAL DATA electric fields have a strong effect on direct

_convectiv  ossesn   e ,asmae ,e. his_'° l T effect lessens for direct convective losses_ 0.6 - • -
dO T nearer the plasma center. Direct convective

• 1 • losses can penetrate a _.onsiderable distance0.4 - o I

o l toward the plasma center, causing a large• • o o o • volume of the plasma to be dominated0.2 - o
o o

by direct convection. Interestingly, a key
0 1 I I I -
0.82 0,84 0.86 0.88 0.90 0.92 parameter for this penetration is (a/r) z,

r/a which occurs in an exponential, rather than

Fig. 3.4. Potential fluctuation levels from the as (r/a) 2 as in local diffusive losses.
TEXT experimental results, compared with the The magnitude of the direct convective
numerical results of modeling the edge plasma turbu- losses was determined at about the same

lence using a thermal convective cell driven by line time that the magnitude of the fluctuating
radiation plus resistivity-gradient-driven turbulence. edge electric field measurements from TEXT

became available. A natural question was
what effect these locally strong fluctuations

3.3 KINETIC THEORY had on particle orbits and direct convective
losses. By making the approximation that

3.3.1 Cause and Effect of Electric kll = k4, = 0, and using the frequency
Fields in Toroidal Devices and wavelength properties of the observed

fluctuations, we were able to extend the

We summarize a sequence of calculations previous analysis for dc electric fields to
that establish the cause and effect of dc include fluctuating electric fields. Several
electric fields in toroidal devices. These points followed from this orbit analysis.
calculations were originally motivated by the First, the localized fluctuating electric
observation that the edge radial electric fields field, while strongly affecting orbits and
in the Impurity Study Experiment (ISX-B), direct convective losses at the very edge,
ATF, and TEXT had similar properties, did not substantially affect direct convective
Because of their greater simplicity, we losses from points nearer the plasma center.
have initially limited ourselves to symmetric Thus, the relevance of the calculations for
tokamaks, purely dc electric fields was established.

Guided by the experimental measure- Second, fluctuating electric fields nonlin-
merits, we carried out nonlocal orbit analyses early affect ion orbits more than they do
numerically and analytically to see what electron orbits. As a consequence, nonlinear
effect such dc electric fields had on par- fluctuations should not lead to intrinsic or
ticle orbits. Reasonably compact analytic automatic equality of the ion and electron
expressions were developed that allowed us losses. That is, nonlinear fluctuations play
to determine the region in phase space of a role in the formation of the dc radial
unconfined orbits. This in turn allowed electric field. At the same time, other ORNL

development of analytic expressions for the theorists observed that advection (VE • VVE,
direct convective loss of ions in the presense where VE is the E x B drift velocity) was
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nonlinear, leading to dc radial electric fields have been engaged in a long series of
in their numerical modeling of tokamak edge benchmarks of neutral beam injection (NBI)
fluctuations. Thus, further understanding of into stellarators. 4° For the purposes of this
the role of edge fluctuations in the formation investigation, we studied perpendicular in-
of dc electric fields should receive increased jection into Heliotron E, which reveals more

emphasis in the near future, types of fast-ion orbit topology than does
tangential injection into ATF.

Two Oak Ridge codes and one Kyoto
3.3.2 Ripple Losses of Alpha code were benchmarked. If ali codes solved

Particles in ITER exactly the same problem, they ali obtained
the same answers. However, we were

The prompt loss of alpha particles in surprised at the sensitivity of the answer to
ITER resulting from toroidal field (TF)tipple some of the physical models. If two codes
effects has been studied by numerous ITER used slightly different models, they could
participants. Generally, losses near the 3.5- obtain significantly different answers.
MeV alpha birth energy have been found to The birth deposition profiles were care-
be negligible. The next opportunity for alpha fully calculated, including the effects of
loss is when the alphas start pitch-angle beam shape and divergence and of aperture
scattering below the critical energy, where losses. They agreed quite well when the
they begin to interact with the background same parameters were used.
ions. The location of the loss boundary caused

We have studied alpha losses in this range the most sensitive differences. If the loss
by starting an alpha distribution at the critical boundary was assumed to be the last closed
energy (which is a function of radius) and flux surface, almost 50% of the fast ion
using a Monte Carlo code to follow the alpha energy was lost. However, if the actual
particles until they have thermalized. 39 To Heliotron E vacuum vessel was used as the
model the ripple, we used an axisymmetric loss boundary, this loss dropped to < 1%
ITER equilibrium and the tipple fields due for the high-density case and about 7% for
to filamentary models for the 14 TF coils, the low-density case. To obtain the correct

About 6% of the alphas were lost owing answer, it is also _,ecessary to include the
to a combination of neoclassical and tipple effects of charge-exchange losses in this
losses. This corresponds to only 0.6% of the outer region. Although it is difficult to
initial alpha energy, accurately model the neutral density profile

For future calculations, we expect to use (we used the PROCTR code), the charge-
the free-boundary version of the VMEC exchange losses were estimated to be about
equilibrium code to obtain self-consistent 10% for the high-density case and about 22%
finite-beta equilibria, which will be used to for the low-density case.
further study the ITER tipple effects.

3.3.3 Benchmark Studies of Neutral 3.3.4 Beam Deposition and TF

Beam Injection for Ripple in TEXT
Stellarators/Heliotrons

In TEXT, a vertically injected beam is
In conjunction with K. Hanatani of used as a target for the charge-exchange

the Kyoto Plasma Physics Laboratory, we diagnostic. Because the TEXT TF coils
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are constructed as pancakes, there is a large known in order to accurately interpret the
amount of TF ripple. Simple calculations charge-exchange diagnostic.
showed that the injected (perpendicular) fast The previous model for the TEXT field
ions were very close to being tipple trapped, was a set of values located on a relatively
even in the center of the plasma, coarse grid. This did not provide enough in-

If an injected fast ion is tipple trapped, for._.':_ationfor accurately following guiding-
it will drift upward along the path of center orbits. To provide better data for the
the beam and have a high probability of coil fields, we modeled the TEXT TF coils
charge exchanging with the remaining beam using a series of filamentary coils arranged
neutrals. The true state of affairs must be in a pancake (Fig. 3.5). The interlayer
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connections of the coil occur only at the consistent rippled tokamak equilibria at finite
outer edge of the coil, and this is reflected (but low) beta for TEXT. The resulting flux
by the fact that each filament goes to the surfaces (Fig. 3.7) were almost circular and
outer edge and back in again. The locations showed a distinct poloidal bulge on the
of the filaments were determined by using midplane, which is caused by the interlayer
finite element models. We used several connections of the TF coils. There was

panc_'kes arranged so that the ripple on the also a toroidal bulge between the TF coils
inner edge was minimized (although it is still of about 1 cm due to the TF ripple. Both
overestimated in our model). The resulting of these results seem to be consistent with
ripple contours for TEXT are shown in TEXT experimental data, although it is very
Fig. 3.6. difficult to measure the profiles with this

accuracy.
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0.05. Fig. 3.7. The free-boundary, finite-beta, self-

consistent TEXT equilibrium calculated using the
experimentallyobtained q and pressure profiles and
the field model of Fig. 3.6.

We also needed a representation for the
TEXT equilibrium so that we could properly
account for the poloidal fields due to the We then converted the output of VMEC
current in the plasma. Because TEXT has an to Boozer coordinates and followed the beam
iron core, this presents a difficult modeling orbits. The result was that, indeed, those
problem. We obtained reasonable results by ions born in the outer half of the TEXT
using the experimental TEXT profiles for plasma a_e ripple trapped. Figure 3.8 shows
rotational transform and pressure, together the orbit of a typical 25-keV injected ion
with our TF model and a uniform vertical in TEXT. Because this plot is in Boozer
field to provide in/out centering of the equi- coordinates, the bounce points (which lie
l_brium. Using the free-boundary VMEC along a vertical I/31contour) do not appear
equilibrium code, we obtained the first self- to be on a vertical line. In this plot, the
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beam is injected downward. The ion is born 3.4.2 ITER Studies
at _b = 0.22 but eventually becomes tipple
trapped at about _b= 0.5. ORNL physicists actively participated in

the ITER Conceptual Design Joint Work
during the winter (February-March 1989)

3.4 TRANSPORT AND CONFINEMENT and summer (July--October 1989) sessions
MODELING at IPP Garching and played a key role in

the evolution of the ITER physics design.3.4.1 General Transport Studies
The primary areas of ORNL contributions to

Work continued on the development of ITER physics studies were in MHD stability
a model for the L-H transition. An and beta limits, confinement assessment,

expression for neoclassical viscosity that fast-wave current drive (FWCD), and pellet
is valid for high poloidal rotation velocity fueling. Work was also carried out on
was derived; it exhibits a maximum as axisymmetric magnetics, alpha particle ef-
the rotation speed is increased. 4_ As col- fects, helium ash accumulation and exhaust,
lisionality decreases and ion orbit losses and plasma-wall interactions. Details are
increase at the plasma boundary, the radial described in Sect. 6 of this report. Brief
electric field Er becomes more negative highlights from these :zeas are as follows:
and poloidal rotation increases to drive a (1) physics design guidelines and physics
radial current (through the viscosity) to specifications for the design information
balance the nonambipolar ion loss. At document were prepared and published; 48,49
low enough collisionality, the balance be- (2) limitations to the operational space aris-
tween the orbit and viscosity-driven currents ing from MHD instabilities (ideal and resis-
exhibits a bifurcation that appears as an tive, linear and nonlinear, fluid and kinetic)
abrupt increase in the poloidal rotation (or, were estimated; 5°-52 (3) the MHD database
equivalently, an even more negative value of for current drive and peaked pressure and
Er), as observed experimentally in DIII-D. 42 current density profiles was extended; 53
Shear in the toroidal rotation introduces (4) various transport models were compared
an additional decorrelation mechanism for with the ITER L-mode database, and the

turbulence, reducing fluctuation amplitudes confinement capability of ITER was as-
and transport. 43'44 An assessment oi the sessed using these models; 54,55 (5)DIII-D

and TFTR databases for volt-second con-status and issues of tr_-sport modeling was
completed as part of the TYI. 45 A set of sumption during the current ramp phase,
major program recommendations was also especially with regard to MHD-influenced
issued.46 (fast ramp) scenarios, were analyzed; 56

The relationship between global confine- (6) particle transport and fueling (gas puffing
vs pellet fueling) issues were assessed; 57 andment and local thermal conductivity was

evaluated in work that required generation (7) detailed estimates of FWCD efficiency
of a LOCUS database for WHIST runs. 47 were made using a 2-D, full-wave code. 58

This approach to testing transport models 3.4.3 CIT Studies
was shown to be very efficient and should
help in future testing of theoretical models An assessment of NBI parameters for the
against experimental data. Compact Ignition Tokamak (CIT) showed
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the influences of beam energy, geometry, and is used extensively by the ATF experimental
orientation and plasma density on heating staff to define the plasma position relative to
profiles and shinethrough. Tangential in- the vacuum vessel, limiters, and diagnostic
jection gives the widest range of operating chords. The geometry database also forms
densities but requires roughly twice the the starting point for Thomson scattering and
energy of normal injection and presents more far-infrared (FIR) profile fitting and analysis
difficult access requirements. 59 with the PROCTR-MOD code set.6z

The impact of the uncertainty in the Several additions were made
velocity scaling of pellet penetration on CIT to PROCTR-MOD to allow analysis of CHS
operation was evaluated. If the velocity plasmas in Nagoya, Japan. This work was
scaling of recent JET experiments holds, performed in collaboration with Dr. Yamada
then deep penetration in the plasma burn during a visit to ORNL. Dr. Yamada took a
stage with pellets at a nominal velocity of copy of the PROCTR-MOD code set back to
5 km/s may be possible. 6° See Sect. 6.1.4 Nagoya, where it will be the primary profile
for more details on CIT studies, analysis tool for CHS. Thus, PROCTR-

MOD is being used for analysis of data from

3.4.4 ATF Studies both Japanese torsatrons (Heliotron E and
CHS), and it may be adapted for analysis

The PROCTR-MOD database system was of the future LHD experiment in Toki.
extended by addition of a LOCUS database The predictive transport code PROCTR is
that contains scalar machine parameters being used for specialized studies involving
from ATF for input to the profile analysis temporal discharge evolution. During the
code PROCTR-MOD. Previous analysis of past year, PROCTR continued to be used to
measured ATF temperature profiles indicated understand the collapse of the plasma tem-
a region of poor energy confinement in the perature in NBI-heated discharges in ATE To
outer half of the plasma that was attributed this end, the following additions were made
to field errors. After repair of the field to PROCTR. (1) A source term was added
errors, further profile analysis showed that to the multispecies impurity source terms
the region of enhanced energy loss in the for modeling laser-blowoff impurity pulses.
peripheral region is still present, although at (2) The atomic physics database package
a reduced level. 61 ALADDIN, supported by the International

A geometry database was created that Atomic Energy Agency, was added as the
allows online display of the ATF flux source of atomic physics coefficients for
surface geometry for a given ATF shot. ionization, recombination, and line emission
The geometry is calculated on one of the in the multispecies impurity model. (3)The
Cray computers at the National Magnetic fast ion Fokker-Planck (FIFPC)routine was
Fusion Energy Computer Center (NMFECC) revised to allow the detailed treatment of
at Lawrence Livermore National Laboratory inje_.ed fast ions in the presence of loss
(LLNL) wiffi either a field-line-following cones. 63,64 Further discussion of the ATF
code (for vacuum surfaces) or VMEC (for modeling studies is contained in Sect. 1.1.4.
finite-beta surfaces). The calculated geom-

etr,/ is then stored in a database on the 3,4.5 Pellet Injection Studies on .IET
local VAXcluster. A utility called PLOTG
displays the geometry for the coil currents The shielding physics in present pellet
measured for a given shot. This capability ablation models was re-examined. A series
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of experiments at varying pellet velocities 3.5 RF HEATING
(0.4-1.4 km/s) was performed on JET using
the ORNL-supplied multiple-pellet injector. The task of rf heating and current drive
The results she,wed a definite velocity depen- theory is to develop and test theories of
dence in the penetration depth that confirmed (1) plasma wave generation, (2) propagation,
the scaling of the original neutral gas shield- (3) absorption, and (4) plasma response
ing model but indicated higher shielding in ali frequency regimes relevant to fusion
factors. The present model with combined (Alfv6n, ion cyclotron, lower hybrid, and
neutral and plasma shielding had exhibited electron cyclotron). These theories are
no scaling with velocity because of the way incorporated into analytical and numerical
in which the plasma shield was incorporated, predictive models that are used to inter-
but it had yielded good agreement with ex- pret experimental results from tokamaks,
perimental results at full pellet velocity over stellarators, and other devices; to develop
a wide range of plasma conditions and pellet means for enhancing the effectiveness of
sizes. Leading candidates for increasing plasma heating; and to evaluate and op-
the shielding of the neutral gas shielding timize designs for future experiments and
model while maintaining the scaling with technologies. By definition, the objective
velocity are elongating the neutral shield of rf heating or current drive is to modify
along the magnetic field (rather than using the plasma distribution function in a specific
a spherical approximation for the shield) way. Therefore, the rf theory efforts are
and/or including magnetic shielding. 6° closely coupled to kinetic theory, to transport

Analysis of transport properties in the theory, and to stability and are closely
core of JET plasmas showed that the local allied with experimental, engineering, and
particle diffusivity and thermal diffusivity technology studies.
are highly correlated. When the density In the past year the It" program has
profile is highly peaked fellowing pellet been heavily involved in modeling ICRF
injection, core diffusivity is significantly heating on TFTR, JET, ATF, and CIT;
reduced well into the following ion cyclotron in interpreting electron cyclotron r,¢sonance
resonant frequency (ICRF) heating phase, heating (ECRH) experiments on the ATF and
There appeared to be no evidence of an L-2 stellarators; in design and optimization
anomalous particle pinch in the core under of antennas for TFTR and DIII-D; and in
any operating conditions; the neoclassical assessment of ICRF current drive scenarios
Ware pinch could be used to explain both for ITER. Significant progress was made
the modest peaking of the density profile in our capability to model the deposition
in nonpellet cases and the decay of peaked of fast ICRF wave power using 2-D full-
density profiles from pellet injection. This wave codes, to calculate rf-driven currents,
work illustrated the need to consider a and to study in detail the fields in the
full transport matrix, with both neoclassical vicinity of realistic ICRF antennas. We
and turbulence-driven transport processes have also begun to develop an understanding
contributing to the fluxes. 65'66 of the mechanisms by which ICRF power

Other aspects of JFT experimental analy- perturbs the plasma edge and produces added
sis are described in Se_,. 4.1.2. impurities.
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3.5.1 Global ICRF Wave Propagation Our numerical approach introduces the
in Edge Plasma and electromagnetic potentials A and _bwith the
Faraday Shield Regions Coulomb gage V.A = 0. This formulation

properly includes electrostatic effects, which
One of the major issues in the theoretical we find to be important in the region

modeling of high-power ion cyclotron res- surrounding the Faraday shield. Special care
onance heating (ICRH) experiments is the is taken to devise a"conservative" numerical
effect of wave fields on the low-density scheme that is consistent with the gage
surface plasma, especially the influence of conditions (V.A = 0). An alternative ap-
these fields on impurity generation. Such proach would be to solve the wave equation
issues have stimulated interest in calcula- directly in terms of E rather than potentials.
tions of global ICRH wave fields in the This approach has proved useful in the

surface and antenna regions. Therefore, Ell = 0 limit, but we encounter numerical
we extended the ORION code to include difficulties when it is applied to problems

finite Ell and made detailed calculations of in which electrostatic effects are dominant.
the wave field structure in the low-density As expected, applications to high-density
edge plasma immediately surrounding the plasmas agree with previous calculations in

antenna and Faraday shield structure. The the Ell = 0 limit. More interesting is the
magnetic field model is general enough application to the edge plasma and Faraday
to allow applications to both axisymmetric shield region, where the parallel electric
tokamak and helically symmetric stellarator field is found to peak strongly in the gaps
geometries. The equation solved is the between the Faraday shield blades. Scaling

so-called "reduced-order" wave equation in with rotational transform shows that IEII[is
which the value of k.l- (the perpendicular directly proportional to the electrostatically
wave number) that appears in the warm- induced electric field in the gap between
plasma dielectric tensor does not come self- the blades (Fig. 3.9). The constant of
consistently from the wave solution but proportionality depends on the edge density
rather comes from an independent solution as well as the parallel wave number.
of the warm-plasma dispersion relation.
Both fast-wave and Bernstein wave roots
are calculated, but the Bernstein root is 3.5.2 Fast-Wave Current Drive

discarded, thus "reducing the order" of the Modeling for ITER and DIII-D
resulting differential equation from fourth to
second order. This differential system re- It is widely recognized that a key element
tains warm-plasma effects such as cyclotron in the development of an attractive tokamak
damping, Landau damping, and transit-time reactor, and in the successful achievement
magnetic pumping (TI'MP) while avoiding of the mission of ITER, is the development
the numerical difficulties associated with the of an efficient steady-state current drive
short-wavelength ion Bernstein wave (IBW). technique. The use of ICRF fast waves
While such warm-plasma effects are of little is being studied as a technique for steady-
consequence in the edge region, they are state cun'ent drive in large tokamaks such
included for convenience in benchmarking as ITER and fusion reactors. A simple slab
against previous calculations for the warm model has been developed to design and

central plasma in the Ell -_ 0 limit, optimize phased antenna arrays to achieve
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ORNL-DWG89-2623 FED 1. Can an acceptable antenna be designed to

I _ produce a kll spectrum with most of the
o.4s ,2_,.. -_.s power in the phase velocity range where

the efficiency of current drive is high?IE,I 2. Will the rf power be efficiently absorbed

by electrons in the desired velocity range

_o io "/ without unacceptable parasitic damping

IE,I/IEyl 0.085 <4;)

o._o- - ,.o ?. by fuel ions and alpha particles?

--a -o An important figure of merit in this

\o o_ --_ context is

- \\S -
-_ ne R

o.os- ,_-,,,,,,. - o.s 3' = 1020 m_3 Irr_-d_= 1.6 x 10-3Tc5/i5 •(3.1)

Ehst has provided a simple algebraic
expression for .7/_ obtained as a fit to

o I I o the Fokker-Planck results of Karney and
o o.s _.o Fisch, employing a momentum-conserving

<_'> collision operator including trapped-particle
Fig. 3.9. Numerical survey showing parametric effects.

dependenceof IEIII, levi, and IEIII/IEvlon rotational To address these issues we have employed
transform. Here z = 0.425 m, V = 0.t365m, kz = the slab model for rapid comparison of var-
9.84 m-t, n_te = 3 x 1012 cm -3. ious antenna designs and phasings to show

trends of obtainable current drive efficiency
under various assumptions. The ORION 2-D

the required directivity and concentration of full-wave code gives power absorption and
high parallel phase velocity components in current drive profiles. This code realistically
the power launched into the plasma. Various models the launched antenna spectrum with
designs are being evaluated for the individual radial focusing, includes toroidal eigenmode
antenna elements, including multiple-loop, effects (multiple-pass absorption) if present,
recessed-cavity antennas. Also, the full- and includes the effects of ion cyclotron
wave ICRF heating code ORION is being harmonic and alpha particle damping.
used to calculate power deposition in the Results have been computed for ITER for
various plasma species and to calculate both the 60-MHz and 20-MHz scenarios and
driven current profiles produced by fast for theDllI-Dproof-of-principleexperiment.
waves in large, noncircular tokamaks such as In ITER the most promising results are
ITER. The primary current drive mechanism obtained with the low-frequency option,
in these cases is TTMP. Wave damping where parasitic ion resonances are absent.

processes that are included are ion cyclotron Since damping is relatively weak for this
damping by the fuel components, electron case, eigenmode effects are ve:'y important.
Landau damping, "VFMP, and absorption The current drive figure of merit 7 and
by fusion decay products such as energetic loading resistance per unit length per strap
alpha particles. Two primary issues are to be BL are sensitively dependent on density. By
determined: careful matching of the kll spectrum to the
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eigenmode structure we have obtained _ up time-independent (static) sheath near the
to 0.6 and RL up to 17 f_m. shield when electrons are strongly heated by

These results are very encouraging, al- evanescent rf electric fields parallel to the
though there are uncertainties in the calcu- static magnetic field B, at the locations where
lations. The high values of 7 are obtained the field line intersects a grounded structure.
by phasing the array so as to produce The sheathenhancementresultsfrom the fact

a spectrum near nii = 1 where 3lP is that the rf-excited electron distribution can
favorable and trapped particle effects are be far from a collisional Maxwellian. This
m_._--:imized,and by relying on a high-Q model demonstrates that the production of
cavity mode to enhance the comparatively impurities in this region can easily result
low electron absorption. Relativistic effects from the high-energy ions that are produced
are not included in the model, although this in the low-density plasma near the front face
is not thought to be a significant source of of the Faraday shield.
error. The ORION code, being a straight Meaningful electron excitation occurs
tokamak model, does not accurately treat only when some phase decorrelation mech-

the variation of 7_]1across the plasma cross anism exists such that electrons can be
section. If significant upshifts in ArT occur heated rather than simply oscillating in the

in multiple reflections, the favorable nii rf fields. One decorrelation mechanism that
spectrum will not be maintained. Also, if can give rise to electron heating is analogous
additional parasitic loss mechanisms appear, to Fermi acceleration when observed in a
such as collisional absorption or losses due frame that is oscillating with the electron in
to the shear AlfvEn resonance, the current the parallel rf electric field Ell. In contrast
drive efficiency will decrease, to previous works, where the amplitude of

the sheath oscillates within a few Debye
lengths Ao of the wall, we considered an
electron that is free to oscillate in the rf

3.5.3 Electron Heating and Static electric field except when it reaches a wall,
Sheath Enhancement in Front where a strong, localized static potential can
of Energized RF Antennas force the electron to turn before completing

an rf cycle. In the oscillating frame, the
The generation of impurities from the static sheath that occurs within a few AD

Faraday shield and surrounding structures of the grounded structure appears to be
is a commonly observed phenomenon when oscillating in space rather than amplitude.
an ICRF antenna is energized. One of the An electron will be reflected by this static
more interesting experimental observations sheath if its parallel energy at the time
is the heating of electrons in the region of impact is less than the static sheath
near the antenna. We have developed an potential. Decorrelation can occur on an
analytic model that considers rf near-field electron transit time scale, and the electrons
effects that occur within a plasma rf skin are heated either until they overcome the
layer of the Faraday shield in the limit that static sheath potential at the end of the field
the rf plasma response is linear. The heating line or until an adiabatic heating limit is
of electrons by the rf near fields is treated by reached.
using a quasi-linear electron heating model. We have used ',he ORION code to solve
The production of high-energy ions can then for the rf fields in the vicinity of a Faraday
be understood in terms of an enhanced shield with plasma present. The code
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includes both rf electrostatic and electromag- OR,L-0wO893o,6_,_o5 _.0

netic effects and uses a linear warm-plasma --_-_.... r--......l ..........-r- ......_ Y ]

dielectric response for specified plasma pro- , - -_ o8
files. Calculations using the code show that, " '
for frequencies near 30 MHz in geometries 3- .." ",. --o6

1"' x

like that of the Princeton Large Torus (PLT), .-" ',

the electric fields parallel to B are small 2- ..-" ,, -04
enough to produce a linear plasma response. _ ' _ 02
That is, the electrons in the near-field region
are able to freely carry oscillatory rf currents o o

and reduce Ell. Results of the ORION l j 1ANT_N,_II__L_ LWA_L_i_
code indicate that these plasma currents may -_

z I I I I I J _.4 ._
not be neglected in the calculation of Ell % (_,
unless the plasma density is very low, in _ o- ,,_, -,2
which case the rf electric fields approach the _ , ',,",

expected vacuum limit. Ell decays away _ _ .;/!/k"Vh',"---"
from the Faraday shield and extends into ';/ _,,
the plasma in the z-direction, as shown in 4- l/ \', -o8

Fig. 3.10. The evanescent scale length of /,_i- ""-_

i \ -- 0.6

'Fthis near-field region is of the order of the

plasma skin depth modified by perpendicular 2_ "7 ,'/ _', "%, 04
profile effects. For the case of PLT-type _.:.f/:/.. .,_,,,__

parameters, these near fields can extend into _F ,-,1 .E_ o2
the plasma for distances of the order of

O 0

1 cm. Ell in the gaps at the front face _D_s.! _ I WALL_

of the Faraday shield reaches values of J _ [_t ! J I I""_['_
10-20 V/cm for power levels comparable _8 _o 42 o_ 4_ _8 5o 52_(cm)

to the experimental values. Significant Fig. 3.10. Magnitudes of Ey and Ell along
elec_on excitation in the near-field region a chord (a) without a Farady shield and (b) with
has been observed experimentally with these a Faraday shield. Solid curves: uniform antenna

relatively low values of Ell. current. Dashed curves: nonuniform antenna current.
These estimates can now be used to

determine the importance of these processes, atoms could then be ionized and fall through
assuming that the grounded wall in the a similar potential drop, hitting the screen
perpendicular direction represents the metal- with energies in the 500-eV range (if only
lic bars of the Faraday shield. Sheath singly charged), where the self-sputtering
potentials in the range from 200 to 500 V yield exceeds unity. Thus, the experimen-

are obtained for deuterium with Ell = 10- tally observed sputtering phenomena at the
20 V/cm. Note that in a deuterium plasma, Faraday shield of an energized rf antenna
deuterium energies on the order of 500 eV may be explained by using realistic values
would be capable of sputtering a few wall for the pertinent parameters in this model.
atoms such as nickel. These sputtered nickel
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3.6 COMPUTING AND OPERATIONS ATF data from its initial repository on
primary disks to secondary disks and then

Computing in the Fusion Energy Division on to the jukebox. The primary disks (a
can be roughly divided into three categories: set of shadowed fast disks) store the data
the User Service Center (USC), experimental in uncompressed form and thus provide the
data acquisition, and support of personal shortest access time. Before the data are
computers (PCs). Funding restrictions have transferred to secondary disk storage, they
placed a considerable premium on develop- are compressed and also copied to tape
ing methods of providing support in these for offsite vault storage. Data compression
areas with fewer people. The USC now slightly slows the access time (_30%) but
operates with only partial operator coverage, allows the storage of three times as much
and many labor-intensive activities have data on the secondary disks. Finally,
been automated or shifted to hardware that the oldest data migrate off the secondary
can operate almost unattended. Examples disks to their final repository in the optical
include an ion-deposition printer, which jukebox. Ali disks in the jukebox appear
requires far less manual paper handling to be on line simultaneously. In reality,
and operator intervention than the Versatec the number of disks spinning at the same
printers; a helical-scan tape unit purchased time is the same as the number of read
last year for evaluation, which has proved stations (currently two). Since data appear
satisfactory and is now used for the routine to "age" fairly quickly (users most often
daily incremental backups (these can now be access recent data, sometimes access older
run as an unattended batch job); and the use data, and only sporadically access the oldest
of the optical jukebox purchased last year data), the jukebox can provide an illusion
for "near-line" storage of ATF data. This that ali data are on line as long as there are
places ali ATF data in machine-mountable enough data in secondary storage to meet
storage and removes any need for manual the moderate-access demands. Data can be
tape or disk mounting, which was a continual read directly from the jukebox or copied
problem for the data archive systems on ear- back to a recall area on the secondary disk
lier fusion experiments at ORNL. In the PC string. Since analyzed data files can be
area, the most interesting development was modified while in this area, and since the
bridging the AppleTalk zones in the building storage medium in the jukebox can only
to the Ethernet backbone and connecting be written once, data stored there can be
them to the VAXcluster with AlisaShare. superseded but not erased and rewritten.
Finally, in the first move toward creating a This placed interesting design constraints
fourth category of computing, the division on the automatic migration software to
purchased its first workstations this past year. guarantee that modified files were properly
These workstations (two DECStation 3100s detected, tracked, and archived.
and a Silicon Graphics Personal Iris) offer A complete rewrite of the ORNL Fusion
significant advances in dedicated computing Energy Division CAMAC device driver
power at a very attractive price, package was completed this year. This

Software development has concentrated rewrite, which has been under consideration
in the area of experimental support and for some time, has allowed the internals of
data acquisition. A suite of fully automatic the driver to be modernized significantly.
migration procedures was developed for the The driver is now compatible with sym-
optical jukebox. These procedures stage metric multiprocessing CPUs from Digital
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Equipment Corporation (DEC); in addition, 8. Y. Nakamura et al., "Relation Between Mercier

ali the hardware register dependences are Criterion and Low-n Mode Stability," paper 4P-2 in

localized to one point in the code. The Proceedings of the Seventh International Stellarator
Workshop, Oak Ridge, 1989, IAEA-TECDOC-558,

resulting code can be ported to other branch International Atomic Energy Agency, Vienna, 1990.
driver designs with much less work than 9. A. Varias et al., "Ideal Mercier Stability for the
would have been required in the past. TJ-II," Europhys. Conf. Abstr. 13B, 607 (1989).

Additional development has continued in 10. A. Vafias et al., "Stability Studies for TJ-

support of the division's involvement with II," paper 4P-12 in Proceedings of the Seventh

Tore Supra and TEXTOR (see Sects. 1.2.2 International Stellarator Workshop, Oak Ridge, 1989,
IAEA-TECDOC-558, International Atomic Energy

and 1.2.3). Communications software was Agency, Vienna, 1990.
developed for exchanging data files and 11. L. A. Charlton et al., "Compressible Lin-
synchronizing shot information with Tore ear and Nonlinear Resistive MHD Calculations in

Supra's host data acquisition computers Toroidal Geometry,"J. Comput. Phys. 86, 270 (1990).

(which are non-DEC). This software under- 12. L. A. Charlton and B. A. Carreras, "The Effect

went a major upgrade this year to improve of Compressibility on Magnetohydrodynamic Insta-
bilities in Toroidal Tokamak Geometry," Phys. Fluids

its reliability and robustness. Development B 2, 539-47 (1990).
of basic data acquisition programs continued 13. J. A. Holmes, B. A. Carreras, and L. A. Charl-
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with Low Shear and Inflection Point at the q = 1
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4. PLASMA TECHNOLOGY

SUMMARYOF ACTIVITIES

During 1989, the Plasma Technology Section continued its activities in development and
application of fusion technology. Work in related nonfusion research areas is described in
Sect. 9 of this report.

In the plasma fueling program, the long-pulse pellet fueling system for the
superconducting Tore Supra tokamak in Cadarache, France, was succes,ffully tested and
installed on the facility, with the first pellets injected in December. Tests of the tritium
proof-of-principle injector in the Tritium Systems Test Assembly at Los Alamos National
Laboratory were completed.

The development of advanced pellet acceleration methods continued with the successful
testing of the proof-of-principle e-beam rocket accelerator in February and the development
of a repetitive two-stage light gas gun facility, concluding with the first demonstration of
repetitive operation at 0.7 Hz. Conceptual designs for pellet injection systems for the Compact
Ignition Tokamak and the International Thermonuclear Engineering Reactor (ITER), based on
the single-stage pneumatic and two-stage light gas gun approaches, are described in Sect. 6
of this report.

Pellet fueling experiments included the construction and commissioning of an eight-shot
pneumatic injector system for the Advanced Toroidal Facility, with the first pellet experiments
performed in May. A conceptual design for a four-pellet impurity pellet injector, based on the
ORNL two-stage light gas gun, was completed for the Tokamak Fusion Test Reactor (TFTR)
in support of the U.S. Tokamak Transport Initiative. In the continuing collaboration on the
Joint European Torus (JET) in the area of pellet fueling, the fusion product, no(O)Ti(O)r E,
was increased to 5 x 1020 m-3.kV.s, which represents one of the highest fusion products
obtained to date on JET.

In the rf technology program, new methods of attaching graphite tiles to Faraday shield
tubes were devised; computational methods of quantitatively determining the effect of the
Faraday shield geometry on antenna parameters were developed; and the rf power dissipation
distribution on the shield was calculated. Experimental studies on the Radio Frequency
Test Facility with the development antenna showed increased electron temperatures, plasma
potential_, and ion impact energies on the Faraday shield during high-power ion cyclotron
resonance heating (ICRH) operation.

Current drive technology efforts included optimizing the geometry of the multiple-strap
launcher array and developing control circuitry and tuning algorithms to adjust and maintain
proper phasing between the straps. The folded waveguide successfully completed its high-
power vacuum testing, and the double-strap ICRH antenna for Tore Supra was completed,
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tested, and shipped to France. Design work for a single-strap antenna for Alcator C-Mod
continued, and fabrication of a four-strap fast-wave current drive (FWCD) phased-array
launcher for the DIII-D experiment began. In the experimental collaboration with Princeton
Plasma Physics Laboratory (PPPL), a combined 4.5 MW of ICRH power was injected into
TFTR using both the PPPL and ORNL antennas.

In the neutral beam development area, the collaborative work on the rf quadrupole
concept for high-energy neutral beams continued. An architecture was produced for an
ITER-relevant beam line, and an experimental proof-of-principle demonstration proposal
was developed. In the development of the volume negative ion source, diagnostics were
developed to measure ion temperature within the source plasma. Atomic processes were
analyzed to establish operating points and directions for optimization, and experiments and
analyses were performed to evaluate techniques used to reduce the electron density near the
extraction sheath. The Lawrence Berkeley Laboratory volume negative ion source was also
analyzed, and an explanation of rms transverse emittance of the extracted ion beam was
provided.

In summary, the Plasma Technology Section continued to expand its leading role in the
development and implementation of the technology needed for fusion.
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4.1 PLASMA FUELING PROGRAM a conventional 1-m-long single-stage gas
gun system using hydrogen propellant gas.

4.1.1 Pellet Injector Development During the work, the gun received several
modifications, which were performed on the
contaminated system through the glove-box

S. L. Milora ports. This demonstrated that maintenance

In 1989 the Plasma Fueling Group of of future tritium injectors could be carded
the Plasma Technology Section participated out using similar techniques.
in a broad range of research activities in In the area of more advanced develop-
support of the magnetic fusion program in ment of higher-speed pellet injectors, ORNL
the United States and abroad. Research continued the development of the electron-
and development (R&D) activities of the beam (e-beam) rocket pellet accelerator and
group continued in the general areas of the two-stage light gas gun concepts, with
pneumatic and centrifugal pellet injector the following highlights:
development to support the present and near- • The proof-of-principle (POP) e-beam
term applications and advanced development rocket accelerator was completed and
in support of more demanding applications successfully tested in Febnmry 1989.
anticipated for the Compact Ignition Toka- Cylindrical hydrogen and deuterium pel-
mak (CIT) and International Thermonuclear lets, 4 mm in diameter by 12 mm
Engineering Reactor (ITER) devices, long, were accelerated to a speed of

In the area of centrifugal pellet injector 300 m/s by high-power pulsed electron

development, ORNL completed testing of a beams at various e-beam currents and
long-pulse pellet fueling system for the Tore pulse lengths in a 0.6-m-long acceleration
Supra tokamak and installed the system at column. PTeliminary results indicate that
the Tore Supra facility in Cadarache, France, the burn velocity is consistent with the-
in October 1989. The injector, which has oretical estimates and that extrapolations
been under development since 1986, was to higher speeds would be feasible with a
designed to fuel Tore Supra plasmas for up multistage accelerator.
to 30 s. In qualification tests at ORNL, • The ORNL two-stage light gas gun facil-
the system demonstrated the capability of ity successfully operated at velocities of
reliably forming up to 100 pellets at 10 Hz up to 4.5 km/s with 35-mg plastic pellets
and accelerating them to velocities in the and velocities of 2.85 km/s with 4-mm
range of 600 to 900 m/s. The first pellets deuterium pellets. The efforts in 1989
were injected into Tore Supra in December. concentrated on the development of the

In the area of pneumatic injector develop- repetitive two-stage device, concluding
ment, ORNL completed testing of the tritium with the first demonstration of repetitive
proof-of-principle (TPOP) experiment on the operation at 0.7 Hz. This was made
Tritium Systems Test Assembly (TSTA) at possible by the addition of an automatic
Los Alamos National Laboratory (LANL). loading mechanism that can easily load
In the course of the experimental program, pellets at the rate of 1 Hz.
nearly 1500 pellets were fired from the gun, ORNL was also responsible for comple-
and about a third of these were tritium or tion of conceptual designs for pellet injection
mixtures of deuterium and tritium. Pure systems for CIT and ITER based on the

tritium pellets 4 mm in diameter were single-stage pneumatic and two-stage light
successfully accelerated to 1500 m/s in gas gun approaches°
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ORNL staff members participated in 4.1.1.1 Electron-beam rocket pellet

pellet fueling experiments on a number of injector
plasma confinement devices in the United
States and abroad. An eight-shot pneumatic C.A. Foster, D. E. Schechter, and

injector system was built and commissioned C.C. Tsai
on the Adva_aced Tort.idal Facility (ATF)
device, and the first pellet experiments were The e-beam rocket pellet injector concept

performed in May 1989. A conceptual de- is being developed for injecting ultrahigh-
sign was completed for a four-pellet impurity speed pellets to fuel ITER-class fusion
pellet injector, based on the ORNL two- confinement devices. 1-3 This research is
stage light gas gun, for the Tokmaak Fusion partially supported by U.S. ITER R&D
Test Reactor (TFTR) at Princeton Plasma funds. A theoretical evaluation indicates

Physics Laboratory (PPPL) in support of the that a practical injector can be developed to
U.S. Tokamak Transport Initiative. ORNL deliver deuterium or tritium pellets at speeds
staff also participated in major international of several kilometers per second. Significant
collaborations between the U.S. Department results from a POP device 4 are summarized

of Energy (DOE) and the French Commis- here, including a brief description of a
sariat h l'Energie Atomique (CEA) on the conceptual design for an ultrahigh-speed
superconducting Tore Supra tokamak and pellet injector.
between DOE and the European Atomic A POP device, shown in Fig. 4.1, has

Energy Community (EURATOM) on the been designed, fabricated, and assembled.
continua_a of the collaboration on the Joint lt was first operated to demonstrate pellet

European Torus (JET) in the area of pellet acceleration by means of e-beam heating in
fueling. In 1989 the JET device underwent February 1989. Figure 4.2 shows prelim-
extensive modifications to allow it to operate inary results from this study. Cryogenic
with beryllium as a first-wall material, cylindrical (4-mm-diam) pellets of frozen
During the brief run period from June to hydrogen (12 mm long)and of frozen der,-
September 1989, pellet injection operations terium (18 mm long) were reliably injected
were extensive as the JET program was from the cryostat where they were formed
directed toward an early evaluation of the into accelerator guide rails and detected
effects of the beryllium modifications on by optical pellet monitors. Pellets are
high-power discharges. The experimental accelerated by partially ablating the back of
program primarily emphasized the fueling the pellet with high-power pulsed electron
of high-performance discharges. The fusion beams at various electron energies, beam
product, nD(O)T(O)rE, was increased to currents, and pulse lengths. A typical speed
5 x 1020 m--_"c'.s for electron and ion increment of up to 300 m/s is observed,

temperatures in the 7- to 9-keV range. This increasing with the beam power. The
represents one of the highest fusion products preliminary results of the experimental study
obtained to date on JET. Analysis of the data reveal an estimated burn velocity consistent
from the 1988 campaign was completed, and with theoretical estimates. 3'4 The exhaust
a major new result was the determination velocity and acceleration efficiency are being
of particle diffusivity profiles for peaked- studied in the ongoing experiments.

. density-profile target plasmas with high- The POP device consists of a pellet cryo-
power ion cyclotron range of frequencies stat, an electron gun, and a pellet accel-
(ICRF) heating, erating column that includes guide rails and
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Fig. 4. I. Experimental setup for the e-beam rocket pellet accelerator.

ORNL-DWG89M-2812FED a set of axial magnets for beam compression
14o , ,_ ,_ , and confinement. The pellet maker can

_ produce hydrogen or deuterium pellets by

condensing a fixed amount of gas on a liquid-
12o - =----""---_- helium-cooled copper block, punching out

the resulting frozen pellet with a mechanical
- plunger, and injecting the pellet through alOO -

baffle chamber and a guide tube into a pellet

_ feed ramp. The innovative design of the
8o - pellet feed ramp loads the pellet from an

LH

off-axis trajectory in the guide tube into
t--
LH60 - - the accelerator guide rails. The pellet is_J

1 constrained to travel down a set of three

BEAMON 0.6-m-long graphite guide rails. In this
40 - k.__V.V- acceleration column, the pellet is ablated and

----o---- 0
---o---6_ accelerated by the electron beam.

20 - _ 8._ - The pellet monitors (see Fig. 4.1) include
: _.s a television ('FV) camera station at PD7 for
= 134

imaging the accelerated pellet and light trip
0 t I I I I

0 100 200 300 400 500 detectors PD1 to PD6, a microwave mass
PELLETPATH(cm) detector MD, and a shock accelerometer SA

Fig. 4.2. Acceleration of pellets with e-beam for measuring the pellet speed before and
rocket pellet accelerator, during e-beam acceleration. The distances of



96

the monitors from PD1 are as follows: PD2, To enhance the acceleration efficiency
78 cm; PD3, 165 cm; PD4, 186 cm; PD5, and the accelerated pellet integrity, encased-
202 cm; PD6, 221.7 cm; PD7, 320.7 cm; shell pellets produced from a upgraded
MD, 356.3 cm; and SA, 475.7 cm. Detector pellet cryostat will be used to improve e-
PD7 triggers a nitrogen laser to illuminate beam/exhaust gas coupling efficiency and to
the accelerated pellet. The TV camera then strengthen the pellet to allow higher acceler-
records the pellet shadow, thus measuring the ation forces. This acceleration technique can
pellet size. The microwave mass detector be scaled up simply by increasing the length
and the target impact shock transducer are of the acceleration column for injecting
also used to measure the pellet speed and ultrahigh-speed pellets. Alternatively, a
size. The gate valves between chambers multistage accelerator with an axial pellet
are closed to isolate the chambers after feed and an off-axis electron gun could

the pellet passes through. The measured be used. Figure 4.3 shows a conceptual
pressures in the accelerator chamber and the ultrahigh-speed pellet injector that could use
diagnostic chamber can be used to determine either a single-stage or a multistage e-beam
the amount of pellet mass ablated during acceleration scheme, lt offers the flexibility
acceleration and the size of the accelerated of accelerating pellets of different lengths

pellet, and reduces the transverse scattering angles
The initial results of the POP device of the accelerated pellets. With pumping

indicate that: modules distributed along the accelerator
path and a differentially pumped drift tube,

1. The intense electron beam can accelerate ultrahigh-speed injectors could be developed
pellets efficiently, and used for continuous fueling of reactor

2. The solenoid magnet can compress, con- plasmas.
fine, and guide the electron beam during
pellet acceleration.

3. Graphite is the appropriate material for all 4.1.1.2 CIT and ITER fueling
electrodes adjacent to the trajectory of the
intense electron beam. M.J. Gouge

4. The baffle chamber between the pellet
maker and the guide tube increases Plasma fueling work in support of CIT
electron gun reliability during pellet ac- and ITER is carried out in collaboration with
celeration, the division's Fusion Engineering Design

5. The pellet feed ramp is suitable for Center (FEDC) and is described in Sect. 6
repetitive pellet acceleration, of this report.

ORNL-DWG91M-2943FED

SOLENOIDMAGNET SOLENOIDMAGNET SOLENOIDMAGNET

ELECTRON ELECTRON ELECTRON
BEAM BEAM BEAM

Fig. 4.3. Schematic diagram of e-beam pellet accelerator.
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4.1.1.3 Tritium injector The injector is now irr temporary storage at
TSTA until the text phase of experiments is

P. W. Fisher ready.
The key to making good tritium pellets

The TPOP experiment was built by in a pipe gun such as that used in the
ORNL to demonstrate the feasibility of present experiments is to produce tritium

forming solid tritium pellets and accelerating with very low 3He levels. Good-quality
them to high velocities for fueling future pellets that could be accelerated without
fusion reactors. The TPOP injector used fracture to velocities of 1400 m/s (Fig. 4.4)
a pneumatic pipe gun with a 4-mm-ID, 1- had 3He concentrations of <0.005%. Each
m-long barrel. Nearly 1500 pellets were time fresh tritium was received from TSTA,
fired by the gun during the course of the or whenever a long period of time had passed
experiment; about a third of these were without purification, a 3He separation was
tritium or mixtures of deuterium and tritium, performed. Tritium obtained from TSTA

The system also contained a cryogenic ranged from 3% to 13% 3He. About
3He separator that reduced the 3He level 100 kCi of tritium was processed through
to <0.005%. Pure tritium pellets were the TPOP system during the course of tritium
accelerated to 1500 m/s. Experiments operations.
evaluated the effect of cryostat temperature In over a year of tritium operation at
and fill pressure on pellet size, the production TSTA, the pellet injector was operated safely
of pellets from mixtures of tritium and with the support of TSTA systems and
deuterium, and the effect of aging on personnel. The offgas produced by the
pellet integrity. The tritium phase of these injector was purified and separated into
experiments was performed on the TSTA at its constituents for recycle by the TSTA
LANL from January 1988 to August 1989. system. This shows that pneumatic pellet

ORNL-PHOTO6699-89 FED
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Fig. 4.4. 1400-m/s pellets formed by the TPOP injector.
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injectors can be readily integrated into future up to 2.85 km/s. However, experimental
reactor fueling systems. No failures or results indicate that the use of sabots to
detrimental effects because of tritium, or any encase the cryogenic pellets and protect

other operational parameter, were observed them from the high peak pressures will be
in the TPOP hardware during the life of the required to reliably attain intact pellets at

experiment. During the course of the work, speeds of _3 km/s or greater. In 1989,
the gun received several modifications (e.g., efforts concentrated on the development of
removing the collar heaters and lengthening a repetitive two-stage device, concluding
the cooled section of barrel). These opera- with the first demonstration of repetitive
tions were performed on the contaminated operation (ten plastic pellet._,fired at 0.7 Hz).
system through the gloves. Maintenance The pellet frequency of 0.7 Hz is the
of future tritiu,, pellet injectors should be design repetition rate for the ITER baseline

possible using similar techniques. Although pellet fueling system. In some limited
tritium pellets can be routinely produced tests, lithium hydride (LiH) pellets were
in a pipe gun with properly prepared tri- accelerated to speeds of up to 4.2 km/s.
tium, continuous injectors will be required The equipment and operation are described
for future reactors. TPOP has clearly briefly, and experimental results and some
demonstrated the feasibility of producing and comparisons with a theoretical model are
accelerating tritium pellets. However, the presented.
properties of tritium appear to be different Figure 4.5 is a schematic of the ORNL
enough from those of deuterium that any upgraded two-stage device; a facility pho-
continuous injector design should probably tograph is shown in Fig. 4.6. Physical
undergo a prototype test with tritium before parameters of the guns and operating test
it is adopted for fueling a fusion reactor, ranges are listed in Table 4.1. Experimental
Injectors with extruders may not require as data are summarized in Table 4.2, along with
low a 3He level as the pipe gun. However, comparisons to a theoretical model. A 4-
the extrudability of tritium and the design mm-diam pellet size was chosen for these
of continuous tritium-compatible extruders tests since it is applicable to large present-
should be addressed in future phases of the day tokamak experiments; in fact, ORNL-

TPOP experiment, supplied pellet fueling systems on both
TFTR and JET are equipped with this pellet
size. Thus, the projectile mass of interest

4.1.1.4 Two-stage light gas gun is in the range of 5-20 mg (hydrogen,
deuterium, and tritium ice have densities of

S. K. Combs 0.087, 0.20, and 0.32 g/crn 3, respectively).
The use of the sabot technique dictates

As reported in last year's annual progress heavier projectiles, depending on the specific
report and in several papers, 5-7 speeds design. As shown in Fig. 4.5, a 2.2-L
of up to 4.5 km/s have been recorded reservoir provides the gas (typically helium)
with 35-ing plastic projectiles (4 mm in to accelerate the piston in a 1-m-long pump
diameter) in a small two-stage light gas tube. The downstream gas is compressed
gun, and the pipe-gun technique for freezing as the piston travels down the pump tube
hydrogen isotopes in situ in the gun barrel and, thus, is driven to high pressure, which
has been used to accelerate deuterium pellets propels the projectile in the second driving

(nominal diameter of 4 mm) to velocities of stage. The projectile does not start to move
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ORNL PHOTO 8126-89

Fig. 4.6. Two-stage light gas gun facility.

Table 4.1. Parameters for ORNL two-stage until the pressure is high enough to overcome
light gas guns the wall shear stress of the tightly fitting

pellet (,_70 bar for nylon projectiles and 20
First stage

Volume, cm 3 2250 bar for hydrogen pellets); the pellet is then
Length, m ,_0.42 accelerated through the 1-m-long gun barrel
Inside diameter, mm ,_82 into a vacuum injection line. A high-flow-
Initial pressure, a bar 10-110 type fast valve separates the two stages and

Activation mechanism Burst disk or fast valve acts to initiate the acceleration process.

Second stage The upgraded version of the gun in-
Volume, cm 3 500 corporates some new design elements and
Length, m 1 offers operating options not commonly found
Insidediameter, mm 25.4 on traditional two-stage light gas guns.
Initial pressure, bar <1 In addition to the use of a fast valve

Gun barrel in piace of a rupture disk, a cryostat
Length, m 1 (inside a vacuum enclosure) was added to
Insidediameter, mm 3.9 the gun barrel. Liquid helium flowing

Piston mass,b g 10--50 through the cooling channels of the cryostat,
which surrounds the gun barrel, provide_ the

"Pressure in the first-stage reservoir before triggering of capability of freezing hydrogen or deuterium
activation mechanism.

blncludes ali piston weights tested in the ORNL pellets in situ. Another modification is a
experiments, pneumatically activated, two-position slide
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Table 4.2. Experimental data for test shots and results from gas dynamics model
Values in parentheses are inputs for or results from code calculations

Shot number

1210 5041 5064 5088 5089 5165

Projectile Nylon Deuterium Deuterium Deuterium Deuterium LiH

Temperature, K 295 10 10 10 10 295

Projectile mass, mg 35 -- (10) -- (10) -- (10) -- (10) 26

Piston mass, g 19.6 25.5 25.5 25.5 25.5 51.0a

First-stage pressure, b bar 72.0 (51.7) c 13.8 (13.8) c 39.9 (34.8) c 38.3 (34.8) c 42.0 (34.8) c 66.4 (81.1) c

Second-stage pressure, bar 0.8 0.8 0.8 0.8 0.8 0.8

Peak pump tube pressure, bar 3670 (/ (4690) -- (180) m (1600) -- (1600) -- (1600) -- (3350)

Piston travel time, ms 3.20 (3.24) 8.20 (8.00) 5.10 (4.85) 4.90 (4.85) 5.10 (4.85) 5.15 (5.14)

Maximum piston speed, mis -- (391) -- (152) -- (265) -- (265) -- (265) -- (269)

Peak pellet acceleration, m/s 2 -- (5.6 x 107) -- (4.3 x 106) -- (6.7 x 106) -- (6.7 x 106) -- (6.7 x 106) -- (2.3 x 107)

Pellet velocity, km/s 4.50 (4.88) 1.60 (1.63) 2.60 (2.75) 2.70 (2.75) 2.85 (2.75) 4.20 (4.00)

aTwo 25.5-g pistons were used in pump tube for this shot; they were modeledas a single piston.
bThis is not the reservoir pressure but the maximum pressureestimated from the oulput of the Iransducerlocatedat the upstream endof
the pumptube.

CFirst-stagepressure for the code calculation;it was adjusted so that the calculated piston travel time closely matched the experimentally
measuredvalue; for shots 5064, 50'38,and 5089, the same pressurewas used, so the code resultsare the same.

dFlat profileof pressure pulse at peak on this shot suggested that instrumentor data acquisitionmay have missed maximumvalue.

mechanism (located inside a second vacuum within a few minutes. The automatic loading
enclosure). This mechanism essentially mechanism can easily load pellets at a
separates the pump tube and the gun barrel, rate of 1 Hz. O-ring-type seals and a
For cryogenic operation, the slide acts as pneumatic clamp provide adequate sealing
a shutoff valve in position 2 (Fig. 4.5) at the interface between the pump tube, the
and separates the cryostat and pellet from slide mechanism, and the gun barrel dunng
the room-temperature helium propellant gas. the firing phase, when high peak pressures
It is moved into position 1 immediately are generated in the gun. The pneumatic
before the gun is fired; the open hole in clamp releases when the slide is moved to
the slide bar is accurately aligned with the minimize the possibility of damage to the
gun barrel. For room-temperature operation O-rings. Details of the mechanical design
with plastic pellets, single projectiles can be are not shown in Fig. 4.5.
loaded manually into the hole when the slide Another two-stage gun using a bigger
bar is in position 2, and the gun can be fired pump tube (41.3-mm ID) was also con-
after the slide bar is returned to position 1. structed in 1989 and will be used to evaluate

A recent addition is an automatic loading the performance of a larger second-stage
mechanism that can be used to remotely load volume. Both experiments are equipped with
a pellet into the slide mechanism when it is instrumentation (not shown in figures) to
in position 2. This loading mechanism can eva_uate gun performance. A programmable
hold up to 36 4-mm-diam pellets (it could logic controller (PLC) and a CAMAC data
easily be modified to accommodate hundreds acquisition system are used for precise
of pellets) and can be reloaded manually control of the systems, for accurate timing,
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and for recording and archiving the transient "g
ORN L-DWG 89-2394 FED

data for each shot. ,,, 4000 ]rr"

In preliminary experimental tests, repet- g _ SHOT4240 /_PEAK =3670 ber -co

itive operation of the two-stage gun was "' ilo, 9872#srr 3000-

demonstrated with 50-mg plastic pellets (3.9 _- • CODE I / -
uJ _ PREDICTION] Imm in diameter by 3.5 mm long). The "F 2000

weight of these test pellets is probably close _-:_ ---_

to the combined mass of a hydrogen isotope __
pellet and a sabot. The automatic loading :_,_40o0LtJ

mechanism was used to fire ten pellets at ,"k-
m 0 l

0.7 ttz. The first-stage reservoir pressure _= 97_6 982t 9927 40032
was 100 bar for this series of shots; the o0 TIME(/Ts)

second-stage initial pressure was 0.8 bar. Fig. 4.7. Pressuremeasuredat downstreamendof
Pellet velocities were consistent, ranging pumptube duringa high-speedshotdfa 35-mgnylon
from 2.3 to 2.5 km/s. The equivalent speed projectile; calculated predictions from a gas dynamics

of lighter deuterium pellets is 3.0 km/s, code are also shown.

or greater, at similar operating conditions.
In these tests, each pellet was remotely
loaded and fired in a automatically controlled

sequence. The preliminary results are ble 4.2. As noted, the velocity in shot 1210
encouraging and suggest that operation at is the highest recorded to date (4.5 km/s).
> 1 Hz is attainable. The code indicates that the gas is driven to
- In some limited tests, 3.9-mm-diam, 2.8- temperatures approaching 10,000 K during

mm-long LiH pellets were shot with the the compression. Figure 4.7 is a comparison
gun. These pellets were machined from of the downstream pump tube pressure from
stock material at the Oak Ridge Y- 12 Plant. the code calculations with the experimentally

The density of the material is 0.78 g/cm3; measured values. The estimated peak
thus, the LiH projectiles weighed ,_26 rag. acceleration for this shot is 4.5 x 107 m/sz.
In shots 5164 and 5165, speeds of 3.2 In general, the code predicts the gun
and 4.2 km/s, respectively, were recorded, performance for deuterium pellets very weil;
The corresponding pressures in the first- calculated speeds are within 6% of the
stage reservoir for these shots were 69 measured values, as shown in Table 4.2. For
and 110 bar. The information for shot operation with higher pump tube pressures
5165 is summarized in Table 4.2. High- (as in shots 5064, 5088, and 5089), the

speed "impurity injection" of such materials maximum acceleration indicated by the code
has been proposed for studying transport is 6.7 x 106 m/s 2. The pellet velocity and
phenomena in tokamak plasmas, acceleration rate calculated from the code

A two-stage Lagrangian gas dynamics are shown in Fig. 4.8 as a function of
code 7 is used to model the interior ballistics the pellet p 'ition in the gun barrel. For

of the two-stage light gas gun. Extensive many shots at these conditions and even at
computer modeling runs have been made slightly lower first-stage pressures, broken
for both nylon pellets (mass of 35 mg) pellets were observed at the gun muzzle.
and deuterium pellets (mass of 10 mg). This is consistent with the acceleration
Experimental data and some inputs to and limit of (5-6) X 10 6 m/s z reported by
outputs from the code are shown in Ta- other researchers. 8'9 For reliable operation at
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Fig. 4.8. Pellet velocity (solid lines) and acceleration (dashed lines) calculated
from a gas dynamics model for a high-speed deuterium test shot.

higher speeds, protective sabots to encase the 4.1.2 Pellet Injector Applications
hydrogenic pellets will probably be required,
as noted previously.

The code indicates that gas friction is the 4.1.2.1 ATF pellet injector
dominant nonideal effect, with heat transfer
and piston friction accounting for only 10- P.W. Fisher
30% of the total energy loss. This conclusion

agrees with recent theoretical work at the An eight-shot pellet injector was installed
Ris_ National Laboratory in Denmark. ]° on ATF during May 1989, and the first
For the calculations presented here, the gas injection experiments were performed on
friction was determined by measuring the May 15, 1989. Pellets were injected
actual surface roughness e of the pump tube into ATF plasmas on six days in 1989.
and gun barrel and then calculating a friction Injection experiments have been performed
factor based cn the local Reynolds number under a variety of operating conditions,
and the measured e/D, where D is the including fields of 0.95 and 1.9 T. Hydrogen
relevant pipe diameter, pellets have been injected into hydrogen

The next major step in this development plasmas. Deuterium pellets have been
effort is to combine the two-stage gun with a injected into plasmas heated with one and
cryogenic extruder for hydrogen ice. These two neutral beams, into plasmas heated with
components form the basis for a repetitive ion cyclotron resonance heating (ICRH), and
gun that can perfor'n at rates of _1 Hz or into plasmas heated with electron cyclotron
_eater and accommodate sabots, heating (ECH) only.
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A record stored energy was achieved with changes in the critical feed timing; enlarge-
pellet injection on ATF for 0.95-T operation, ments in the rotor entrance aperture and
A simultaneous stored energy of 10.5 kJ and guide tube entrance aperture, which also
a line-averaged electron number density of increase the fr,',ction of pellets accelerated;
3 x 1013 cm -3 were obtained using pellet an ice scraper to improve the formation
injection with gas puffing at 0.95 T. A stored of the deuterium ice rim and eliminate a
energy of 23 kJ has been obtained with pellet previous problem of the ice disk locking,
injection at 1.9 T. Multiple-pellet injection which had prevented long-pulse operation;
has been performed with up to three pellets and the implementation of an extrusion
injected during one discharge, system to rapidly reload the ice disk.

The system, as delivered, could make up
to 100 pellets of variable mass at rates up to

4.1.2.2 Tore Supra pellet injector 10 Hz and accelerate them to a speed of 600
to 900 m/s. The reliability of the injector

C. A. Foster was improved so that, on a given shot, from
A cennifuge pellet injector was com- 60% to 90% of the pellets were delivered.

pleted and delivered to the Tore Supra super- Further improvements in this parameter are
conducting tokamak at Cadarache, France, envisioned, and a special circuit that detects
as part of a cooperative research program a missing pellet and fires a replacement
between DOE and the French CEA. The has been successfully implemented since the
pellet injector, which has been under devel- equipment was installed on Tore Supra.
opment since 1986, was designed to fuel A highlight of the year was the rapid
Tore Supra for 30 s. Cryogenic pellets and efficient installation of the equipment on
of frozen deuterium are fabricated by a Tore Supra. The equipment was designed
unique device (based on a liquid-helium- as a complete package and constructed on a
cooled rotating disk) and injected into a high- metal pallet. Therefore, a minimum amount
speed rotating ann made of a graphite epoxy of disassembly and reassembly was required
composite. An acceleration track molded for shipping. During a period of six weeks,
into the arm guides the pellet to the tip of the apparatus, which weighs two tons, went
the arm, where it is ejected at twice the from an operational state in Oak Ridge,
peripheral speed of the rotor, which has been through crating and shipment to France, to
tested to tip speeds of 800 m/s. During 1989, setup on Tore Supra and operation from the
the acceleration system and the pellet feed Tore Supra control room under control of the
systems, individually developed and tested in Tore Supra computer system.
previous years, were integrated; initial pellet During 1990, the pellet injector will be
acceleration tests were undertaken; several used for combined long-pulse fueling and
minor but important adjustments and im- exhaust studies on Tore Supra. Initial
provements were made; reliability tests were experiments show promise for both the pellet
performed; acceptance tests by the French injector and the pump limiter systems, which
staff were made; and the equipment was are also part of the DOE-CEA exchange
packed and shipped to Cadarache, installed program. Figure 4.9 shows a 9-s plasma
on Tore Supra, and put into operation, discharge, which was fueled by four pellets,

The improvements included a timing one of the first deuterium discharges made
electronics modification, which adjusted for on Tore Supra.
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Fig. 4.9. Parameters of one of the first deuterium discharges on Tore Supra, fueled with four pellets from

the ORNL centrifuge pellet injector.

4.1.2.3 JET ticle transport during strong central heating
with the results of edge heating experiments

S. L. Milora performed earlier on TFTR. A new regime
of transient enhancement in performance in

In 1989 ORNL was represented by per- limiter plasmas (lasting up to 1.3 s) was
manent on-site members in the first phase of obtained by fueling the discharge early in
the U.S. DOE-EURATOM collaboration on the current ramp phase by injecting multiple
pellet fueling on JET. Additional members of 2.7-mm or single 4-mm pellets. This
the ORNL physics team included members technique produced plasma density peaking
of the Plasma Technology Section and the factors in the range of 2.6 to 5 with
Plasma Theory Section. central densities of (0.8-2) × 1020 m -3 At

The initial phase of the experimental a power level of 20 ]_AW and a central
program (i.e., the first operational period density of 6 x 1019 m -3, central ion and
from June through October 1988) concen- electron temperatures of 10.5 and 12 keV
trated on the physics associated with peaked were achieved in 3-MA, 3.1-T discharges.
plasma density profiles obtained with rf Values of the fusion product r_o(0)Ti(0)r E
and neutral beam heating at total heating in the enhanced confinement phase are in
powers of up to 20 MW in primarily 3- the range of (1-2) x 1020 m-3-kV.s. The
MA discharges. The objective of these improved confinement has been associated
experiments was to compare energy and par- with a reduction in transport coefficients in
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the plasma core region, where the density was increased, it was possible to maintain
profile peaking is most pronounced, relatively deep pellet penetration and central

In 1989 the JET device underwent ex- plasma densities in excess of 1 x I0 TMm -3

tensive modifications to provide a capabil- during a 4-s fueling pulse.
ity for beryllium evaporation on internal One of the goals of the physics pro-
vacuum vessel surfaces and to install a gram in FY 1989 was to produce and
full toroidal beryllium belt limiter. Plasma heat peaked density profiles in H-mode
operations during the abbreviated physics discharges. Although a successful technique
campaign amounted only to about 50% of was not found to accomplish this in the short
the 1988 level, but significant scientific time available, good results were obtained
progress was achieved, thanks in large part in pellet-fueled H-mode discharges. The
to the ease of operation with beryllium- fusion product, nD(0)ri(0)r E, was increased
gettered and limited discharges uesulting in to 5 x 102o m-3.kV.s for electron and ion
reductions of the effective plasma charge temperatures in the 7- to 9-keV range. This
by approximately a factor of two). Dur- represents one of the highest fusion products
ing the brief run period from June to obtained on JET to date.
September 1989, pellet injection operations ORNL assumed the lead role in two
were extensive as the JET program was areas on JET: pellet ablation physics and
directed toward an early evaluation of the particle transport modeling. In the former, a
effects of the beryllium modifications on unique experiment was performed in which
high-power discharges. Pellet injection was the pellet velocity was varied by a factor
used in a total of 33 experimental sessions of three to determine the dependence on
by the Limiter, H-Mode, and Beryllium pellet velocity of pellet penetration. The
Assessment Task Forces. For the most penetration was found to vary according
part, the experimental program emphasized to the one-third power of the velocity,
fueling of high-performance discharges and which is in agreement with the original
attempts to extend the pellet-enhanced mode neutral gas shielding model (as compared
discovered in the 1988 campaign to the with the more recent plasma and neutral
H-mode and higher current regimes. The gas shielding model, which predicts a much
density limit was increased substantially by weaker velocity dependence). This result
the lower oxygen and carbon content of has obvious important consequences for the
beryllium limiter discharges, and for the first CIT and ITER pellet injector development
time it was possible to inject pellets from programs.
the 6-mm gun. This was accomplished Several transport codes were used to
in both 4-MA X-point and 5-MA limiter analyze particle and heat transport during the
discharges in which peak plasma densities decay phase of Ohmic and ft-heated JET
of 3.4 x 102° m -3 and 2.7 x 102o m -3, discharges studied in the 1988 campaign.
respectively, were measured immediately The PTRANS code was written by to
after pellet injection. Pellet fueling of high- interpret particle diffusivity from the six-
power discharges with auxiliary heating was channel interferometer and edge H_ data.
also demonstrated for the first time on JET Particle diffusivity D in the core of the
during experiments in which a series of plasma was found to depend on the density
4-mm pellets was injected into a 10-MW profile shape. For peaked density profiles
neutral-beam-heated limiter discharge. By (peaking factor > 2), a value of D =
raising the power gradually as the density 0.08 m2/s was inferred in the core region;
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for peaking factors of ,_1.5, D was found which eliminates the complexity of sabot
to be in the range of 0.2 to 0.3 m2/s. The separation but requires smaller barrel sizes
shape of D is similar in Ohmic discharges than have been used previously on two-
and during the enhanced confinement phase stage light gas guns. Each gun will have
of the auxiliary heating pulse. This is at least a 30-shot magazine to allow about
characterized by a low value (0.08 m2/s) in one day of remote operations. This design
the central core that increases abruptly at ria was presented to PPPL staff at a conceptual
,_ 0.5 to _0.3 m2/s. No evidence was found design review in September 1989; the design
for an anomalous inward particle pinch, approach was endorsed, but the project was

later deferred because of budget constraints.

4.1.3 Pellet Projects: High-Speed

Injector 4.1.4 Work for Others

M. J. Gouge M.J. Gouge
In 1989 a conceptual design for a high-

speed impurity pellet injector to be used Several projects were undertaken in non-
on TFTR was performed for PPPL. The fusion areas or for external customers as
basic device consists of up to four two- summarized below:
stage light-gas-gun injectors with tandem • A four-shot pneumatic injector, previ-
mounts on each side of the present deuterium ously used on the Princeton Large Torus
pellet injector (DPI) on TFTR. The new (PLT) and the Texas Experimental Toka-
single-shot injectors would use as much of mak (TEXT), was loaned to Lawrence
the existing DPI subsystems as is practical, Livermore National Laboratory (LLNL)
including vacuum pumping, control, and for use on the Microwave Test Experi-
data acquisition systems. The injectors ment (MTX) tokamak (formerly Alcator-
would inject carbon pellets (0.7 to 1.2 mm C). This injector was modified by LLNL
in diameter) and lithium/LiD pellets (1 to to use the simpler pipe-gun geometry for
2.0 mm in diameter) at speeds of 4 to 5 km/s pellet fabrication. We provided consul-
for plasma perturbation experiments in high- tation and conducted a design review of
temperature TFTR supershot plasmas. The this modification based on our successful
baseline approach is to use a 4-mm-diam eight-shot pipe-gun design used on the
sabot with a C, Li, or LiD pellet payload Princeton Beta Experiment (PBX) and
of variable size from 0.7 to 2.0 mm. The ATF.

present two-stage light gas gun used in the • Occasionally throughout the year, the
ORNL high-velocity development program two-stage pneumatic injectors were used
has a 4-mm-ID barrel with a 25.4-mm-ID to accelerate projectiles to high velocity
pump tube, so the performance extrapolation for exploratory component damage and
would be modest. A development issue armor studies.
is reliable separation of the plastic sabot • A pneumatic fast valve and power supply
from the impurity pellet payload before were provided to the ORNL Metals
the pellet enters the tokamak. A backup and Ceramics Division to upgrade the
approach is to use a small-diameter barrel velocity capability of its light gas gun
sized for the actual pellet outer diameter, for material erosion studies. A design for
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a new single-shot, light gas gun capable 4.2.1 Basic Development
of velocities in the range from 300 to
500 m/s was completed. 4.2.1.1 Faraday shield studies

T. D. Shepard, E W. Baity, and
4.2 RF TECHNOLOGY D.J. Hoffman

Faraday shield with nonbrazed graphite
In the rf technology basic development armor

program, new methods of attaching graphite
tiles to Faraday shield tubes were developed A new, simpler method for attaching
and :ested. Computational methods of quan- graphite tiles to Faraday shield tubes was
titatively determining the effect of the Fara- investigated. Rather t_:an brazing the tiles
day shield geometry on magnetic shielding, directly to the tubes, small radial holes were
change in antenna inductance, and reduction drilled through the tiles. Small metal rods
in phase velocity were developed, and the rf were inserted through the holes, tack-welded
power dissipation distribution on the shield directly to the surface of the tube, and then
was calculated. Experimental studies on the cut flush with the surface of the graphite.
Radio Frequency Test Facility (RFTF) with The method has two principal advantages:
the development antenna showed increased a b_oken tile may be easily replaced with-
electron temperatures, higher plasma poten- out disassembling the antenna at all, and
tials, and enhanced ion impact energies on the loose mechanical connection eliminates
the Faraday shield during high-power ICRH thermal stresses in both the tile and the tube.
operation. The primary disadvantage is that the thermal

Significant advances !n ff current drive contact between the tile and the tube is
technology were made by optimizing the poor, so this method might not be usable for
geometry of ;he multiple-strap launcher array long-pulse applications without some kind of
and by developing control circuitry and tun- modification to improve the thermal contact.
ing algorithms to adjust and maintain proper A sample con._isting of a single, hollow,
phasing between the straps. The folded stainless steel tube (water-cooled) with six
waveguide (F_;G) successfully completed tiles attached was constructed. The sample
its high-power vacuum testing, was placed under vacuum and exposed to

The two-strap ICRH antenna for Tore a hydrogen ion beam with a peak power
Supra was completed, tested, and shipped density of 200 W/cm 2. The sample was
to Cadarache, France. Design work for exposed to 5000 2-s pulses at 10-s intervals
a single-strap antenna for Alcator C-Mod and then to 333 3-s pulses, also at 10-s
continued, and design work was completed intervals. The beam power absorbed by the
and fabrication begun for a four-strap fast- sample was 670 W. The graphite tiles glowed
wave ct_rrent drive (FWCD) phased-array brightly when struck by the beam but were
launcher for the DIII-D experiment. We not damaged in any way. The graphite did
continued our experimental collaboration not 5racture, nor did it separate from the tube,
with PPPL, injecting a combined 4.5 MW of and there was no evidence of thermal stress

ICRH power into TFTR using both the PPPL in the tube. We have not yet performed tests
(Bay M) and the ORNL (Bay L) antennas, to determine the maximum pulse length that
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this configuration can withstand, lt is clear the lowest for ali the shields we have
at this point that this configuration can be tested. While this may seem disconcerting,
quite useful, at least in relatively short-pulse in any particular antenna design there is
applications, a range of allowable shield transmission

coefficients, depending on the maximum
tolerable voltages and currents in the device.

Effects of Faraday shields on ICRH A particular shield design should not be ruled
antenna coupling out because of low transmission coefficients

unless the overall design of the antenna
In a continuation of earlier work, 11 is considered. In fact, the actual design

the transmission characteristics of Faraday process involves a trade-off between the
shields composed of elements with triangular shield's transparency and its ability to protect
cross secdons were investigated. The overall the interior of the antenna against plasma
emphasis of this work is to understand how bombardment. In general, the interior of an
the shape of the currem strap and the geom- antenna is better protected by dense shield
etry of the Faraday shield affect the currents structures, and one would intuitively expect
and voltages generated on an antenna for a such structures to have low magnetic field
given power, in order to provide guidance transmission.
for antenna design optimization. A key In a related study, 13 we investigated
issue in this study is the nonideal magnetic the interaction between variation in current
transmission property of Faraday shields, strap shape and variation in Faraday shield
which reduces the amplitude of the coupled geometry, to see if the current strap and the
magnetic field in front of an antenna from Faraday shield geometry could be optimized
that in the case where no Faraday shield separately. It was found that the optimization
is present. The motivation for studying could indeed be done separately, in spite of
shields with triangular cross sections is that the fact that the current distribution on the
such a geometry was recently proposed by current strap was affected by the Faraday
Perkins 12 as a means for reducing impurity shield. This current redistribution effect
generation by ICRH antennas and is being was explained intuitively in terms of the
considered for use in the antennas for the diamagnetic eddy currents that flow in the
Alcator C-Mod tokamak, surface of the shield elements in response

A prototype shield was constructed and to the component of the applied rf field
attached to the same antenna that was normal to the surface of the element. These

previously used to test a large variety of diamagnetic eddy currents have previously
different strap/shield configurations} 1 The been cited to explain the nonideal magnetic
triangular shields were set up in a single shielding effect. 14 An important observation
layer with tips pointing inward (toward the that is particularly relevant to this study is
current strap), in a double layer with tips that, given a fixed "density" of the Faraday
of both tiers pointing inward (the Perkins shield (in terms of the fraction of the antenna
configuration), and also in a single layer surface area obstructed from view by the
with alternating tip direction (the Alcator shield), the eddy current effect is reduced
C-Mod configuration). Variation in the by using a large number of small shield
spacing between shield elements was also elements rather than a small number of large
studied. In all cases, the measured magnetic elements. This consideration favors simple
field transmission coefficients were among tubular Faraday shield elements like those
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generally used for ORNL antennas. Larger The experimental measurements 15 largely

shields would be needed to take advantage confirmed the model's predictions. Fig-

of the triangular shaping because of the ure 4.10 shows that the ion energy distribu-

need to avoid sharp corners for electrical tion of the plasma in front of the antenna had

breakdown and thermal and plasma erosion an upward shift and a broader profile as the rf

considerations, power increased. The electron temperature

In the Alcator C-Mod design, the shield increased commensurately. Figure 4.11

elements are actually somewhat smaller than shows that the increased energy spread and
were the elements in our prototype. Also, upshift in average energy caused by the

the alternating orientation of the elements addition of rf power, as measured with a

allows the Faraday shield to be relatively
thin in overall dimension, so tharthe current oRNt.Dwc_gM_._o._E__

0.030 T I I
strap can be closer to the plasma surface

i To= 7 eV

than with a two-tier structure. Thus, we 0.025rixo.2
expect that the C-Mod shield will have 'i ,,To=20eV
a somewhat low transmission coefficient, 0.020-, _',Pr,=2kW

I ',Ian, = 120 A
but that the trade-off between transmission _ 001s - ,"'

and protection from plasma bombardment - ,l ', To = 47eV
, _, Prr = 11 kW T_= 68 eV

has been appropriately chosen, given the o.olo- " " lam=330A Pr, = 20 kW-

relatively harsh environment expected for 000s '; ,, ._/j__., _..J_,_,=400A._
high-density plasmas in C-Mod. iii v ,,

0
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ION ENERGY (eV)

4.2.1.2 Plasma-materials interactions
Fig. 4.10. The measured perpendicular ion

energy distributions lhr various rf powers and antenna
J. B. O. Caughman and D. J. Hoffman currents at a gas pressure of 1.5 x 10-4 torr.

The plasma-materials interaction exper- ORNL-DWG90M-3221FED

iments on the RFTF for the. single-strap 0.025 ..., _ _

antenna were concluded this year with some

fascinating results. In 1988, measurements 0.020-

with a capacitive probe showed that the rf

electric fields in the plasma were typically _ o.ols-
equal in magnitude to the electric field "

between Faraday shield elements. A sheath 0.010-

model of the modification in the ion velocity 000s - 4
distributions of the edge plasma showed

that these fields could result in substantially o _ J -J

enhanced ion energies and increased ion o loo 200 300 400 soo
ENERGY (eV)

temperatures. The principal work this year
Fig. 4.11. Calculated ion energy distribution at

was to measure the plasma potentials and ion the surface for a dc plasma potential of 189 V, an rf
velocity distributions in front of the antenna polenliai of 50 V, an ele,ctron temperature of 52 eV,
and, through implantation techniques, the ion and an ion temperature of 17.3 eV. This corresponds
impact energy on the Faraday shield, to the I'_f:= l l-kW case shown m Fig. 4.10.
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gridded electrostatic energy analyzer, are in 4.2.1.3 Fast-wave current drive
good agreement with the model.

While the plasma near the antenna could R.H. Goulding, E W. Baity, W. L. Gardner,
have enhanced ion energies from the rf D.J. Hoffman, and P. M. Ryan
power, one of the important parameters is
the actual ion impact energy on the shield A series of proof-of-principle FWCD
itself. This is the source of sputtering experiments in the ion cyclotron range
and antenna erosion. These ion energies of frequencies will begin soon on the
were measured by placing samples of silicon DIII-D tokamak at General Atomics) 6J7
on the Faraday shield and operating the These experiments will use a four-strap,
ar,tenna in a deuterium plasma. The trapped 2-MW phased antenna array designed and
deuterium as a function of impact energy constructed at ORNL (see Sect. 4.2.2.3). The
can be measured by using D(3He,p)4He elements in the array are phased in such
nuclear reaction analysis. Figure 4.12 shows a way as to couple to waves traveling in
theoretical curves of fluence vs trapped a single toroidal direction. Development
fluence of deuterium in the shield. Sample work in support of this project included
biases vs a given fluence are in agreement (1) an examination of the effect of changes
with the curves. For the highest-power case, in antenna geometry on the power spectrum
shown in Fig. 4.10, the impact energy was generated by the array and (2) the design of
measured in the 500-V range, comparable to a feed circuit for the array.
the measured ,_300-eV average ion energy. A full-scale mock-up of the DIII-D
Thus, the impact energies do relate to FWCD antenna array was constructed in
the measured and predicted ion temperature order to determine the wave spectrum
increases that are the result of the rf produced by the actual design geometry.
interaction with the electron and ion velocity lt has also been used to determine the
distributions, electrical characteristics of the array from a

transmission line standpoint and to test the
proposed configurations of the feed circuit
for the array. In the drawing of the DIII-D

ORNL-DWG 89M-2941 FED

_0_8...... ,,,j ....... ,, ........ , ........ antenna array shown in Fig. 4.13, the outer
[] RFSAMPLEONFARADAYSHIELD D-,-S_ septa (between straps 1 and 2 and between
O RF SAMPLE BELOW ANTENNA

E •• -125050vV BIAsBIASSAMPLESAMPLE straps 3 and 4) are not shown for reasons of

Q-_1017_ *-50V BIASSAMPLE 1keV clarity. The inner septum between straps 2uJ

o --"--*='_ and 3, which is formed by the inner walls
I..IJ / t

._---r---i-_ of the two antenna cavities, is shown, and
500 eV// . - _j:.=___$__" - -- horizontal slots can be seen that extend from

auj 10 _6 300 eV//,.- ,`.".`'. ---_-_'-I
_- -" ....-" the front of the septum to 1 cm behind the
= 150eV/ ,.z" current strap. As reported previously, theF--

// .,'/50eV slots act to increase the effective distance
10_5 , ,,,,f, .... I _ _ j ,_,,,1 , ....... I .......

_o_S 10,6 10_7 1018 10_9 between the plasma and the return currents in
FLUENCE(D/cm 2) the septa, which are 180 ° out of phase with

Fig. 4.12. Nuclear reactionanalysis data for the the currents on the straps. This reduces the
experiment. Monoenergetic results (dotted lines) are fraction of power coupled to waves traveling
also shown, opposite to the desired direction.
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, -COAXIALFEEDLINES Fig. 4.14. Comparisonof k:. power spectra for

DlII-D mock-upwith solid and slotted outer septa.
Fig. 4.13. The DIII-D antenna.

Measurements of the toroidal component of tuning the system. We developed a
of the rf magnetic field produced by the feed circuit that produces arbitrary phasing
mock-up array were made in air using a loop between straps and equal current amplitudes
probe scanned in the toroidal direction at a on all straps despite strong coupling between
fixed distance (6 cm in front of the Faraday them. A principal feature of the circuit
shield), corresponding to the approximate is that the straps are fed using unmatched
distance from the antenna surface to the tees, allowing power transfer at the tees
nominal location of the magnetic field to compensate for power transfer between

separatrix. The antenna was driven at 91 straps due to coupling. In this circuit,
MHz with the currents on neighboring straps straps 1 and 4 are fed by a single tee and

phased 90 ° apart. Figure 4.14 compares straps 2 and 3 are fed by a second tee.
the power spectra calculated from the rf Single stub tuners placed between the current
magnetic field measurements for cases in straps and the tees are used for prematching.
which the outer septa are either solid or They reduce the standing wave ratios in the
slotted. When the outer septa are slotted, lines, allowing the use of phase shifters to
the fraction of total power in the positive- obtain the desired phasing between straps
going peak increases from 43.6% to 53.0%, (Fig. 4.15). By properly setting these tuners
a significant increase. On the basis of this and the accompanying line stretchers, equal
measurement, we decided to slot the outer currents are also produced on the straps

septa on the actual antenna array, and a 50-f_ match is obtained at the inputs
An undesired feature of the slots in the to the tees. The tees are fed in turn

septa is that they allow increased inductive by a power splitter, using a "corporate"
coupling between straps, causing power or parallel feed arrangement, 18 and a third
transfer from one strap to another, which phase shifter is used to ensure proper phasing
tends to unbalance the current amplitudes between the two tees. This circuit has

on the straps and increases the difficulty been constructed using 3-in. rigid coaxial
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for straps 2 and 3 driven by the feed circuit in

_ Fig. 4.15.
PREMATCHING COUPLED

ELEMENTS SECTION

Fig. 4.15. Feed circuit schematic for the DI[l-
D FWCD array. The circuit allows arbitrary phasing
between current straps, cases in which coupling between straps is

large and/or plasma loading is low.
In conjunction with the development

and testing of this feed circuit, a coupled
transmission line and attached to the full- lossy transmission line model has been

scale mock-up antenna. It has been operated developed to calculate tuner settings and aid
successfully in air with no external loading, in circuit design. This model has allowed
which produces the largest possible power accurate prediction of circuit behavior and
transfer between straps and is thus the most can calculate required settings for ali tuning
stringent possible test. components to within ,--,2cm.

Figure 4.16 shows measurements that
were obtained in a test in which only the
two central straps on the mock-up were 4.2.1.4 Folded waveguide
powered using half of the circuit pictured in
Fig. 4.15. At the desired operating frequency G.R. Haste, G. C. Barber, D. J. Hoffman,
of 60 MHz, the desired current ratio of 1.0 T.D. Shepard, and D. O. Sparks
and phasing of 90 ° are obtained. For the
usual feed system in which each strap is Two types of probes, a magnetic pickup
matched separately and equal powers are and an ionization detector, were mounted
fed to each, the current produced in strap in the movable back plate of the FWG
2 is measured to be a factor of five higher antenna for the low-power tests. The former
than that in strap 1 under the conditions was a simple loop, the latter merely a
in which the results of Fig. 4.16 were coaxial center conductor that could be biased
obtained. This system is unsatisfactory for to attract ionized particles. The magnetic
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probe was used as an aid in tuning the ORNL-DWG90M-2373 FED
FWG to the applied frequency. Figure 4.17

shows the probe signal as a function of

the applied frequency. The frequency width
of the resonance curve from this probe is 10aB

useful in coarse tuning; once the waveguide

is approximately resonant at the applied

frequency, the reflected power signal is used
for the final fine tuning.

One of the advantages that the FWG 79.5 80.0 805

enjoys over the normal loop antenna is the FREQUENCY (MHZ)

low electric field at the front face of the Fig. 4.17. Frequency scan of the folded

launcher. The FWG and the normal loop waveguide, which has be,cn tuned to 8(1 MHz. The

antenna were compared with a capacitive upper trace is the retlected power signal, while the

probe that is sensitive to the rf electric lower trace is the signal from the magnetic probe
field. Figure 4.18 shows that the electric installed in the rear of the cavity.
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Fig. 4.18. Electric potential distribution developed (a) by a loop antenna and (b) by a FWG, each with

1()0 kW of input power. The capacitive probe is scanned in the poloidal direction, 1 cm lrom the Faraday
shield of the loop antenna and 3.5 cm from the face of the FWG. For the FWG, the scan is lrom a position

7 cm above the edge of the FWG (bottom) to the middle of the FWG (top).
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field is roughly two orders of magnitude strap; and (3) to reduce the electrostatic
lower for the FWG under comparable power coupling between the current strap and
conditions, the antenna. The antenna designer needs

High-power testing in the separate vac- to know the effect of a Faraday shield
uum chamber, discussed in the 1988 annual design on the antenna performance: its

report, continued. Up to 13 kW continuous power transmission, its power dissipation,
wave (cw) was applied to the FWG, but at and its effect on the antenna inductance and
that power level the waveguide temperature capacitance.
increased rapidly, necessitating termination A three-dimensional (3-D) magnetostatic
of testing after 30 min. The FWG was analysis 19 was developed to calculate the
moved to RFTF to continue testing to higher electromagnetic transmission properties of

power levels. Multipacting was observed representative Faraday shield designs, par-
there as well as in the separate vacuum ticularly those intended for application on
chamber, but it could be overcome with the ICRF antennas for Alcator C-Mod and
continued operation. After conditioning CIT. The analysis uses the long-wavelength
eliminated interior multipacting, visual ob- approximation to obtain a 3-D Laplace
servation of the front of the waveguide solution for the magnetic scalar potential
showed that exterior discharges were occur- over one poloidal period of the Faraday

ring. Again, continued operation caused this shield, from which the complete magnetic
external multipacting to disappear, field distribution may be obtained. Once

Repetitive pulsing at successively higher the magnetic field distributions in the pres-
power allowed operation at 140 kW for 50- ence and absence of a Faraday shield are
ms pulses with a duty cycle of 6% and known, the flux transmission coefficient can
operation at 200 kW for 12-ms pulses with be found, as well as any change in the
a duty cycle of 1.2%. For comparison, distributed inductance of the current strap.
testing of the Tore Supra loop antenna was The distributed capacitance of the strap can
terminated at 500-ms pulses of 200 kW. The be found from an analogous 3-D electrostatic
difference between the two was the lack of calculation, enabling the phase velocity of

cooling for the FWG. the slow-wave structure to be determined.
Figure 4.19 shows a typical geometry

for a double-tier Faraday shield mounted
4.2.1.5 RF modeling in front of a current strap in a recessed

P. M. Ryan, K. E. Rothe, and cavity. Magnetic scalar potentials of Wm =
#O[strap/2 and 0 are applied to the plane

J. H. Whealton of toroidal symmetry; these determine the
Faraday shield rf power transmission magnitude of the strap current/strap, although

The Faraday shield is an integral part the distribution of this current around the
of an ICRH antenna, and its design has strap is determined self-consistently from
fundamental consequences for the antenna the boundary conditions. All other surfaces
performance. The purpose of the Faraday (metallic walls, Faraday shield elements,
shield is essentially threefold: (1) to protect conducting "plasma," and poloidal sym-
the antenna from line-of-sight radiation from metry surfaces) have Neumann boundary
the plasma; (2) to exclude plasma from conditions on Win, which force the normal
the immediate environment of the current magnetic field component to vanish.
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cavity,andFaradayshicldoveroncpoloidalpcriod.Theapplicdboundaryconditionsarccxplaincdin thc text.

The flux transmission efficiency is found to the plasma while keeping the electromag-

by comparing the flux to the plasma in netic coupling as high as possible. The
the presence of the shield to that in the capacitance per unit length can be deter-
absence of the shield for the same strap mined by the same 3-D analysis and the same
current. This efficiency is dependent on geometry as in Fig. 4.19, with a change in

cavity/strap geometry, since the presence the boundary conditions. The strap is set to a
of the shield redistributes the strap current constant electrostatic equipotential • = _0,
toward the front of the strap, which has the all other metallic surfaces are grounded (_ =
effect of lowering the strap inductance and 0), and Neumann boundary conditions are
creating more magnetic flux for the same applied to all surfaces of symmetry (the
strap current. When this inductance change normal electric fidd component vanishes).
is taken into account, the result is the flux The capacitance can be determined from the
transmission coefficient, which is dependent resulting electric field distribution.

only on the shield geometry. The power Table 4.3 compares calculated and mea-
transmission coefficient is the square of the sured power transmission coefficients and
flux transmission coefficient, since the rf the changes in inductance and capacitance

power delivered to the plasma is proportional per unit length for some representative Fara-
to the square of the magnetic field, day shield geometries; these meo.surements

The presence of the shield also changes are discussed in Sect. 4.2.1.1. The calculated
the strap capacitance per unit length, much power transmission coefficients do not take
more drastically than the change in induc- into account the power dissipated in the
tance per unit length, since the shield is shield from induced eddy currents, while
designed to eliminate electrostatic coupling the measured power transmission does. The
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Table 4.3. Calculated and measured power transmission coefficients

Geometry

ORNL
Single-tier Double-tier C-Mod MIT
triangular "Perkins" (shield 10) C-Mod "ASDEX"

Dimensions, cm
Cavity

Depth 24.4 24.4 10 15 10
Width 20 20 19 16 19

Strap
Thickness 2.5 2.5 3.5 2 3.5
Width 8 8 5.5 7.2 5.5

Strap to shield 3.9 3.9 1.8 1.0 1.8

Power transmission (Tp)
Measured 0.672 0.577 0.805 -- 0.588
Calculated 0.775 0.697 0.840 0.667 0.687
Effective 0.718 0.583 -- --

ALt/L I, %
Measured -3.0 -3.7 -7.5 _ -9.6
Calculated - 1.3 - 1.8 -9.0 - 15.7 -8.1

Calculated ACt/C t, % +24.5 +23.4 +109 -- --

calculated power transmission coefficient surface current distribution is essentially

is modified by this dissipation to give divergence free, the divergence of the azi-
the effective transmission, by a procedure muthal current may be considered the source

discussed below, of this longitudinal current. Flux compres-
sion leads to large longitudinal currents and

hence large divergences of the azimuthal

Faraday shield power dissipation current; that is, the tangential magnetic field
on the plasma side of the shield will be lower

The magnetic field component tangential than that on the strap side of the shield.

to the Faraday shield is not compressed as lt is this mechanism that governs both the

the magnetic flux passes through the shield; flux transmission coefficient and the power

it induces surface currents on the shield dissipated in the Faraday shield.

that flow around the circumference of the Figure 4.20 shows an example of flux

tier. The normal or perpendicular component compression through a double-tier Faraday
of the magnetic field is compressed as shield; Figs. 4.21 and 4.22 show the dissi-

the flux passes through the gaps of the pated power distribution along the Faraday
Faraday shield; it induces currents that shield for an antenna designed for Alcator

flow longitudinally along the length of the C-Mod, both without and with compression

Faraday shield. This longitudinal current is of the normal field. Clearly, the longitudinal

highest in the narrow gaps, where the flux is currents flowing primarily along the gaps of
most compressed and the surface magnetic the shield are responsible for most of the

fields are thus the highest. Because the total power dissipated in the Faraday shield.
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Fig. 4.20. Demonstration of the compression of magnetic flux as it passes through one [x)loidal pericxl of
a double-tier Faraday shield. The more compressed the flux, the higher the magnetic field, leading to larger
surface currents in the Faraday shield.
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Fig. 4.21. The tangential and normal components of the magnetic field when the Ilux compression
of the magnetic field along lhc Faraday shield at shown in Fig. 4.20 is taken into account. The
a given poloidal position. The front of the shield tangential field is uncompressed and remains un-
extends from 3.1 cm to 10.8 cm (the ccntcrlinc of the changed, while the normal field is greatly enhanccA
device), the current strap extends from 6.4 to 10.8 by compression and dominates lhc power dissipation.
cm, and the side of lhc shield extends from 0.4 cm
to 3.1 cm. Both components of the field arc peaked
near the end of the current strap, where lhc current ITER, and CIT and of FWCD launche,'s for
distribution is peaked. DIII-D.

Multiple dielectrics

Antenna modeling
The two-dimensional analysis used for

In 1989 the antenna modeling effort modeling rf windows and feedthroughs was

supported the design and evaluation of ICRH modified to include multiple dielectrics and
antennas for Tore Supra, Alcator C-Mod, arbitrary geometries. In addition tc) these
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areas, this analysis may be applied to rf and used to inject up to 12 MW of rf power into
microwave sintering of ceramics. Tore Supra for auxiliary heating of plasma

ions. The antenna design is described in
detail in Refs. 20-22.

4.2.2 RF Projects Antenna assembly was completed in
1988, and an extensive testing program

4.2.2.1 Tore Supra antenna on the RFTF was begun. During the
initial testing period, the Faraday shield

F. W. Baity, G. C. Barber, W. L. Gardner, incurred some damage during cw operation.
R. H. Goulding, D. J. Hoffman, R.L. This incident demonstrated the integrity of
Livesey, T. D. Shepard, and D. J. Taylor the cooling system design, since no water

leak occurred despite the buckling of three

As part of the DOE-CEA collaboration Faraday shield tubes. The shield was
on the Tore Supra tokamak program, ORNL modified by slotting the comers so that
designed and built one high-power, long- the uncooled top and 0ottom plates were
pulse ICRF heating antenna for Tore Supra. decoupled from the. cooled side plates to
This antenna, shown in Figs. 4.23 and 4.24, reduce the potential stresses in the tubes
is one of three such antennas, which will be during long-pulse operation.
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ORNL PHOTO 8632-88

Fig. 4.24. Photographof the ToreSupraantenna.

Tests showed that the voltage limit in After arrival in France, the antenna
vacuum for short pulses (<0.5 s) was higher was disassembled for installation of new
than the design value of 50 kV. For long feedthrough ceramics and to have more
pulses, power was determined to be limited copper deposited on the septum by plasma
by Ohmic heating of the relatively low- spraying. The antenna was then installed
conductivity Inconel septum separating the on a test sector of the Tore Supra vacuum
two antenna halves at the Faraday shield, vessel for final vacuum and rf testing before
After several options were examined, plasma installation on Tore Supra in 1990.
sputtering was used to coat the bare part
of the septum with copper. Subsequent
tests demonstrated improved performance, 4.2.2.2 Alcator C-Mod ICRF
although the septum heating was still the antenna project
limiting factor in long-pulse operation of the
antenna. R.H. Goulding, D. J. Hoffman, J. L. Ping,

During tests in April and June, a problem P.M. Ryan, D. J. Taylor, and J. J. Yugo
developed with the finger contacts used to
provide electrical connection between the The preliminary design for a high-power-
vacuum capacitors and the antenna housing, density, fast-wave ICRF antenna for use
The contact rings were modified, and the on Alcator C-Mod has been completed.
performance was verified in a final run on The launcher is specifically designed to
RFTF before the antenna was shipped to be prototypical of the launcher currently

France in September. proposed for use on CIT 23 in as many
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aspects as possible, and it incorporates the loop feed point. This system can
many features of general interest for next- handle power levels up to 2 MW/strap, while
generation tokamaks. The antenna is a being compact enough so that the entire
single-strap, end-fed configuration with the matching system can fit within the CIT shield
strap grounded at the center, lt is designed wall, eliminating spurious resonances and
to operate at power levels up to 2 MW, for power handling difficulties caused by long
pulse lengths up to 1 s, at a frequency of unmatched transmission line runs. lt also
80 MHz. lt fits entirely within a 20- by 68- allows tuning in two to three frequency
cm port and is radially movable over a 15-cm bands without modifying the physical layout
range, of the system. 23

Several notable features of the design A side view of the launcher, installed
make it well suited to application in next- in the Alcator C-Mod vacuum vessel, is
generation tokamaks, lt features a disruption shown in Fig. 4.25. The primary vacuum
support system able to withstand loads feedthroughs and capacitive tuning elements
generated by a 3-MA, 3-ms disruption at 9 T, are evident in the figure. A secondary
while allowing considerable thermal expan- vacuum feedthrough allows the entire ex-
sion of the antenna box relative to the port in ternal tuning loop to be run either under
which it is located or, conversely, contraction pressure or in vacuum in order to maximize
of the port with respect to the antenna power handling. A top view is shown in
box. The design of the disruption support Fig. 4.26. lt can be seen that the ends
structure allows installation or removal of of the Faraday shield elements are bent by
the entire launcher, including supports, from 90 ° before they enter the Faraday shield
outside the port, greatly simplifying remote frame in order to reduce thermal stresses.
maintenance. These bends also form radiating side slots

The Faraday shield elements, which are that increase the coupling of power to the
cylindrical Inconel rods coated with titanium plasma. The antenna is cooled by radiation
carbide, are designed to have very low and conduction to the backplane, which is
primary thermal stresses, facilitating the cooled using either water or gas. This
handling of high power densities. In the system is practical because of the low duty
CIT Faraday shield, these solid Inconel rods cycle, with 20 min between pulses. At the
can be replaced by tubes, allowing direct 2-MW power level, the average rf power
liquid cooling of shield elements without flux through the shield is _1600 W/cm 2.
changing the electrical characteristics of the Preliminary calculations indicate that the
shield design, maximum temperature reached by shield

Ceramic feedthroughs are located outside tubes in this case is 620°C. 25
the vacuum vessel, where exposure to Continued design work on this launcher
ionizing radiation, which may enhance rf has been suspended owing to budget con-
losses and seriously degrade the feedthrough straints. However, the novel features in
life expectancy, 24 can be limited. There this design, including the low thermal stress,
are no ceramic supports between the current the bent-tube Faraday shield, and the high-
strap and these feedthroughs, performance rf feed and matching system,

The antenna is tuned and matched using will very likely be incorporated into later
an external resonant loop that employs loop antenna designs by the rf development
integral capacitors to achieve a match at group.
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Fig. 4.26. Top view of the Alcator C-Mod antenna, showing the Faraday shield tubes.

4.2.2.3 Fast-wave current drive will be mounted in a 1-m-wide recess in
antenna for DIII-D the vacuum vessel wall with poloidal loops

oriented side-by-side in the toroidal direction
and will be powered from a single 2-MW

F. W. Baity, W. L. Gardner, transmitter at 60 MHz. The mutual coupling
R. H. Goulding, D. J. Hoffman, R.L. between loops and the phase control circuitry
Livesey, and P. M. Ryan have been designed to optimize the wave

spectrum launched by the array at arbitrary
Fast-wave current drive with ICRF power phase angles.

is an attractive candidate for driving a A schematic drawing of the antenna is

steady-state current in a fusion reactor and shown in Fig. 4.13. The relative phasing of
has recently been proposed for ITER. Fast the four straps can be controlled indepen-
waves in the ICRF offer the possibility dently. For initial experiments the phasing
of driving current efficiently in the center will be fixed at 90 ° by the circuit shown
of a tokamak plasma, even under reactor in Fig. 4.27. Arbitrary phasing is possible
conditions, using existing high-power rf with a different circuit. _7Algorithms to tune
sources. 26 A four-element loop antenna array and impedance match the antenna array have
for a proof-of-principle test of FWCD is been developed by modeling and confirmed
being fabricated by ORNL for installation on on a full-scale mock-up of the DIII-D
the DIII-D experiment at General Atomics in -ntenna. The mock-up antenna and 3.125-
San Diego in the spring of 1990.16 The array i,_. tuners are shown in Fig. 4.28.

I II
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ORNLDWGg0M3227_E_ 4.2.2.4 CIT antenna
FIXED 90 _'PHASING BETWEEN STRAPS

D. W. Swain, £. W. Baity, R. H. Goulding,
PHASESHIFTER ..... oSTRAP 1 11_ D.J. Hoffman, P. M. Ryan, and J. J. Yugo

_ Responsibility for the design, fabrication,

fl _ _ smApall' installati°n' and testing °f the lCRH system

O r'--. I for CIT is shared by the Plasma Technology
I.t" SmAP21t, Section and the ORNL FEDC. Activities in

support of this assignment are described inSHORTEDSTUB- S'[RAP4tl, Sect. 6.1.3 of this report.

COUPtED 4.2.3 ICRH Experiments on TFTR
SECI-ION

Fig. 4.27. Feed circuit to be used for initial D.J. Hoffman and W. [,. Gardner
experimentson DIII-D.

The TFTR rf program explored a number
of important plasma conditions, including rf

OnNLpHOTO84_6.89 heating of Ohmic, pellet-fueled, and beam-
heated plasmas. A combined maximum
power of 4.5 MW from the two antennas
was launched into the tokamak, enough to
begin some serious core heating. The target
central densities ranged from 1 x 1013 cm -3

to 3 x 1014cm -3, with electron or ion heating

being observed in ali cases. The principal
physics results for the year were as follows:

1. Central l,cating was observed at virtually
all densities.

2. We could run in a mode where sawteeth

were stabilized by the rf power.
3. We achieved significant enhancement of

i the neutron production when pellets and
rf power were combined.

'-, 4. Impurities injected from the antennas
remained low for these rf power levels.

On tile technological side, the details
of the Bay L antenna:s rf circuit were
extensively measured and confirmed that
we had indeed been operating at very
high voltages. The capacitor system was
changed to use high vacuum as the high-

Fig. 4.28. The mtx:k-upantenna and 3.125-in. voltage insulating medium rather than SF6,
tuners used for Dill-I)modeling. this increased the working voltage on the
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capacitors to 60 kV, with the breakdown our collaboration with its inventor, M. Bacal.
limit as yet untested. As a result of Diagnostics were developed to measure ion
this improvement, we achieved a combined temperature within the source plasma. Anal-
power of 1.7 MW into the antenna's pair of yses considering numerous atomic processes
straps and 1.1 MW into a single strap (the were made to establish operating points and
second strap was temporarily disabled by an a_rections for optimization. Experiments and
arc protection circuit failure, preventing us analyses were performed to evaluate tech-
from applying power to it). The antenna niques used to reduce the electron density
itself has worked in excess of the design near the extraction sheath. These techniques,
voltage and current, but the power is below pioneered in the course of this three-year
the design value of 2 MW per strap because collaboration, are now used worldwide to
the coupling is low as a result of the very improve the negative ion sources.
low edge density. A volume negative ion source was

The next area of research will focus on also analyzed, and an explanation of rms
the high-density mode, where we hope to transverse emittance of the extracted ion
achieve more central heating by increasing beam was provided. The anomalously high
the combined power from both antennas to emittance at high currents was previously
a total of 6-7 MW. Generally, we hope to attributed to ion temperature in the source
achieve this by itself.

1. increasing the plasma edge density,
2. moving the antennas closer to the plasma,

and

3. increasing the antenna conditioning 4.3.1 Ion Sources
power.

M. Bacal, J. Bruneteau, R. Leroy, R. A.
Stem, P. Berlemont, and J. H. Whealton

4.3 NEUTRAL BEAMS

4.3.1.1 Enhancement of negative ion
The rf quadrupole (RFQ) concept for extraction and electron

high-energy neutral beams was further de- suppression by a magnetic field
veloped in a collaborative effort by AccSys
Technology, Chalk River Nuclear Labora- Experiments on extracting negative and
tories in Canada, JAYCOR, the University positive ions and electrons from a multicusp
of Frankfurt in the Federal Republic of volume ion source were carried out. The
Germany, LANL, and ORNL. An archi- effect of a transverse magnetic field in front
tecture was produced for an ITER-relevant of the plasma electrode was evaluated for
beam line that can capitalize on the highly three extracted species when the bias of the
developed volume negative ion source, and plasma electrons was changed. Also, the
an experimental proof-of-principle demon- effects of the discharge current and of the
stration proposal was developed. The pressure were determined. The experiments
proposal features a >l-MW, 2-MEV RFQ indicate that the magnetic field enhances the
ion accelerator, using existing test facilities negative ion current and suppresses a great
and power supplies for economy, part of electrons from the extracted current.

Further progress in the development of An explanation based on electron behavior
the volume negative ion source was made in in the magnetic field was proposed. 27
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4.3.1.2 Measurement of the o_N_._wc,_oM:,_ _ tj

H- thermal energy by two-laser LASER2
pholodetachment

The negative ion thermal energy was 50O/o
TRANSPARENCY

systematically measured using a new two- ./ M_RROR

laser beam facility (see Sect. 4.3.1.3). The _ ._-(_LASER1
dependences of the negative ion temperature _--
on discharge current (at constant pressure) BAFFLE W_NDOW

and on pressure (at constant discharge I I wALL

current) were measured. The relationship _o_tbetween the negative ion temperature and the PROBE

electron temperature was established using I__ TOSCOPE
the data obtained in the center of the plasma _.] CERAM,C_+2s_
at various pressures and discharge currents. " _.DC. B_AS

New results on negative ion extraction (a)
and electron suppression were obtained un-

der higher transverse magnetic field con- j CHAMBERWALL
ditions in the scurce extraction region by _W_NDOw
applying a meth,'xl that we proposed in To CERAM,CF'RO_EM,___(_________VLE

AMPLIFIER,__,,,71_/"_ _ _ TlP ""--_N__]I--Ii (_

1986. lt was shown that with a transverse AND 6ShF

field of 60 G in front of the TO SCOPE]/_ LASERmagnetic 5O el

plasma electrode, and a suitable bias of this I_a__-: DCBIAS
electrode, the electron component can be
reduced to a small fraction (_20%) of the (b)
extracted negative ion current. 28

4.3.1.3 Analysis of the initial stages _ , U_SER
of H- evolution U

A study was conducted to establish the
theory underlying the laser photodetachment GR,D i:..
technique for measuring the negative ion - _ . ....... /PE

velocity in ion sources.2e Results on H- __- I--_--ll /_"',,__LN_TRAP

new two-laser beam facility (see Fig. 4.29). Z
This facility consists of two identical laser TC)PUMP EXTRACTOR
oscillators, synchronized with a jitter of less (*)
than 1 ns and capable of generating laser Fig. 4.29. The two-laser pholodctachment

pulses with variable delays ranging from cxperimer.t. In these experiments, ttle cylindrical
probe, which was movable along the source radius,30 ns to I0 ms. We described an apparent
was coaxial with the laser beams. (a) Top view.

effect of laser intensity, which turns out to be (b) Side view. (c) Hybrid multicusp source, pumped
due to reflected laser light, and several data lhrough a single extraction aperture, with an area of

reduction problems, lt was shown that the o.5 cm2.
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H- ion thermal velocity determined using excited molecules is the main formation

this technique is independent of the laser mechanism of hydrogen negative ions. lt
beam diameter, and its value was reported was found that saturation resulted from

for a particular source operating condition. 3° a reduction in the density of molecular
The causes of observed saturation of hydrogen as a result of dissociation. 31 The

hydrogen negative ion current at high power mean free path of the vibrationally excited
in tandem volume sources were investigated molecules for various destruction processes

using a zero-dimensional time-dependent was evaluated during high-power operation
model, which assumes that dissociative of the source. The reactions of Table 4.4 are

electron attachment to highly vibrationally described and analyzed in Refs. 30 and 31.

Table 4.4. Production and destruction processes for vibrationally
excited molecular populations

H2(v") Production and destruction

e + H2(v tl) _-* e + H2(v 1)

e + H2(v = 0) _ e + H_ (B 1 £_, C 1 Tru) _ e + H2 (v tr) + h3,

H_ + e(surface) _ H2(v')

H + H + wall --, H2('vlt) + wall

H2(v It) + wall H2(v t) + wall

H2(t/¢) + H2(v r) _ H2(v tt - 1) + H2(vt + 1)

H2(v tr) + H2 _ H2(v tt - 1) + H2

H2(v It) + H _ H2(v I) + H

e + H2(v tr) --* e + H2 × (b3y._t C3t, 3 +, aG o) _e+2H

e+H2(v") _ e+ H_

e + Ft2(v') --, H + H-

H2(v") + H_(v) _ H_ + H

H2(v I/ = 0) + H_(_," = 0) _ H2(v H = 5) + H_

Positive ion production and destruction

H2(vH)+e _ H_ +2e

H + e- _ H . + 2e

H_ +H2(_ ,H) _ H_- +H

H+ + e(wall) ---, H

H_ + e(wall) _ H2(_'iI)

--+ 2H

H._ + e(wall) --+ H2(_, = 0) + H

H_ + e -+ 2H

H._ +e--+ 3H
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Two negative ion sources (FOM 32 and similarities. Some results are shown in

LBL 33) for which H2(v tr) vibrational spectra Table 4.5. 34

have been reported were studied with a nu- The scaling of high-power sources was

merical model. The model gives reasonably also studied. Gas dissociation and possibly

good agreement with available experimental vibrational cooling by thermal electrons
measurements, with the notable exception of appear to explain the saturation in negative

the vibrational spectra. There are significant ion production with increasing input power.

quantitative differences at the higher v tt The surface-to-volume ratio becomes an

levels, but also some intriguing qualitative important parameter for high-power sources,

Table 4.5. Experimentally measured and calculated parameters
for the FOM and LBL sources

FOM LBL

Measured Calculated Measured Calculated

/)fill, mtorr 4.5 -- 8 --
ld, A 10 20 25 25
]_, V 105/115 115 120 120
Tmol, K 390 500 -- 500
Tatom, K -- 4000 700/7000 'l 5400
b(t' tl = 1) -- 2 -- 2
_li 0.06 0.05 0.025 b 0. I
r_e, x 1012 c;a -3 0.26 c 0.39 1.6 2.0
7+fe(f _> I_tis/3), % 1.0c 0.85 -- 0.4
Tc, eV 1.3'" 1.6 2.5 2.0

p_asma,V 2.9 4.6 1.8
--3

Density, cm
H+ -- 1.1 x 101° -- 4.6 x 101°

H_ _ 10 x 1011 -- 3.1 x 1011
H_ -- 0.28 x 1012 _ 17 X 1012
II- 8.5 x 109 6.8 x 109 -- 5.2 x 101°
H 1.0x 1013 1.1 x 1013 1.0x 1013 1.0 x 10_3

H 2 8.3 × 1013 8.2 × 1013 _ 1.5 × 1014

Tvib(t', tt = 0:1), K 2360 2500 _ 4671

Density, cm -3
H2(t 'tr = 0) 7.5 X 1013 7.3 x 1013 -- 1.0 x 1014
H2(t' tt = 1) 6.9 x 1012 6.7 x 1012 2.4 x 1013 2.8 x 1013
H2('_, tt = 2) 7.3 x 1011 1.5 x 1012 6.5 x 1()I_ 1.1 x 1013

H2(_ 't' = 3) 1.6 x 1011 4.4 x 1()11 1.8 X 1012 4.7 x 1012

H2(t, tt = 4) 4.0 x 1()1° 1.7 x 1()11 3.8 x 1()11 2.2 x 1()12
H2(7,tr = 5) 1.1 x 101° 8.5 x 1@° 1.4 x 1()11 9.7 x 1()11
H2(t_ ,tr = 6) -- -- 6.7 x 10_° 3.9 x 10_i
H2(_,'t = 7) _ -- 2.5 x 101° 1.6 x 1011
H2(_' tr= 8) -- -- 9.1 x 109 9.5 x 101°

*tTwotemperaturesdistribution.
bpostdischarge"Iii.
':Electronmeasurementsin a lengthenedsource.
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since it affects the atomic recombination rate port of ITER is used. Special features of the

and the plasma density. 34 components are described here.

4.3.2 RFQ-Accelerated High-Energy 4.3.2.1 Ion source

Beams An ion source based on existing tech-

W. L. Stirling, J. H. Whealton, and nology can be used in this system. Future
W. R. Becraft improvements may help but are not neces-

sary. Existing sources can be used because

A conceptual design was developed for pumping panels are placed immediately next
an RFQ-based neutral beam system for to the exit of the ion source with low
ITER (see Fig. 4.30). The 2-MEV beam conductance limitations (see Fig. 4.31). This
energy was within the range of ITER is possible because the source exit is at
specifications when the work was carried ground potential, thus permitting a large
out. In addition, the prevailing experimental plasma transport region between the ion
database demonstrates that ion acceleration source and the RFQ entrance. Two points
to the 2-MEV level has been achieved, which must be immediately acknowledged. First,

may be applicable to future reactor-grade existing ion sources do not meet the pulse
tokamaks. The beam line design takes length requirement. However, their current

advantage of preaccelerator pumping and a density and gas efficiency are sufficient.
configuration that does not require a line- Second, opening up the region between the
of-sight arrangement of the ion source to ion source and RFQ to permit adequate
provide enough power density, so only one pumping places more severe requirements on

ORNL-DWG89M-2902FED

ION
SOURCES MAGNETSHIELDING NEUTRALIZER

1 / / / -
_ 2×24 _--=-_, c____a _

CONE

[ 4m I

Fig. 4.30. Plan view of proposed 2-MEV, 40-MW rf beam line for ITER.
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ORNL DWG 89M 2904 FED 4.3.2.3 RF accelerator
SOURCE ...... -..

(FOUR-'ON............ "_ ................4( _ ........D-E/WAR RFQ-
MODULE) ........ _ .... <:_._,i_: -- :___.q._............. The efficiency of the

.............. __ _L_I_i ; ----i_<_:._, based system--about 64% from wall plug to

_--_f .............il_!i"!_ <-/__i_-. ......._1], accelerated ion--is acceptable. The greatest
_;_l.)J- ....._,-G_ "_i uncertainties in the RFQ itself are the scaling

i '- /_l _._/ff !]_j ,, of operating time from millisecond pulses

___C 'O#/NEL_s_'_i/ , "_/,......... ,_":"/_J to dc and the scaling of current capability
-"---___ 1tll from tens of milliamperes to hundreds of- Rv , I! milliamperes. The design codes in use have

""- been well validated in the current operating

I ranges, and these codes predict the operating

Fig. 4.31. Pumping panels for the ITER ion scenario for the accelerator system described
source, here. The issues of pulse length and beam

current are addressed by the relaxation of the
output beam emittance requirement and the
high-current beam capability of the proposed

the source beam optics than for a closely four-rod system. The latter is possible since
coupled system. However, the ion source is adiabatic bunching with simultaneous strong
located out of the line of sight of backstream- focusing is used.

ing neutrons, thus protecting insulators and Another important characteristic of the
permitting (1) a shorter distance from the RFQ accelerator is the virtual immunity of
ITER shield to the ion source and (2) the acceleratorsystem (insulators) todamage
relatively close packing of the sources, from X-ray production. X rays degrade and

destroy insulators and rf windows. However,
these elements are (1) small, (2) located
around bends, (3) far from the accelerator,

4.3.2.2 Low-energy beam transport (4) at low voltage points in the transmission
system line, and (5) located where they can be

shielded.

The plasma low-energy beam transport
(LEBT) system envisioned has an experi- 4.3.2.4 Neutralizer
mentally established database. Beam bend-
ing by the magnet uses well-known princi- The plasma neutralizer is uniquely suit-
pies and permits removal of the ion source able for the RFQ because of the high current
from the line of sight of the backstreaming density achieved in this system. This high
neutrons. The magnet design must be current density permits relatively small open-
capable of bending the beam and matching ings into the neutralizer, thereby minimizing
it to the focusing solenoid. The solenoids in the loss of plasma and gas. An issue with
turn must match the admittance requirement the plasma neutralizer is the degradation of
of each beamlet to its RFQ. The magnetic the material used to confine the plasma,
field required is less than 1 kG, and there is which can produce magnetic fields, lt may
ample space to locate the magnet. Emittance be possible to locate this magnetic material
growth in this region is an issue, outside the primary neutron flux volume.
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4.3.2.5 Beam dump results are shown in Fig. 4.32. This is
apparently the only electron trap proposed

The main issue for the beam dump is for a low-field volume negative ion source
the neutron interaction with materials that that provides a transverse space-charge limit
produce a magnetic field--in this case, most higher than the desired operating range
likely an electromagnet. Depending upon (19 mA/cm 2 vs 10-15 mA/cm2), lt also
size, required field, and stray field effects, appears from these calculations that the
it may be possible to locate the sensitive image charges in the electron trap produce
components outside the neutron flux cone. aberrations in the beam that cause the beam

rms emittance to grow sharply at the highest
available (emission-limited) beam currents

4.3.3 Negative Ion Beams between 10 and 15 mA/cm 2 (Fig. 4.33).

J. H. Whealton and P. S. Meszaros This observation is consistent with the
experimental observations.

A preliminary analysis was made of In contrast to the experimental findings,
an ion extractor/electron trap configuration; a self-consistent sheath analysis, validated

ORNL-DWG 90-3200 FED

, , ,,',',, ",, , +IONS " " ;, ,, ,,',,',,",,', ",, i

N
(a) 10 mAcre2 (b) 15 mA/cre2

Fig. 4.32. Ion optics for validated positive and negative analysis at current densities of (a) 10 mA/cm 2 and

(b) 15 mA/cm 2. There are significant differences in sheath position and shape for positive and negative ions.

Also, the negative ion beam is much closer to the nonlinear fringe fields of the electron trap for negative ions

than for positive ions at the same current. This proximity produces significant nns beam emittance growth.
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16 , _ _ ---r--- the electron trap fringe fields. The striking
• difference is shown in Fig. 4.32. Further

analysis and optimization of this source
8 - might prove fruitful.

An example of a full 3-D calculation of
4 a negative ion extraction sheath is shown in

Fig. 4.34. Including the effect of E × B
_- electrons (B _ 100 G) makes the sheath
_ 2- oblique and nonaxisymmetric, as shown irl7_

_ ,, Fig. 4.34(b).

1 / 4.3.4 Upgrade of the T-15

/ Long-Pulse Ion Source
0.5 •

J.H. Whealton and P. S. Meszaros
02s ;/ - Calculations for the long-pulse T-15 pos-

itive ion source, which represents a step
_ _ L__ tow,'u'd optimization of the extractor, have50 60 70 80 90

,-(mA) been carried out.

Fig. 4.33. Effective ion temperature vs beam Theoretical results for rms divergence as
current, a function of current have been obtained

for a short-pulse injector and the original
long-pulse design. Other scenarios are also

only for positive ions, shows that the beam represented. The optics at the minimum
emittance drops sharply in the same region divergence for the two cases are shown in
(10-15 mA/cre 2) and is little affected by Figs. 4.35 and 4.36.
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li _'''-'_....i __
(b) END VIEW

Fig. 4.34. Three-dimensional calculation of a negative-ion extraction sheath (a) without and (b) with the
effect of E x B electrons (It --_ 100 G). These electrons make the sheath oblique and nonaxisymmetric.
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• m . ....... -- ........

'_______., ! _'"h ' '%'

Fig. 4.35. The optics at the minimum divergence for the short-pulse injector. At tx)ttom is the extractor
geometry. Above it is an enlargement of the extractor at the minimum divergence. In the upper right corner, the
ideal emittance diagram, corresponding to the right-hand side of the enlargement, shows the degree of linearity

of the optics halfway down the accelerator.
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Fig. 4.36. The optics at the minimumdivergencefor the long-pulsedesign. At bottom is the extractor
geometry.Aboveit is an enlargementof the extractorat the minimumdivergence.In the upperrightcomer,the
ideal emittancediagram,correspondingto the right-handside of the enlargement,shows the degreeof linearity
of the optics halfway clownthe accelerator.
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5. SUPERCONDUCTING MAGNET
DEVELOPMENT

SUMMARY OF ACTIVITIES

The Magnetics and Superconductivity Section carries out experimental and theoretical
research in applied superconductivity. Activities this year focused on new applications for
technology developed in support of fusion research and on mathematical techniques for
designing and understanding superconducting magnets. Analysis of the extensive data from
the international Large Coil Task continued.
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5.1 EXPERIMENTAL WORK single triplex of 1.25-mm-diam NbTi wires
in a circular 3.9-mm-diam conduit. _ The total

5.1.1 Superconducting Magnet Design sample length is 50 m, wound in a bifilar
coil. Heaters of several different lengths are

It is now possible to design supercon- provided, both at the center and at one end
ducting magnets that use forced-flow cooling of the sample, and the heated end can be
of cable-in-conduit NbTi superconductor and closed off to simulate a normal zone centered
operate at high fields (8-12 T) and high in a 100-m conductor. Heaters are mounted
current densities (5-15 kA/cm 2) in a stable on the triplex wires and on the outside of
manner (margins of 50-300 mJ/cm3). High the conduit to ascertain the effect of heating
current density leads to smaller, lighter, the wires directly vs heating the helium.
and thus less expensive coils. Forced- The sample coil is mounted in vacuum
flow cooling provides confined helium, full so that heat flow occurs only along tile
conductor insulation, and a rigid winding conductor. The propagation rates, pressure
pack for better load distribution. The cable- and temperature profiles, and expulsion ttow
in-conduit conductor configuration ensures rates vs time are being measured for initial
a high stability margin for the magnet, normal zones of various lengths. The
The NbTi superconductor has reached a results will be compared with theoretical
good engineering material standard, and calculations.
its strain-insensitive critical parameters are
particularly well suited to complicated coil
windings like those needed for stellarators.

A procedure for optimizing the design of 5.1.3 Magnetic Heat Pump Test
such a conductor, based on the theoretical
and experimental work at ORNL over the A magnetic heat pump test was performed
past decade, has been developed. The with a gadolinium sample in a water column

inserted into an 18-in. dewar containing thedatabase for such coils is still very sparse,
and a few issues remain to be addressed. NbTi, forced-flow-cooled, cable-in-conduit

coil built at ORNL 10 years ago. TheThese include the amount of cyclic loading
that NbTi cable can withstand and normal- coil was refurbished and installed in the

zone propagation in cable-in-conduit con- dewar, which was modified to make a 3-in.
ductor. Work is in progress to address these room-temperature access bore for the test
issues and to incorporate the results into sample. The magnet was cooled by two-
designing coils for fusion experiments and phase helium at 1 to 1.4 atm. Although the
for other applications, magnet was originally designed and built for

dc operation, it was successfully charged to
7.5 T (at the winding) in 18 s. Cyclic runs

5.1.2 Quench Propagation, Pressure in triangular waveform were performed to
Rise, and Thermal Expulsion of 5.1 T in a 20-s period and to 6.8 T in a
Helium from a Cable-in-Conduit, 30-s period for more than 15 min each. The
Forced-Flow Superconductor ramp rates in ali tests were limited by the

power supply voltage. Use of the overhead
The quench behavior of a forced-flow, crane to raise and lower the water column

cable-in-conduit superconductor is being was not successful in establishing a desirable
investigated on a sample consisting of a temperature gradient from the temperature
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swing in the gadolinium generated by the Unintentional shorting of the plates caused
field sweep, large eddy currents when the coil was

rapidly discharged, extending the cooling
time needed between tests. However, the

5.1.4 Large Coil Task shorted plates absorbed some of the coil
energy and thus reduced the possible hot-

The Large Coil Task (LCT) was a spot temperature in the conductor. The
multinational cooperative research and de- coil withstood high voltages (maximum of
velopment program, carried out under the 2.44 kV), despite the need to insulate every
auspices of the International Energy Agency, turn of the conductor from the ground
to demonstrate the feasibility of building and potential because of the plate scheme. Not
operating large superconducting coils in a potting the conductor to the plates resulted
toroidal array. The goals of the LCT were in local stick-slip under mechanical loads
to obtain exp0erimental data, to demonstrate and poor thermal contact between conductor
reliable operation of large superconducting and plates. The results demonstrated the
coils, and to prove design principles and feasibility of manufacturing a long (4.7-km),
fabrication techniques under consideration helium-tight, stainless steel conduit for a
for the toroidal magnets of thermonuclear force-cooled magnet, even without a her-
reactors, tactic case. Auxiliary cooling channels to

Six coils, three contributed by the United remove heat (e.g., nuclear heating) from the
States and one each from Japan, Switzerland, conductor would be desirable, and separate
and the European Community, were tested cooling for the structure appears prudent.
in the International Fusion Superconducting
Magnet Test Facility (IFSMTF) at ORNL.
The test facility was placed under vac-
uum in October 1985 and operated until 5.2 THEORETICAL RESEARCH
September 1987. The main test results
are summarized in Ref. 2; analysis of the 5.2.1 The Gorter-Mellink Pulsed-Source
extensive data acquired during the 22 months Problem in Cylindrical and
of operation continues. The performance of Spherical Geometry
the refrigerator compressors was described
in discussions of compressor experience The diffusion of heat in turbulent su-
during U.S.-U.S.S.R. exchange 1.8 during perfluid He-II is described by the nonlinear
November 1989. equation Ct = xT.(xTC)1/3, sometimes called

One of the six coils tested as part the Gorter-Mellink diffusion equation. The
of the LCT was built by Westinghouse pulsed-source problem was solved earlier in
Electric Corporation; it was the only coil plane geometry 3 and has now been solved for
to use Nb3Sn conductor, which was in cylindrical and spherical geometry. 4 After a
a loose cable form rather than a rigid pulse, the central temperature falls with time
monolith, and it used aluminum alloy plates t faster than (to- t)9/2 in spherical geometry
to provide a distributed coil structure rather and faster than exp(-2/3t) in cylindrical
than a lumped case structure. Analysis of geometry (with to and /3 constants that
the LCT data showed that the distributed depend on the initial heat distribution). This

structure of the Westinghouse coil was useful contrasts with its t -3/2 behavior in plane
in eliminating large stress concentrations, geometry.
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5.2.2 Propagation of Normal Zones REFERENCES

of Finite Size in Large, Composite
Superconductors 1. S. w. Schwenterly, J. W. Lue, and L. Dresner,

"Quench Propagation, Pressure Rise, and Thcr-

Very large composite superconductors of mal Expulsion of Helium from a Cable-in-ConduitForced-Flow Super conductor," presented at CEC89:
the type proposed for use in energy storage The 1989 Cryogenic Engineering Conference, Los
magnets 5 can sustain normal zones of finite Angeles, July 24-28, 1989 [to be published in Adv.
size that travel at a uniform velocity along Cryog. Eng. 35 (1990)].

the conductor. A simple analytical model has 2. D. S. Beard ct al., eds., "The IEA Large

been developed 6 to determine the conditions CoilTask: Development of Superconducting Toroidal
under which such zones can exist and the Field Magnets for FusionPower," Fusion Eng. Des.7, 1-232 (1988).
size and velocity of these zones. The 3. L. Dresner,"Transient Heat Transfer in Super-

transport current has a threshold value below fluid Helium," Adv. Cryog. Eng. 29,323-33 (1984).
which finite normal zones cannot exist, and 4. L. Dresner, "The Gorter-Mellink Pulsed-Source

the propagation velocity corresponding to Problem in Cylindrical and Spherical Geometry," pre-

this current, though not zero, is the smallest sented at CEC89: The 1989 Cryogenic Engineering

possible. The results of the model show Conference, Los Angeles, July 2428, 1989 [to bepublished in Adv. Cryog. Eng. 35 (1990)].
that in a typical energy storage magnet, 5. J. Waynert, Y. Eyssa, and X. Huang, "The
with 1000 km of conductor, a finite normal Transient Stability of Large Scale Superconductors

zone could take 3.17 d to traverse the entire Cooled in Superfluid Helium," Adv. Cryog. Eng. 33,

winding, releasing a steady power of more 187-94 (1988).
than 8.22 kW that would have to be removed. 6. L. Dresner, "Propagation of Normal Zones in

Finite Size in Large, Composite Superconductors,"

Thus, conductors in energy storage magnets presented at MTll: The llth International Conference
should be designed to operate in the stable on Magnet Technology, Tsukuba, Japan, August

region that does not permit the propagation 28-September 1, 1989 (to be published in the
of normal zones of finite size. proceedings).
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6. ADVANCED SYSTEMS PROGRAM

SUMMARY OF ACTIVITIES

The Advanced Systems Program has been organized as a focal point for design studies of
future fusion experiments. The Fusion Engineering Design Center is the major engineering
resource for the program. This group of 20 to 25 persons consists of both ORNL and outside
industrial participants. Since its formation in 1979, the Design Center has played a leading
role in the design of next-generation devices. In 1989, the Advanced Systems Program
comprised two principal activities, the Compact Ignition Tokamak (CIT) project and the
International Thermonuclear Experimental Reactor (ITER) project.

The CIT project, led by Princeton Plasma Physics Laboratory, was begun in 1985. As
part of the national CIT design team, ORNL has made major contributions to this project. In
1989, these contributions included lead responsibility for design integration and for six Work
Breakdown Structure (WBS) elements: ex-vessel remote maintenance, vacuam systems, ion
cyclotron resonance heating, shielding, external structure, and fueling.

The ITER design study continued from its 1988 beginning as an outgrowth of a U.S.-
U.S.S.R. summit agreement that was formalized by the International Atomic Energy Agency
(IAEA). The purpose of this activity is to cooperate it, the international conceptual design
of a fusion test reactor under the auspices of the IAEA. The ITER concept includes
reactor-relevant features such as superconducting magnets, steady-state or extended-burn
capability, and testing of nuclear components and materials. In the United States, the
program is organized as a national study under the direction of Lawrence Livermore National
Laboratory. In 1989, the program involved international participation in a program for
research, development, and conceptual design that will continue through 1990. The major
participants in the program are the United States, the U.S.S.R., Japan, and the European
Community.

The Design Center led the U.S. effort in configuration development, design integration,
mechanical design of the plasma-facing components and blankets, facilities, reliability and
availability analysis, remote maintenance, design and analysis of heating and current drive,
and cost estimating. Support was provided in the design of poloidal field systems and in
structural analysis. Several members of the Design Center staff participated in the five-
month-long Joint Work Session in Garching, Federal Republic of Germany, and in numerous
specialists' meetings.

The Design Center also led the national effort to develop and maintain the tokamak systems
code TETRA. The Design Center was responsible for performance of numerous systems and
trade studies required to support the evolution of the ITER design concept and provided
support in poloidal plasma magnetics, plasma control analysis, and disruption analysis.
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A three-year tokamak reactor study, the Advanced Reactor Innovation and Evaluation
Study (ARIES) program, was initiated in January 1988. The Design Center played a key role
in several aspects of this project, including the ARIES equilibrium and stability evaluation
and the poloidal field system design. Work to evaluate the potential of pellet fueling and of
rf heating and current drive in ARIES was initiated at the end of the year.
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6.1 CIT reflecting, servomanipulator arms mounted
on a telescoping boom supported from an

6.1.1 Ex-Vessel Remote Maintenance overhead transporter to provide dexterous
manipulation throughout the test cell. This

The use of deuterium-tritium (DIT) fuel equipment provides the primary means for
in the Compact Ignition Tokamak (CIT) remote operations on the upper vertical ports
will require remote handling technology for and the horizontal ports of the machine
ex-vessel maintenance and replacement of and on the floor area of the center cell.
machine components. Highly activated and Replacing equipment in the center cell
contaminated components of the fusion de- requires opening the sliding shield roof,
vice's auxiliary systems, such as diagnostics decoupling components, and enclosing them
and rf heating, must be replaced using in a container to prevent the spread of
remotely operated maintenance equipment in contamination before removing them to the
the test cell. The development of the ex- hot repair cell for repair or disposal. These
vessel remote maintenance (XVRM) concept operations are performed remotely using the
for CIT has been the prime responsibility servomanipulator and crane hook reaching
of ORNL for Princeton Plasma Physics down from their high bay bridges.
Laboratory (PPPL) and the U.S. Department The manipulator configuration will be
of Energy) similar to that shown in Fig. 6.1. lt consists

The CIT fusion device is located in of a dual-arm master-slave manipulator with
the center cell of the test cell facility, camera positioners and a hoist at the slave.
The machine will operate initially in a Collision avoidance capability is planned
nonactivating hydrogen phase for approxi- for the manipulator system (including the
mately one year. This will permit hands- transporter, the manipulator, and the auxil-
on repair of equipment that fails during iary equipment) to protect the system during
shakedown runs and demonstration of re- motion from one work location to another.
mote maintenance operations. Thereafter, Several maintenance tasks have been

limited access to the test cell may still identified in the pit area under the machine.
be possible after deuterium-deuterium (D-D) The use of a mobile telerobot to perform
operations commence; however, once D-T these tasks is under consideration. The
fuel is introduced, personnel access into the mobile robot must be operated in a very
center cell will be prohibited, and repair and confining, constricted environment. Com-
replacement of machine components will be pact size, maneuverability, and collision
accomplished by remotely operated equip- avoidance are paramount requirements for
mont. Virtually ali machine components operation in this confined space without
that interface with the vertical and horizontal damage to the vehicle or to the equipment.
ports of the vacuum vessel will be designed
for remote replacement and handling. These
components will be repaired or packaged for
disposal in the hot repair cell. 6.1.1.2 Graphic modeling

Throughout the CIT remote maintenance

6.1.1.1 Remote maintenance systems studies, computer modeling has been used
extensively to investigate manipulator ac-

The key element of the test cell main- cess. Three-dimensional (3-D) kinematic
tenance system is a pair of bilateral, force- computer models of the CIT machine are
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Fig. 6.1. Manipulator system configuration.

proving to be powerful tools in our efforts to for IGRIP devices to perform tasks within
evaluate remote maintenance requirements, the work space. This feature allows remote
A recent refinement of computer modeling maintenance designers to perform detailed
involves the use of an intelligent engineering maintenance studies in true 3-D geometry.
workstation called IGRIP (Interactive Graph- A large portion of the CIT facility has
ics Robot Instruction Program) for real-time already been modeled in IGRIP, and the
interactive display of task simulations. It can entire facility will eventually be included.
be used to model work spaces and kinematic Shown in Fig. 6.2, the current facility model
geometry used within a remote facility includes the center test cell, north and south
(manipulators, cranes, transporters, etc.), cells, high bay, hot and contact repair cells,
IGRIP's collision detection and "near miss" operating gallery, and loading area. The
detection features are proving to be excellent model contains a moderate level of detail
tools for remote maintenance. Simulation of such as passageways, doorways, and roof

an activity or"process is a powerful feature hatches. Details will be added continuously
of the software; programs can be written as the project matures.
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Fig. 6.2. Shielded cell configuration.

6.1.1.3 T,.,.,k evaluations and the ways in which computer modeling
enhances the design process. Remote

The simulation capabilities of IGRIP maintenance designers have incorporated
have been used with the CIT model to several design features to facilitate remote

depict XVRM activities. In conjunction maintenance for the plasma/IRTV diagnostic
w;th iGRIP's interference detection, the (Fig. 6.3).
simulations hz,ve allowed the evaluation The remote handling needs for the re-
of access co_,straints and problems that placement of the central solenoid have

m:ght otherwise have gone unnoticed until been studied. This task presents several
hardware mock-ups were constructed, concerns, primarily because of the solenoid's

The removal of a plasma/infrared tele- weight (100 tons) and size (22.5 ft long
vision (IRTV) diagnostic was completely by 5.5 ft in diameter). Various scenarios
simulated, as described in ref. 2. A pre- were developed for extracting the "hot"
sentation describing this simulation included cylindrical solenoid from the center of the
a videotape of the remote replacement of a machine and transporting it to a suitable
plasma viewing assembly. The simulation location for disposal. A special lifting

........ t. ........ : ......... ;,_.aA 4qvt ...... t'_nc;ct_rao nfa _trnnerhark fitted withiiiusaatc_ ..,u,,,cof t,,c _.u,,_,,,_,.,,_,,_,-,,.......................... _,......... ,=,.............

_- with typical remote maintenance activities two 50-ton ball screwjacks was designed.

' ' II
I!



152

ORNL-DWG90-2884FED

- FLANGESUPPORT

' t/ ILi
II " BRACKET -REMO E

II ....... -...... ..yT-_- " . "" MOTORS

I
'_T' '" ' _- ]t _ t li ...._ u_. I "'-REMOTELYREPLACEABLE
I/ l_ tl ['_ ll_' _{.._ "_'_" M RROR ADJUSTMENT SYSTEM

! , I [- " " " ( ! _ ................ VACUUM ISOLATION VALVE
// SECONDARY Ii. ---_. , _,

/J-- TELESCOPINGSUPPORT COLLARREMOTELYREPLACEABLE " ---
MIRROR ASSEMBLY [ - DRIVE SCREW DRIVEN BY•" lMPACT TOOL

t s OPTICAL RELAY STAGE

........ r SUPPORT TUBE
.J

,/-"

/
//

" /- CAMERA SHIELDING

_ . ........ " " / CAMERA ACCESSDOOR
.... . ...... / ../._ (SHIELDED)

/

- , "1" REMOTELY REPLACEABLE

i':" _-_ j_ CAMERA MODULE WITH

:._/ ,[ ._1,,4_,,i " PAN/TILT

Fig. 63. Plasma/IRTV design for remote maintenance.



153

This fixture provides the 4-ft vertical travel 6.1.2 Vacuum System and Shield
needed to supplement the maximum crane
hook height so that the solenoid can be lifted 6.1.2.1 Vacuum system
clear of the test cell roof hatch.

A remotely maintainable ion cyclotron CIT will require an ultrahigh-vacuum
resonance heating (ICRH) concept was de- pumping system to evacuate the plasma
veloped. The special design features include chamber from atmospheric pressure to low

pressure and to maintain the required vac-
• vertical removal of higher-maintenance uum levels during bakeout, discharge clean-

items such as vacuum feedthroughs, ing, and pulsed burn operation. The base
• in-piace capacitor maintenance with ma- partial pressure requirements are 1.34 ×

nipulator, 10-6 Pa (1 × 10-7 torr) for fuel gases
manipulator access between neighboring and 1.34 x 10 -8 Pa (1 × 10 -9 torr) total
ICRH units, for ali other constituents. These pressure

• relatively short radial length (about 8 ft), requirements are very stringent for a system
and of this size, with a volume of over 80 m 3

• placement of the vacuum feedthrough out and a surface area of 300 m2. In addition,
of the direct line of the neutron flux. the presence of tritium in the pumped stream

prevents the use of lubricants or organic seal

6.1.1.4 Special tools materials anywhere in the system.
The present CIT vacuum pumping system

T. W. Burgess, a member of the CIT design calls for six 2000-L/s magnetic bear-
remote maintenance design team, remained ing turbomolecular pumps backed by two
on assignment to the ex-vessel mock-up 600-ma/h mechanical scroll pumps. Earlier
program of the Joint European Torus (JET) concepts included diaphragm pumps to back
Joint Undertaking. During this assignment, up the scroll pumps, but further investi-
Mr. Burgess has participated in the major gations have indicated that the diaphragm
shutdown activities associated with the re- pumps are not necessary. One of the

placement of the failed toroidal field (TF) turbomolecular pumps and one of the two
coil in octant 3. In September 1989, four scroll pumps are provided for redundancy.
members of the CIT remote maintenance The pumps are located in a shielded vault
design team visited the JET facility to below the experimental enclosure and are
discuss the remote maintenance problems connected to the torus via a vertical duct and
that have been addressed to date (e.g., a single radial duct. The low conductance
vacuum flange couplings and seals, fluid of the radial-duct into the torus restricts
and mechanical couplings, decontamination the net pumping speed of the system and
of components, pipe cutting and wclding, may require changing the configuration to
manipulator design) and may be applicable include a second radial duct. The shielding
to CIT. JET staff members presented design of the vacuum pun_ps is sufficient to prevent
drawings and specifications for prototypes neutron activation.
of several welding and cutting tools and a Experience in operating the scroll pumps
remote connector that provides for several is necessary to ensure that they will reli-
hydraulic, pneumatic, and electrical supplies ably pump fusion gases (H2, D2, T2) and
in a single connector, perform according to the assumptions of
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the analysis. A research and development philosophy that has evolved requires access
(R&D) program is planned to procure rep- to any part of the device with a minimum
resentative pumps, install them in a test amount of interference from the cryostat. A
stand, and run performance characterization new, modular approach to the cryostat design
tests. Communication and collaboration will be undertaken in FY 1992 when funds
with other laboratories and programs [includ- become available.

ing Kernforschungszentrum Karlsruhe (KfK) An R&D program is in piace to identify
and JET] will continue to be beneficial, thermal insulation materials that will remain

In summary, calculations and design effective after exposure to the high neutron
studies indicate that an oil-free, ultrahigh- flux. Several candidate materials have been
vacuum pumping system can be provided for identified through a literature search, and
CIT. The major uncertainties include (1) the these materials will be irradiated and tested
ability to provide sufficient pumping speed for deterioration of thermal and mechanical
through a single pumping duct and (2) the properties during FY 1991 and 1992.
performance of the scroll pumps as backing
pumps for pumping fusion gases. These
issues will be resolved as the design and 6.1.3 Ion Cyclotron Resonance

R&D programs progress. Heating System

On the basis of experimental results
from several tokamaks worldwide [primarily

6.1.2.2 Thermal shield the Tokamak Fusion Test Reactor (TFTR)

CIT will require a thermal shield to and JET], the CIT antenna geometry was
i:lsulate the coil set, which is cooled with modified. Dual current straps in the

liquid nitrogen to 77 K before each operating toroidal direction replaced the single current
pulse. The liquid nitrogen coolant is intro- strap. Experimentally, dual-strap antennas
duced through piping into the coil set and driven out of phase have shown smaller
then vented from the coils directly into the impedance variations, smaller edge density

space formed by the thermal shield. Some and temperature increases, and higher break-
of the nitrogen does not change phase during down voltages than in-phase antennas. As
cooldown, so the thermal shield must form shown in Table 6.1, antenna dimensions
a container, or cryostat, to collect the liquid, were reduced to accommodate the additional
In addition, the nitrogen left in the system straps in the port. Calculations of the sys-
during a pulse becomes activated by the high tem's plasma coupling and electrical char-
neutron fluence, which imposes a strict leak acteristics showed that with dual-strap an-

rate requirement on the system, tennas a launched power of approximately
The original cryostat design consisted of 4.0 MW/port would be feasible. The ICRH

a double-wall, all-weldedsandwich structure system would occupy five of the large
with thermal insulation between the walls, horizontal ports to launch 20 MW to the
This design offered good stiffness, low plasma during initial operations and would
thermal mass for cooldown, and double be expandable to a 28-MW system using
containment for the nitrogen. However, this seven ports. The antenna power limit was

approach limits access to the coil set and determined by a peak voltage in the antenna
structure and is very difficult from a remote and transmission line system of 50 kV for a
maintenance viewpoint. The new design plasma loading impedance of 4 f_/m.
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Table 6.1. Single-and dual-strap ation with tritium feed gas. Performance,
antenna dimensions neutron activation of injector components,

Antenna maintenance, design of the pellet injection
vacuum line, gas loads to the reprocessing

Single- Dual- system, and equipment layout have been
strap strap addressed.

Strap width, cm 14 7.5 Performance requirements for the pellet
Strap length, cm 45 45 injection system were developed in col-
Cavity width, cna 31 15 laboration with CIT physics and project
Cavity depth, cm 15 10 staff to ensure sufficient performance for

the ignition mission while minimizing the
system's impact on the isotope reprocessing

The dual-strap antenna was designed to system and local tritium inventory levels.
be inserted into a large horizontal port Table 6.2 gives the specifications of the CIT
so that it could be completely removed pellet injection system, and Table 6.3 gives
for maintenance and replacement with the the parameters of the pellet injectors.
XVRM equipment. A significant effort was

devoted to refining the remote maintenance Table 6.2. CIT pellet injection system
aspects of the antenna design and to defining specifications
the installation and removal procedures.

A key requirement of the antenna is Pellet diameter, mm 2-4 (20-40% ATz/Tz)
to withstand forces induced in the Faraday Pellet species H, D, T, D-T
shield, antenna housing, and current strap by Pellet velocity, km/s
a plasma disruption. A finite element model Minimum 1.5

Goal 5
of the ICRH launcher was developed, and an

Pellet frequency, Hz 0-10analysis of the disruption-induced forces on
the antenna was completed for two potential Total pellets 40
disruption scenarios. Neglecting thermal System reliability, % 95
stresses, the peak stress in the Faraday shield
tube was found to be within the allowable

The moderate-velocity pellet injector is
limits for Inconel 718. similar to the JET pellet injector and consists

of three single-stage, light gas guns in

6.1.4 Fueling System a common vacuum enclosure. The three
different barrel sizes, repetition rates, and

CIT will use an advanced, high-velocity total pellets listed in Table 6.3 for the
pellet injection system to achieve and main- moderate-velocity pellet injector are for the
tain ignited plasmas. Two pellet injectors three different light gas guns. The range of
are provided: a moderate-velocity (1- to 1.5- pellet diameters is provided to accommodate
km/s), single-stage pneumatic injector with the range in plasma perturbation Art/r_ from
high reliability, which incorporates three Table 6.2, as well as a range in plasma
light gas guns, and a high-velocity (4- to operating densities. The ramp-up to ignition
5-km/s), two-stage pellet injector that uses will have a continuously increasing plasma
frozen hydrogenic pellets encased in sabots, density, and the ignition density will be
Both pellet injectors are qualified for oper- different with different plasma temperatures
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Table 6.3. CIT pellet injector parameters

Moderate-velocity injector High-velocity injector

Pellet speed, km/s 1-1.5 4.0-5.0
Pellet diameter, mm 2.8, 3.5, 4.0 4.0

Pellet type H, D, T, D-T H, D, T, D-T
Repetition rate, Hz 8, 4, 2 2
Total pellets 40, 30, 20 20
Reliability, % 90, 90, 90 80

and heating profiles. The largest (4-mm- high temperatures (up to 8,000-10,000 K)
diam) pellet results in a 40% perturbation can accelerate the pellet/sabot payload to
to a CIT plasma with an average density of muzzle velocities in the range of 4-5 km/s.
2 x 102o m -3 For the pellet/sabot combinations used for

The reliability figures in Table 6.3 should CIT, the accelerated mass is less than 0.1 g,
be achievable. The JET pellet injec- and the mass per unit area is less than
tor has operated for sustained periods at 0.5 g/cm 2. This permits consideration
reliabilities well over 90%. 3 The overall of repetitive operation, as the pump tube

system reliability of 95% will be achieved conditions are moderate enough to allow
through improvements to existing designs multiple shots with a single piston. The
and through the redundancy in the different sabots are separated from the hydrogenic
pellet sizes and repetition rates. That is, pellets in the injection line to the torus
the smaller pellets can provide fueling rates and allowed to hit a target plate. Two-
equivalent to those of the nominal 4-mm stage light gas gun pellet injectors are under
pellet if higher pellet repetition rates are development at ORNL and in Europe.
used. Penetration of the pellet into a hot A preliminary layout of the CIT pellet

plasma is a strong function of pellet initial injection system in the CIT central and north
d.S/3).diameter (proportional to and the cells is shown in Fig. 6.4. To conserve

largest possible pellet, given perturbation floor area, the injectors are stacked with
limits, should be used to provide the most the heavier high-velocity injector beneath
leverage on plasma density profile peaking, the moderate-velocity injector. Since both
which can increase the ignition margin even injectors will have tritium or D-T mixtures

if plasma transport is unchanged because in the gas fuel supply, three layers of
of the increased fusion rate with peaked containment throughout the pellet injection

profiles, system are proposed. The primary level of
The high-velocity pellet injector is based containment will be the pellet injector itself,

on the two-stage light gas gun concept, which will have tritium-compatible materials
A piston is pneumatically accelerated in throughout. The second level of containment
a high-pressure pump tube and provides is a glove box, or tritium isolation boundary,
adiabatic compression of a second stage of inside the north cell and double-walled
propellant gas between the piston and the piping for all penetrations of this boundary.
pellet/sabot. The resulting high pressures The third level of containment is the north
(up to 6,000 bar) and, more importantly, and center cells themselves.
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Fig. 6.4. Layout of pellet injection system in CIT north diagnostic cell.

6.1.5 Insulation for the TF Coils bismaleimide resin. The third (PG3-1) used
an aromatic amine hardened, bisphenol-AInsulation samples from a variety of com-

mercial vendors were tested for interlaminar resin.

shear strength with simultaneous compres- A lead shield was employed to limit the
sion. Ali demonstrated good mechanical gamma dose fraction to 60%. Flexure sam-
properties. Three boron-free types were pies and shear/compression samples were
selected for irradiation in the Advanced irradiated and tested.

Technology Reactor at Idaho National En- In general, ali three insulation systems
gineering Laboratory. The three materials performed well and showed apparently ad-
were Spaulrad-S and two 3-D weave ma- equate margins of mechanical strength and
terials from Shikishima Canvas Co. Two electrical resistance for use in CIT. The
materials (PG5-1 and Spaulrad-S) used a results are encouraging. However, further
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testing is required and planned to include The ATD group completed laborator), testing
bonded samples and cryogenic testing. The for seven different resin and hardener com-
results are summarized in Table 6.4. Ali binations with two different cure schedules
materials were tested at 5 kV for 3 rain and for each combination. The most severe test

did not break down. The resistance was too was a cryogenic shock test of a disk of resin
high to measure for control groups and for with a copper disk embedment. Other testing
groups from both dose levels, includ:d viscosity vs time, wet-out, and

compressive strength measurement. The two

Table 6.4. Results of insulation tests systems that performed best in the laboratory
testing were a highly flexibilized aromaticValues quoted are the average

of all samples tested amine hardened system from Shell and a
cycloaliphatic amine cured system.

Shear Flex_ae

Dose strength" strength b
Material (rad) (ksi) (ksi) 6.1.6 MHD Equilibrium and

Spaulrad 0 18.2 97.9 Poloidal Field System
4 × 109 18.7 77.0 Studies
3 × 101° 17.4 52.5

PG5-1 0 19.5 137 Free-boundary magnetohydrodynamic
4 × 109 19.4 120 (MHD) equilibria with constrained major
3 × 101° 19.2 105 and minor radii, magnetic X-point position,

PG3-1 0 17.9 102 and flux linkage are obtained efficiently
4 x 109 17.2 79.5 using a control matrix method. 4 Plasma
3 x 10_° 19.8 101 shape control matrices A relating changes

"50-ksi compression applied, in the poloidal field (PF) coil currents di to
t'Extrcmefiber stress, errors in the plasma shape and volt-seconds

e, di = Ae, are computed as part of the
inner loop of the iterative solution of the

Fatigue testing was performed by cycling nonlinear equilibrium equation and used to
the shear stress with a constant compression, determine the consistent external field. A
The peak stress levels were 16.2 ksi for least-squares method is used to compute
Spaulrad, 17.0 ksi for PG5-1, and 11.6 ksi the control matrix when the number of
for PG3-1. After 30,000 cycles at 5 Hz, the independent coil currents is greater than the
testing was stopped and the static strength number of constraints. The result is an order
was measured. No significant loss of of magnitude decrease in CPU time from
strength was observed for the control or previous methods, making new applications
irradiated groups. The epoxy PG3-1 system in the areas of CIT divertor equilibrium
failed after approximately 10(30cycles when optimization and PF system design possible.
tested at 15-ksi shear stress with the control The control matrix equilibrium code is
group. This material appears to be more used in the CIT PF system design process
sensitive to fatigue damage then either to (1) produce shape control matrices used
bismaleimide system, in the PPPL Tokamak Simulation Code

In addition to the irradiation study, a (TSC), 5 (2)examine alternative CIT plasma
manufacturing study was performed by the contigurations (Fig. 6.5), and (3) develop
ORNL Applied Technology Division (ATI)). CIT shape control feedback algorithms.
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Fig. 6.5. Asymmetric CIT equilibrium at start of flattop. The upper and lower X-points are symmetric

about Z = 0.

6.1.7 Plasma Disruption Simulations ment with experiment for the evolution of
plasma current and profiles.

R. O. Sayer, Y-K. M. Peng, and Several TSC disruption scenarios for the
S. C. Jardin* CIT design with magnetic field B = 11 T

and plasma current /p = 12.3 MA have

The design of the CIT vacuum vessel led to estimates of the effects produced
(VV) is driven strongly by the disruption- by variations in plasma parameters and
induced forces produced by plasma motion initial conditions. These include the initial
and current decay. It is, therefore, particu- magnetic field B, a hyperresistive term in
larly important to model disruption effects the mean field Ohm's law, and the vertical
as accurately as possible. Our basic tool plasma position before a thermal quench.
for computation of plasma disruptions is Let FR and Fz be the extreme net radial
TSC, 5 a numerical model of a free-boundary and vertical VV forces. Two "slow vertical"
axisymmetric tokamak plasma interacting disruptions were simulated by allowing the
in a self-consistent manner with a set of plasma to drift before thermal quench until
conductors that obey circuit equations with the magnetic axis, Zmag, was 35 or 45 cm
active feedback amplifiers included. For below the midplane. The magnitude of Fz
both disruptive and nondisruptive discharges, was about 15% larger for the case with
TSC simulations have given excellent agree- Zmag = -45 cm at thermal quench time.
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Fast ((dlp/Ctt) __ -3.0 MA/ms) radial net radial VV force Fie and contributions to
and vertical disruptions were simulated with FI_ from diamagnetic poloidal and toroidal
and without a hyperresistive term. Inclusion VV currents as functions of time for radial
of hyperresistivity gave a 10% increase in disruptions with (diprg) __ -3.0 MA/ms.
plasma current and 10% higher magnitude For the case with low (high) initial beta,
for the inboard radial VV force at thermal the diamagnetic poloidal VV current acts
quench time. to increase (decrease) the magnitude of F/_.

Fast radial disruptions with high initial For the case with low initial beta, at peak
beta (/3 = 0.051) and low initial beta Fn, the contributions from toroidal and
(/3 = 0.003) yielded nearly identical ex- poloidal currents are -10.5 MN/rad and
treme net radial VV forces. This rather -4.9 MN/rad, respectively. Poloidal VV
unexpected result is due to the contribution currents substantially alter the distribution of
from "diamagnetic" poloidal VV currents VV forces and must be taken into account in
produced by plasma paramagnetism changes, simulations of major disruptions for tokamak
Figure 6.6 illustrates the evolution of the VV design. The relative magnitudes of

poloidal and toroidal components are quite
sensitive to the initial beta value.

ORNL-DWG90M-2886FED *Princeton Plasma Physics Laboratory, Princeton,4 T _ t 't
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6.1.8 Structural Materials
z -2 POLOIDAL -
_. ..... TOROIDAL

Lt. --4 POLOIDAL+TOROIDAL Research aimed at developing structural

I_t materials for CIT is carried out as part
--6.... of the Fusion Materials Program, which is

-sL t ---_- i .... t j described in Sect. 7 of this report.
4 1 _ _ _ |

t1114D
2 6.2 ITER

o 6.2.1 Plasma Engineering

=, -2 '_''7,,,,
" --------- ....... The plasma engineering effort for the

_- --4 ...... International Thermonuclear Experimental
Reactor (ITER) was primarily involved with

-6 systems and disruption analysis. The sys-
1-8 _ -----r- _ terns analysis provided operational scenarios

0 4 8 12 16 20 for the steady-state and technology testing
TIME(ms) phases. This information is used as input

Fig. 6.6. Net radial VV force Fn and contribu- for design work on a wide range of topicstions to Fit from diamagnetic poloidal and toroidal
VVcurrentsas functionsof time for radialdisruptions (heat loads, plasma current levels, etc.).
with (dip/dO ". --3.0 MA/ms. Initial lp = 12.3 MA, The disruption simulations provided detailed
Btor = 11 T. (a) Troyon beta (0.051). (b) Low beta analysis of the plasma current decay process
(0.003). and the associated eddy currents induced
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in the vacuum vessel. The high level of found. Hybrid operation is characterized by
sophistication in this modeling procedure medium density (1020 m -3) and temperature
allows these results to be used as a basis (T_ near 15 keV) and by reduced plasma
of comparison for other calculations. These current levels (near 15 MA).
results are also used in the mechanical design Another approach to alleviating the di-
of the first wall and vacuum vessel, vertor heat load problem is to seed the

plasma with impurities, in order to radiate
large fractions of the power deposited in

6.2.1.1 Systems analysis the plasma. This would permit operation
at higher wall loads but requires more

The primary emphasis of the 1989 ITER confinement capability than the nonseeded
systems analysis was the identification of op- case.

erational scenarios for the ITER technology Sensitivity studies indicate that increasing
phase. These studies were done using the the installed injection power allows opera-
TETRA systems code, and the operational tion at higher wall loads. This option could
points identified with TETRA are used as be used if performance is not satisfactory
the baseline design points. 6 with the initial installed power capability

The ITER program has mission goals (near 100 MW).
of demonstrating both an ignited plasma
with steady-state operation and extended-
burn technology testing. Accomplishing the
second of these goals, called the technology 6.2.1.2 Plasma disruption simulations

phase, is complicated by the need to inject R.O. Sayer, Y-K. M. Peng, and
large amounts of power into the plasma D.J. Strickler
to drive the plasma current noninductively.
This injection power exacerbates an already Design of ITER tokamak conducting
troublesome divertor heat load. In order structures is driven strongly by the disrup-
to identify desirable technology-phase opera- tion-induced forces produced by plasma mo-
tion points that satisfy the divertor limits, the tion and current decay. TSC has been used
Harrison-Kukushkin analytic divertor model to model ITER disruptions and to predict
was incorporated into TETRA. the time evolution of currents and forces

The divertor constraint prohibits steady- on the vacuum vessel, internal control (lC)
state operation at high neutron wall loads coil, and passive stabilizing (PS) structures. 5
(>0.5 MW/m2). Typically, the steady-state Both inward-shifting and vertically moving
plasma operation is optimal at low density disrupting plasmas and a range of current
(ne < 0.7 x 1020 m-3), high temperature decay rates were studied.
(Te > 15 keV), and plasma current levels Conducting structures were represented
lower than those in the ignition phase, by groups of filamentary wires of specified

To satisfy the technology testing mis- resistivity. Figure 6.7(a) illustrates the
sion statement, a hybrid operation scenario, filamentary models for the vacuum vessel,
which uses a combination of inductive and IC coil, and PS structures, ali of which
noninductive current drive, was identified, were located within the computational grid.
With this approach, operational points with Also shown in Fig. 6.7(a) is an overlay plot
high wall loads (>0.8 MW/m 2) and long of plasma boundaries during the disruption
pulse times (thousands of seconds) were phase of a vertical disruption simulation.
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Fig. 6.7. ITER vertical disruption simulation. (a) Filamentary models for vacuum vessel, lC coil, and PS

structures and plasma boundaries during the disruption phase. (b) Snapshot of forces. (c) Forces and current

history.

The vacuum vessel was represented as connected up-down anti-series (equal and
a continuous 2-cre-thick structure of type opposite currents in upper and lower mem-
316 stainless steel. The effective toroidal bers).
resistance was 20 #f_, and the L/R time was The PS plates were modeled as wires at
98 ms. /_ = 6.55 m and Z = _-k3.90 m, connected

The lC coil was represented by copper up-down anti-series with resistivity adjusted 7
wires at /? = 7.00 m and Z = +5.00 m, to give a vertical instability growth rate
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equivalent to that for a realistic PS plate with Outboard vacuum vessel forces are typ-
48 vertical legs. ically twice as large as inboard forces.

PF coil currents for the initial equilibrium Including forces due to the "diamagnetic"
were determined with the ORNL equilibrium poloidal vacuum vessel current and toroidal
code. 8 Typical initial plasma parameters fields increases F t_ by about 6%. The
were Ip - 22 MA, Bt - 5.00 T, Ro = 5.80 m, maximum vacuum vessel disruption pressure
a = 2.20 m, x95 = 1.89, _95 "- 0.32, li2 = is 1.0 MPa. Variations in vacuum vessel
0.30,/3 = 3.2I/c_B, and/3pol = 0.70. For the resistance (20-160 #_) and dipdr (1-
vertical disruption simulations, a TSC initial 2.5 MA/ms) do not change FR significantly.
equilibrium was achieved with the plasma
magnetic axis, Zm_g, displaced 0.04 m from
the midplane. The plasma was then allowed

to drift downward until Zmag = 1.0 m. After 6.2.2 Engineering
drift, the thermal quench was initiated by
enhancing the plasma thermal conductivity An electrically segmented vacuum vessel
by a large factor, producing an increase in with a 30-cre-thick wall was established as
plasma resistivity and the subsequent current the reference ITER design on the basis of its
quench, apparent ability to withstand the maximum

Example results from a typical simulation calculated value of loads transferred to it
are shown in Fig. 6.7(b), a snapshot of the by the blanket during a plasma disruption.
force distributions for the vacuum vessel, The reference value of these loads, for

PS structures, and IC coil for a vertically the most dramatic plasma disruption event,
moving plasma d,,:,lg the current quench was set at 20 MN for each blanket octant,
(Ip = 14.7 MA gure 6.7(c) shows the pending identification of methods to achieve
time behavior of the plasma current Ip, the electrical segmentation in blanket modules.
toroidal VV eddy current Ivv(tor), the net The wall thickness was set at 30 cm to allow
radial VV force FR, and the net vertical for 50 cm of shielding between the field
VV force Fz for a vertical disruption with weld joints and the plasma. This amount
(dipdr) _-1.0 MA/ms. of shielding was determined to be required

Plasma disruptions have been modeled to allow rewelding of the joints between the
with TSC for the ITER physics phase. The parallel and wedge segments of the vacuum
time evolution of currents and forces on the vessel.

vacuum vessel, lC coil, and PS structures Future work will be directed at identify-
was determined, ing methods of reducing the loads transmit-

For a vertically moving disrupting plasma ted to the vacuum vessel. More analysis is
with Zmag = -1.0 m at thermal quench and required to obtain a better understanding of
(dipdr) _ -1.0 MA/ms, the peak vacuum the distribution of the loads and to identify
vessel total current is 18 MA. The extreme design modifications of the blanket modules
FR is 56 MN/rad, and the extreme Fz is that reduce their size. Parallel design efforts
6.0 MN/rad. For the PS structure closer to will be directed toward identifying feasible
the vertically moving plasma, the extreme methods to compensate for these loads
net radial and vertical forces are 5.2 MN/rad within a module and/or between adjacent
and 3.6 MN/rad, respectively. Similarly, modules. If these efforts are successful, the
the extreme IC coil forces are 1.8 MN/rad much simpler alternative design proposed by
(radial) and 0.5 MN/rad (vertical). the Design Center will be adopted.
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The reference design for the cryostat ORNL-DWG89+2876FED

was chosen on the basis of the struc- ,_y
rural, electromagnetic, and nuclear shield-
ing requirements. A continuous stainless _
steel vessel with structural ribs (700-mm
maximum thickness) with an equivalent
electrical thickness of 70 mm satisfies both
the mechanical and electrical requirements.
Bucking criteria are dominant in determining
the required mechanical strength. The
Nuclear Engineering Group determined that

space inside the cryostat vacuum vessel was ._adequate for shielding that would allow
personnel access, if required, to the outer
surface of the cryostat vessel 24 h after

operation shutdown. Consequently, there is
no special nuclear shielding requirement on @ J>t_/

the cylindrical section of the cryostat vessel ,
other than penetration shielding, which must Fig. 6.8. General arrangement of the ITER

be provided independently of cryostat vessel configuration.
design options. A simple full-welded,
single-sheet structure with welded vertical
and toroidal ribs has been chosen as the
reference design. The cylindrical wall has an for successful plasma operation, forms the
inner radius of 13 m, with the ribs extending primary tritium boundary, and serves as
to an outer radius of 13.7 m. The continuous the mechanical/structural support for the
sheet has a thickness of 35 mm. included nuclear components. At each of

the 16 reactor toreidal sections, 4 large ducts
connect the vessels. The upper duct is used

6.2.2.1 Configuration and maintenance for the installation of and service routingto the included nuclear components. The

The general arrangement of the ITER centerline ports provide access to the plasma
configuration is shown in Fig. 6.8. The main for the required auxiliary heating, diagnostic,
interior reactor components are contained and maintenance equipment. The lower
within an assembly 13.7 m in radius and vertical port provides service routing to the
approximately 25 m high. lower portion of the included components

A double vacuum vessel arrangement, and acts as the interface to the vacuum
combined at the access ports, is used. The pumping duct, the fourth port, which extends

outer cylindrical vessel, constructed of rib- horizontally off the lower port in Fig. 6.9.
reinforced stainless steel plate, provides both As shown in Fig. 6.10, the components
a vacuum environment for the included inside the vacuum vessel are configured into

cryogenic coils and secondary confinement modules for insertion. Each toroidal sector
for tritium located within the primary vac- is an assembly of inboard shield/blanket

uum region. The interior toroidal yes- modules, outboard modules, additional local
sel provides the vacuum quality needed shield pieces, and upper and lower divertor
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o,,_Dw0,,_,,,,Ep assemb!ies. A breeding blanket is included

v,cuuM on ali the inboard and outboard modules and
v_ssa is backed with enough additional shielding

T_CO,L_ _ to provide radiation protection to the TF

___ coils. The first wall structure is also included_,,, in the module assembly. Passive stability

,..E. II __l!:l_l i __]_--w_ ----__I-_''_'_'_'--L-_--'_- PFco,_sloops are incorporated into the outboard
i_ modu,es.,.,c,ent,yremovab'eor

i_P ,,''_''- _''''' ',Z_-7',,q,_i--r-i_ ]_/_, _,_-_-_ modules are mounted to the top and bottom
i !',I_L'.- '_"_1"ii_l! _.-_ " _ of the inboard shield modules after they
_ii__;__ _ "-c,_0s,,, are installed. A principal feature of the
x-_ 7- _ , revised configuration is that it maintains a

Bw,_, ""-,L'-z__- l Ill I ' fixed blanket/shield geometry for both the, --_------.=s---_ L vACUUMouc_
0,v_,_0, physics phase and the technology phase,

Fig. 6.9. Cross section of I'[ER showingdouble meaning that modules will be removed only
vacuumvessel arrangementand connectingports, for maintenance following failures.

The magnetic configuration consists of
16 TF coils, a central solenoid (CS), and

0_,_D_G_9_8__D 3 sets of up-down symmetrical PF coils.
Ali of these coils are superconducting. For

r[ SHIELDPIECE

/ OUrBOARD ease of maintenance, ali PF coils are located
Ill / BLANKETISHIELD_t_....._¢ MODULES outside the TF coils" one pair in the inboard

.-_ ":C---_..-4 DIVERIOR -- -

[.._"_._--_" " knuckle region and two pairs in a vertical

-__/ ///_/!_ stack outboard of the TF coil outerlegs.

Additional saddle loop resistive coils are
used to provide active control of plasma

_'_J I_BIA_D _ _//_ _ ]1 stability; they are located within the vacuum

_:/ II_B_ I_x _ _-_ II vessel.

_-__I_" x_.._ ! 6.2.2.2 Electromagnetic and
'_ \! _--1'_if } I structural analysis

----,_:'<_'_"..!_il_ I-T_I Efforts were ' gun to develop a self-

x_.-.. "_.... "_ i_, [ . _ i"--'_ consistent methou of calculating both the
':, . ]'., _ ,_, _ f/f _ [ plasma behavior and the induced loads in

" _1 L ],i l ..- ...... i/

.- I /,;, ' -, _...... , the structure, TSC is used to calculate the.
'I L t / / !--qi / iii I I!• ... , ,: _- =,, , = distribution in the plasma volume fort /Li ! i_ i! current

_.=_., .... //_ : i l ._ a set of axisymmetfic coils and conducting
-_, M!./ I_i i IIi Iii

._i(,':: " +'_: aJ structures. The resulting plasma behavior

[4 Iii. is used as _he driver for a finite elementeddy-current calculation using the SPARK
_ or F DDYCUFF oro_zram and 3-D represen-

Fig. 6.10. Modular configuration, rations of the conducting structure. The
=

=,i
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eddy currents in the conducting structure that 6.2.2.3 Fast-wave current drive system
are computed by the finite element method
and TSC are compared, and appropriate Members of the Design Center and the RF
adjustments are made in the TSC model. The Development Group continued their work
process is repeated until the two calculations on the conceptual design of a fast-wave

. agree, current drive (FWCD) system for ITER. Two
Initial results were presented to the ITER designs were carried out: in one, all antennas

team and were instrumental in establishing are mounted in the midplane horizontal
the following project guidelines: ports; in the second, the antenna elements are

mounted in the blanket modules. Members

1. The effects of the size of the electrical participated in a specialists' meeting on
gaps and surface resistivity are important. FWCD at Garching, Federal Republic of

2. Electromagnetic loads should be specified Germany, August 21-September 1, 1989, at
as a function of the electrical segmenta- which a common design approach among the
tion of the in-vessel components. Typical four participating parties was obtained. This

• values for the inboard blankets are" design features
20 MN for one electrical segment=_

per sector, • an operating frequency of 15-60 MHz;
FWCD can be done at 17 MHz (and10 MN for three electrical seg-

ments per sector, and possibly at 55 MHz), and plasma heating
using ICRH can be done at intermediate4 MN for nine electrical segments

per sector, frequencies;
V.,lues for the outboard blanket are: • an array of 30-60 antenna elements

20 MN for one electrical segment mounted in blanket modules, with con-
per sector, and stant spacing and phase difference be-

10 MN for three electrical seg- tween antennas;
mL :ts per sector. • rf coaxial lines embedded in the blanket

3. Since the electromagnetic loads are not module and emerging through the top of
up-down antisymmetric in the case of the blanket module;

: a vertical disruption, they are not self-
compensated within the sector. In gen- • up to 60 2-MW rf power units, each

connected by a separate transmission
- eral, the loads from a vertical disruption line and tuning/matching network to anare more severe than those from a

antenna.
_" symmetric disruption.

4. Maximizing electrical segmentation, An elevation view of this system is shown iv,
while minimizing mechanical segmenta- Fig. 6.11. The most critical element of this

• tion, seems most desirable for inboard assembly is the antenna and Faraday shield
blanket design, system. The preseat design has two antennas

5. The maximum forces occur at the electri- mounted in each blanket module. With 96

cal breaks, so separation of the electrical blanke', modules surrounding the machine,
and mechanit.a! breaks seems promising 30 antennas extend approximately one-third
from the viewpoint of supporting the of the way around the torus, and 60 go two-
electromagnetic loads, thirds of the way around.

6. The divertor must be highly segmented Calculations by the Plasma Theory Group
and electrically, isolated from its support yield a current drive e.tficiency factor "-, =

-- pl_e. (0.3-0.4) × 10:° A/W.m 2 for this design.
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Fig. 6.11. ICRF launcher elevation view.

While this is not quite as high as the effi- the Faraday shield and the rest of the
ciencies calculated for the present baseline antenna structure will experience during a
neutral beam system in ITER, the fact that plasma disruption, the viability of using
the FWCD system does not contribute to ceramic insulators in the transmission line
the plasma beta by injecting high-energy near the antenna (in particular, the expected
particles (as the neutral beam system does) lifetime in the presence of the ITER neutron
yields overall current drive efficiencies for fluences), and the range of load resistances
FWCD that are comparable to those of the that the antennas are likely to see, given
neutral beam system, a realistic range of L-mode and H-mode

In the ITER design, the FWCD system is plasma scenarios in ITER.
at present an alternative to the neutral beam
current drive system. The most critical issue
for the FWCD system is the experimental 6.2.2.4 Pellet injection system

demonstration of FWCD at efficiencies suit- O_erview
able for ITER. Other engineering problems
that will be addressed by the Design Center An advanced, high-velocity pellet injec-
include the forces and thermal stresses that tion system will be used to achieve and
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maintain ignited plasmas on ITER. Staff extrapolation to ITER, in addition to its
members participated in a series of meetings contribution to the understanding of the
of fuel cycle experts at Garching and have physics of pellet-fueled high-temperature
developed a conceptual design description plasmas.
for a flexible plasma fueling system, which Performance requirements for the 1TER
includes three pellet injectors in addition to pellet injection system were developed in
the traditional gas puffing system. For ramp- collaboration with ITER physics and engi-
up to ignition, a highly reliable, moderate- neering staff to ensure sufficient performance
velocity (1- to 1.5-km/s), single-stage pneu- for the ITER mission while minimizing
matic injector and a high-velocity (4- to 5- impact on the isotope reprocessing system
km/s), two-stage pneumatic pellet injector and local tritium inventory levels. Other as-
using frozen hydrogenic pellets encased in pects considered are the need to develop the
sabots will be used. For the steady-state burn suppporting technology in time for design,

phase, a continuous, single-stage pneumatic fabrication, and testing of the ITER pellet
injector is proposed; this injector will pro- injection system, followed by installation on
vide a flexible source of fuel that penetrates ITER, to meet the first plasma milestone and
to well beyond the edge region to aid in the need for technology that is adequate for
decoupling the plasma edge (constrained accelerating repetitive pellets (repetition rate
by divertor requirements) from the high- of order 1 Hz) for long pulses (100 to 1000 s)
temperature burning plasma. All three pellet at high component reliability (of order 90 to
injectors are designed for operation with 95%). These considerationseliminatedsome
tritium and D-T feed gas. Issues such as of the more advanced methods of plasma
performance, neutron activation of injector fueling, such as electron-beam pellet ablation
components, maintenance, design of the and compact toroid fueling, from further
pellet ipiection vacuum line, gas loads to the consideration.
reprocessing system, and equipment layout
have been addressed. System descrzption

Staff members are also conducting R&D

in support of ITER fueling requirements, The specifications of the ITER pellet in-
as described in Sect. 4 of this report, jection system are summarized in Table 6.5.
Tritium single-pellet fabrication and accel- These specifications are met by a system
eration experiments have been conducted with three pneumatic pellet injectors: a high-
on the Tritium Systems Test Assembly velocity (two-stage light gas gun) injector
at Los Alamos National Laboratory, and and two moderate-velocity (single-stage light

a program has been initiated to develop gas gun) injectors. The parameters of these
tritium-compatible extruders for long-pulse injectors are summarized in Table 6.6. Their
fueling. High-velocity pellet accelerators are arrangement in ITER is shown in Figs. 6.12
uhde: development, including a repetitive and 6.13, with components identified in
two-stage pneumatic injector (4-5 km/s) Table 6.7.
and, in the longer term, an electron-beam- The desigr, of the moderate-velocity in-
heated, mass-ablation system. ORNL is jectors is similar to that of the JET pellet
also operating and maintaining state-of-the- injector. Each injector consists of two single-
art pellet fueling systems on TFTR, Tore stage light gas guns in a vacuum enclosure.
Supra, and JET. This experience _sproviding The diameters of the formed pellets (and of
an operational and reliability database for the gun barrels) may have to be 10 to 15%
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Table 6.5. ITER pellet injection system The design of the high-velocity pellet
specifications injector is based on the two-stage light

gas gun concept, in which a piston is
Pellet diameter, mm 5-7.4 pneumatically accelerated in a high-pressure
Pellet species pump tube to provide adiabatic compression

Normal D-T (in 50:50 ratio) of a second stage of propellant gas between
Alternative H, D, T

the piston and the pellet/sabot. The resulting
Pellet velocity, km/s 1.0-5 high pressures (up to 6000 bar) and, more
Maximum pellet 3 importantly, high temperatures (4000 to

frequency, Hz 8000 K) can accelerate the pellet/sabot
Total pellets payload to muzzle velocities in the 4- to 5-

During ramp-up 60 km/s range.
During burn phase Continuous The plasma perturbation limit, An/n <

System reliability, % 97 15%, sets the maximum pellet diameter of
7.4 mm and also, in combination with the
range in plasma operating densities, dictates

larger than the pellet sizes listed in Table 6.5 the range of pellet diameters specified in Ta-
because of erosion of pellet material in the ble 6.5. During the ramp-up to ignition, the
barrel during acceleration. For the moderate- plasma density will continuously increase,
velocity injector (operated wi_,ilout sabots), and the density at ignition will be differ-
the diameter of the larger pellets at formation ent with different plasma temperatures and
(and the barrel size) is 8.3 mm to account heating profiles. The different pellet sizes
for a 30% mass loss by erosion. Erosion is a are obtained by using two different barrel
concern with tritium and D-T pellets because sizes on the moderate-velocity injectors and
of the tritium lost through erosion. However, by using sabots of different designs on the
this effect increases with pellet velocity and high-velocity injector. The largest (7.4-mm-
should not be a problem in the velocity range diam) pellet results in a 15% perturbation
(1 to 1.5 km/s) of the moderate-velocity to an ITER plasma at an average density of
injector. 1.2 x 1020 m -3.

Table 6.6. ITER pellet injection parameters

Moderate-velocity injectors High-velocity injectors

Barrel diameter, mm 6.0, 8.3 a 9.0 t'
Pellet velocity, km/s 1.0-1.5 2.0-5.0
Pellet species H, D, T, D-T H, D, T, D-T
Repetition rate, Hz 0-5 0-2
Total pellets Continuous 30 (minimum)

to continuous

(goal)
Reliability, % 95 90

aAccounts for erosion loss in barrel.
bAccountsfor 2.0-mmradial growth for sabot.
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Fill, 6.12, Elevation view of ITER pellet injectors. Corrlponents are identified in Table 6.7.
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Table 6.7. Components of the ITER pellet injectors
Numbers refer to Figs. 6.12 and 6.13

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 reservoir 26. Crane, 10-ton capacity
6. HVI propellant compressor 27. Crane beam
7. Propellant gas manifolds 28. Crane beam gearnaotors
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 16
19. Turbopumps, 500 L/s 40. Metal room liner
20. Rotatable shielding drums and motors 41. In-port shielding
21. Flow-limiting fast valves

As discussed in Sect. 6.1.4, the reliability centerline of vacuum vessel port 16, approx-

figures in Table 6.6 should be achievable, imately 24.5 m from the center of the ITER
Also, during the ramp-up to ignition, the machine. The moderate-velocity injectors
high-velocity injector and one of the two are on either side of the two-stage pneumatic
moderate-velocity injectors will be used. injector; the centerlines of the three injectors
Having two moderate-velocity injectors that converge in the midplane at the ITER major
can be used interchangeably increases the radius of 6.0 m. To prevent the propellant
system reliability, gas from reaching the torus, the injectors

The second moderate-velocity injector are isolated from the vacuum vessel by a
will be used for continuous fueling, with series of three separately pumped vacuum
penetration significantly beyond the edge chambers connectedby conductance-limiting
region, during the burn phase. The high- pellet guide tubes and fast-acting flow-
velocity injector can also be used during the limiting valves. The pellet injector bay is
burn phase if piston lifetimes of 100 to 1000 shielded by the structural shielding wall;
cycles can be achieved, by a rotating, eccentrically bored shielding

A plan view of the pellet injector in- drum in each injection line (to limit line-
stallation is shown in Fig. 6.13. The two- of-sight exposure of the injectors); and by
stage high-velocity injector is located on the modular shielding around the high-vacuuw

l
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isolation chamber. The bay also serves as models. The DIII-D and TFTR databases for
a redundant containment boundary and is volt-second consumption during the current
sealed by bellows at the shielding wall and ramp-up phase, especially as they apply to
by an airlock at the entrance. Equipment in MHD-influenced (fast ramp) scenarios, were
the pellet injector bay is serviced by a 10- analyzed. Particle transport and fueling
ton crane and a bridge-mounted articulated (g:_.,_puffing vs pellet fueling) issues were
manipulator supported on curved rails at a_:_ssed. Detailed estimates of FWCD effi-
machine radii of approximately 15.7 m and ciency were made with a two-dimensional,
29.5 m. full-wave code. Finally, the ITER physics

R&D contributions received from various

experimental groups were coordinated.

6.2.3 ITER Physics *PlasmaTheory Section.

N. A. Uckan, J. T. Hogan, D. B. Batchelor,* "_Computing and Telecommunications Division,

B. A. Carreras,* J. A. Holmes,] W.A. MartinMariettaEnergy Systems, Inc.

Houlberg,* E. E Jaeger,* D. A. Spong,*

and D. W. Swain 6.2.3.1 ITER physics design guidelines

ORNL physicists actively participated in N. A. Uckan and ITER Physics Group*
the ITER Conceptual Design Joint Work

during the winter (February-March 1989) The physics requirements for the ITER
and summer (July-October 1989) sessions design have been set to provide reasonable
at the Max Planck Institut ftir Plasmaphysik assurance thet the plasma performance will
(IPP) Garching and played a key role in be sufficient to meet the goals of ITER in
the evolution of the ITER physics design, both the physics phase and the technology
The primary areas of ORNL contributions to phase of operation. Considerations for
ITER physics studies were in MHD stability an adequate level of energy confinement
and beta limits, confinement assessment, with a stable plasma, a satisfactory power
FWCD, and pellet fueling. In addition, and particle control system, an efficient
work has been carried out on axisymmetric heating and current drive scheme, a suitable
magnetics, alpha particle effects, helium ash plasma control system, a sufficient level
accumulation and exhaust, and plasma-wall of volt-seconds, a need for high-fluence
interactions, burn, etc., along with several engineering

Physics design guidelines and physics and technology constraints, set the machine
specifications for the design information parameters (size, field, current, etc.). The
document were prepared and published, physics _,pecifications and guidelines for the
Limitations to the operational space arising ITER design are based on reasonable ex-
from MHD instability (ideal and resistive, trapolations of the tokamak physics database
linear and nonlinear, fluid and kinetic) were as assessed during the ITER Joint Work
estimated, and the MHD databases for se,sions. The original guidelines, coveting
current drive and for peaked pressure and the period up to 1989, were summarized in
current density profiles were extended. Vari- a recent publication. 9

' ous transport models were compared with the
ITER L-mode database, and the confinement *ITER Physics Group members: K. Borrass,
capability of ITER was assessed using these S. Cohen, F. Engelmann, N. Fujisawa, M. Harrison,
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J. Hogan, H. Hopman, S. Krasheninnikov, T. Mi- with favorable MHD stability properties can

zoguchi, V. Mukhovatov, W. Nevins, G. Pacher, be realized• lt is found that peaking the
H. Pacher, V. Parail, D. Post, S. Putvinskij, density profile (from nominal square-root
M. Sugihara, D. Swain, T. Takizuka, T. Tsunematsu, parabolic form to parabolic squared) in the
N. Uckan, J. G. Wegrowe, J. Wesley, S. Yamamoto, reference ITER scenario yields about the

R. Yoshino, and K. Young. same results as lowering the helium ash
concentration by about a factor of 2 (from the
baseline value of 10% to 5%) or increasing

the plasma current by about 20% (from
6.2.3.2 ITER confinement capability the baseline value of 22 MA to 25 MA).

N A. Uckan and J. T. Hogan The ITER technology phase accommodates
• several operational scenarios (ranging from

The confinement capability of ITER long-pulse to steady-state operation) with

physics and technology phase plasmas was Q > 5 and I _ 15-22 MA. Access to high-
examined for a number of operational Q operation depends sensitively on the MHD
scenarios, using the ITER physics design beta limits, current drive efficiency, and
guidelines. 9 The impact of changes in these bootstrap current fraction. Representative
guidelines on ITER performance projections results are given in Figs. 6.14 and 6.15.
was investigated. Both empirically based
confinement scaling expressions (deduced
from the ITER L- and H-mode databases) 6.2.3.3 ITER global stability limits
and several theoretical models were used in J. T. Hogan and N. A. Uckan
the analyses. Areas considered were the
effect of changes in density and temperature The stability-related limits to the opera-
(pressure) profiles that can be realized from tional space of ITER physics and technology
various fueling and heating scenarios (sub- phase plasmas have been examined using the
ject to sawtooth and MHD stability consid- PEST 2 code (furnished by J. Manickam
erations), operational boundaries, impurity of PPPL). Experimental results cannot be
and helium ash concentrations, current drive

efficiency, bootstrap current fraction, and al-
lowable fusion power (Pfus) levels. Achieve- ORNL-DWG90M-2891FED
Tent of adequate energy confinement time 20 , ,
(rE) for ignition (or energy multiplication HELIUMASH

CONCENTRATIONfactor Q > 10) in ITER requires attainment tz o%
of an H-mode level of enhanced confinement o _,_,,_xx'_ ,_ [] 5%.FX"X")O(_ .'

with rE(H-mode) 2 x rz(L-mode). The o .....,,,,. _ 10%

reference scenario for the physics phase x _5 _, .---___"__"_

¢"'1

(I 22 MA with capability up to 25- "' t

= o
28 MA, Pfu_ "-' 1.1 GW, average neutron ,,,
wall loading _-, 1 MW/m 2) has substantial z
ignition (or Q >_ 10) capability. The , ,
ignition capability of ITER can be further 10• 22 25 28

improved if some of the limits on operational I(MA)
boundaries can be relaxed and if centrally Fig. 6.14. ITER ignition capability at 1 MW/m 2

peaked density and heat deposition profiles (ITER-P scaling).
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ORNL-DWG90M-2892FED shows that Troyon factors 9 -< 2.5 can be
6 ' ' .., attained (with a conducting wall at infinity)4

/_ for q,/, ,-_ 3.1, and 9 _ 3 for higher q_,l

2- REF.-...._ /- (up to 6). Stability of n = 1 modes is<

0 /" found with the proper shear distribution for
-2 /" profiles with q(0) _ 0.85, allowing 9 '_ 2.5.

/" Strongly peaked pressure profiles can lead to
-4 /, (ITER-P SCALING)

4 , _ a degradation in stability limits.
0 5 10 5 The predicted ITER operational space in

nile/he(°/°) 9-q,l, space is shown in Fig. 6.16. Some
Fig. 6.15. Impact of helium concentrationon restriction in the available space is apparent

required plasma current for equivalent performance, for operation with 9 > "_,and the zero-beta
Reference point: / = 22 MA at an average neutron limitation due to external kinks is evident for
wall loading of 1 MW/mz. low values of li.

6.3 ARIES
directly adopted because the close-fitting
shell-like PF systems in present experiments 6.3.1 MHD Equilibrium and Stability
are not similar to the ITER PF system.
An ITER database of calculated results The plasma equilibrium and stability

(--_20,000 cases) enables prediction of the analysis carried out for the Advanced
characteristics of the overall operational

space. This technique is preferable to relying
on a stability study of a few (perhaps atyp- ORNL-OWGg0M-2893FEO
ical) profiles. The theoretically predicted 1.0 , , ,
ITER operational space has many features CASESCONSlDE;qEDo g>0
in common with that observed in present 0.9 [] 2< g < 3

strongly shaped tokamaks [magnitude of _ • g:,3,:_-

the maximum Troyon factor (g), and g- _j 0.8
dependence on current density profile (Ii) z<i--
and safety factor q_,]. Stability limits are o=0.7a

strongly affected by pressure and current z_
_.1

density profiles, and the impact of profile <z 0.6

variation on ITER performance projections iii
i-.

was investigated. Studies of the beta limits z 0.5

for edge current dri.,e [q(0) > 1.5], current
O

density profile peaking [q(0) < 1.0], and o
central pres.,"lre profile peaking have been o.42 3 4 5 6

carried out, as well as examination of the q_,
feasibility of operation at values of q,;, < Fig. 6.16. ITER operationalspace in g'q4.,space,
3.1 (the present physics phase specification), predicted from the ITER database for A = 2.64 --,

as could be required for divertor opera- 3.1, 1.8 < h; < 2.2, 0.2 < 6 < 0.6. Stabilityto n =
tion. Study of edge-current-driven scenarios I (au,/c_'= c'<))ballooningmodes is found.

m
m
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Reactor Innovation and Evaluation Study 1. a dipole (vertical) field to center the

(ARIES) program employs assumptions con- plasma at Ro = 6.75 m,
sistent with those of the ITER design. Dis- 2. a quadrupole (elongating) field to main-

tinguishing features of the ARIES-I design tain nx = 1.8,
include 3. a hexapole (triangulating) field to main-

1. limiting the plasma current I l, to about tain _x = 0.7, and
10 MA to reduce the steady-state current 4. an octupole field to provide some plasma
drive power while assuming H-mode current induction and to further reduce
plasma confinement with an enhancement stored energy.
factor H > 2 over the L-mode; The reference MHD equilibria for

2. raising the plasma eflp to about 0.6 to ARIES-I are computed using the VEQ code,
increase the bootstrap fraction to about which provides free-boundary solutions for
0.7, which further reduces the current a given plasma position, shape, and linked
drive power; and poloidal flux while minimizing the stored

3. enhancing the plasma beta in the first energy. The plasma pressure and current
stability regime using plasma current pro- profiles are consistent with the first stability
files characterized by q0 -_ 1.5 and q95 _ regime and a steady-state current profile
5, and produced by ion cyclotron resonant produced by bootstrap current and active
frequency or neutral beam current drive, drive. Trade-offs among these requirements
Here q95 refers to the flux surface at 95% lead to a choice of profiles,
of the poloidal flux toward the divertor

- ,°)X-point. P(X) = po k, e°' 1 'Two other design requirements unique to the
ARIES-I concept have a direct bearing on

:heplasmaequilibrium" ( 1 )1. The distance between the PF coils and the ff'(x) = #ol_po _j - 1

plasma edge is about 2.5 times the plasma

minor radius a, leading to large PF coil (e'rX-e-'r_
stored energy (up to about 25 GJ). x \ _-22f_- _ / ,

2. The distance between the plasma edge

and a passive conductor (located between where p is the pressure, f is the poloidal
the blanket and the shield) is about 0.6a. current, and X is the poloidal flux, which
This reduces the X-p_'nt elongation (nx = is normalized to 1 within the plasma. The
1.8) needed to maintain vertical stability toroidal plasma current density is
and increases the triangularity (_x = 0.7),
which minimizes PF coil stored energy.

Key results in the areas of PF coil placement, Jt = Rp' + f f-----_'poR '

plasma equilibrium and stability are now
summarized. The placement of the PF coil where R is the major radius. The poloidal
set is determined by the need to provide flux distribution of a reference equilibrium
the basic multipolar fields so as to meet the assuming o_= -3, _ = -3, and /_j = 2.75
overall design requirements: is provided in Fig. 6.17. Parameters of this
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Fig. 6.17. Plasma equilibrium flux configuration and the placement of the PF coils for the ARIES-I reactor.

reference equilibrium that are are relevant to Table 6.8. Parameters of a reference

stability and current drive analysis are given divertor MIlD equilibrium for
in Table 6.8. the ARIES-I reactor

This reference case provides an adjust- Major radius Ro, m 6.75

ment to the conditions that relate lp to q, a, Minor radius a, m 1.50
External toroidal field 11.3

/3t, and the plasma shape parameters: on axis Br, T

ipC1=5aBte(X}15_O.65e) (1+,_.) Plasmacurrent/p, MA 10.21 - e2)2 2 ' Safety factor on axis q0 1.45
Average-field safety 4.40

where q is the average-field safety factor factor q

using the averaged poloidal field at the Safety factor at 95% 4.75
flux q95

plasma edge. For the reference equilibrium, Average beta/3, % 1.92

_x _X Poloidal beta/3p 2.18
= 1.59 , - (1.13 - O.08e) , Elongation at X-point 1.80

_95 _95 _cX

Elongation at 95% 1.62
q,_5 _ 1.09 flux /';95

q Triangularity at X-point 0.70
are also used to relate the edge and 95% _Sx

flux surface quantities. The maximum PF Triangularity at 95% 0.44

coil currents of up to 35 MA occur in the flux _95

elongating and triangulating coils PF3 and X-point location, m
PF4. Rx 5.70

The first stability regime implies that ali Zx 2.70Internal inductance li 0.74
ideal MHD modes are at least marginally
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stable in the absence of a conducting 6.3.2 Pellet Fueling
shell beyond the plasma edge. While
this requirement is broad in scope, it is An advanced pneumatic pellet injection
usually adequate to examine only the high-n system was developed for the ARIES-I
ballooning modes and the low-n (n = 1) kink fusion reactor study. The flexible system will
modes to determine the stability beta limit, use three pneumatic pellet injectors based on
As an input to design trade-offs involving existing or near-term technology to achieve
plasma shaping, profile, aspect ratio, and the and maintain ignited D-T plasmas. During
beta limit, our study emphasizes clarifying the density ramp-up to ignition, a moderate-
the dependences of beta on .4, x95, q0, and velocity (1- to 1.5-km/s), single-stage pneu-
q95. Only the traditionally successful profile matic injector and a high-velocity (4- to 5-
functions have been used for the analysis, km/s), two-stage pneumatic pellet injector
such as those used for ITER and in reviews using frozen hydrogenic pellets encased in

of the large body of information in the sabots will be used. For the continuous-
literature. Calculations are carried out for burn phase, a single-stage pneumatic injector

high-A (A = 4.5 and 6.0) ARIES-I plasmas is proposed. This injector will provide
using the PEST equilibrium and stability a flexible fueling source beyond the edge
codes to "fill in" data where needed. The region to allow decoupling the edge region

combined database of the stability analysis (constrained by divertor requirements) from
covers a range of A = 2.6-6.0, t¢95 "- 1.6- the high-temperature burning plasma. Ali
3.2, q0 = 1.05-2.0, and q95 <_ 5. three pellet injectors are qualified fi,r oper-

ation with tritium feed gas. Issues such asThe dependence of the beta limit on n95
and e (= 1lA), expressed in terms of the performance, neutron activation of injector
Troyon factor limit (CT = /3aBt/Ip, in components, maintenance, design of pellet
%.m.T/MA) is injection vacuum line, gas loads to the

reprocessing system and equipment layout

1 -0,4(_95 -- 1) 2 have been addressed.
CT = 2.8

(1 - e)1"5 ' REFERENCES

which gives CT _ 3.4 and _ _-,2.1% for the 1. D. Macdonald, "Maintenance Concept Devel-

reference plasma parameters in Table 6.8. It opment for the CIT," presented at the ANS Third
has also been shown that for A _> 3, this Topical Meeting on Robotics and Remote Systems,
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7. FUSION MATERIALS RESEARCH

SUMMARY OF ACTIVITIES

The Fusion Materials Program at ORNL is active in three areas of materials research and
development: structural materials for the first wall and blanket, graphite and carbon-carbon
composites for plasma-interactive and high-heat-flux components, and ceramics for electrical,
optical, and possible structural applications. About 75% of our work directly supports
the Compact Ignition Tokamak and the International Thermonuclear Experimental Reactor
(ITER). The remainder is focused on longer-term issues associated with the development
of structural materials for fusion power reactors. Research on Fe-Cr-Ni austenitic steels,
leading candidates for ITER structural applications, is conducted collaboratively with the
Japan Atomic Energy Research Institute. This research will provide the major portion of the
database on structural materials for first wall and blanket design. Research on irradiation-
induced stress-corrosion cracking of austenitic steels, effects of irradiation on low-temperature
fracture toughness, development of low-activation Fe-Cr-Mn austenitic steels, mechanical
behavior of copper and copper alloys, irradiation performance of ceramics, and irradiation
effects in graphite and carbon-carbon composites also addresses critical questions identified
in the initial phases of the ITER project. In the longer term, the economic and environmental
acceptability of fusion will depend in large measure on the development of materials that
minimize the radioactive waste burden and have adequate properties from the viewpoints
of systems engineering, safety, and lifetime capability. To address this question, we are
pursuing the development of low-activation austenitic and ferritic steels, vanadium alloys,
and structural ceramics.
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7.1 STRUCTURAL MATERIALS damage rate, helium generation rate, and
neutron fluence characteristic of the first

7.1.1 Austenitic Stainless Steels: The wall and blanket (FWB) structure of the
U.S.-Japan Collaborative Program International Thermonuclear Experimental

Reactor (ITER). These spectrally tailored
The austenitic stainless steels have occu- experiments completed their initial dose

pied a central position in structural materials increment of 8 dpa in the ORR and have
programs worldwide for the past decade. A been re-encapsulated for further irradiation
vast amount of commercial experience exists in the HFIR RB* positions. The third set
on fabrication, welding, and mechanical and of experiments consists of a set of eight
corrosion behavior. Irradiation behavior in HFIR target capsules containing isotopically
fast breeder reactor environments has been tailored alloys. These experiments will
extensively studied. It has been shown explore the swelling resistance of advanced
that alloys such as D9 and prime candidate austenitic steels that have been composi-
alloy (PCA) maintain swelling resistance and tionally and microstructurally adjusted to
favorable mechanical behavior at neutron improve the swelling resistance of the PCA
doses approaching 100 displacements per in the fusion environment. These experi-
atom (dpa) for temperatures in the range ments will explore doses up to 70 dpa at
from 400 to 650°C. temperatures ranging from 300 to 600°C

The U.S.-Japan collaborative program is and will provide information relevant to the
focused on determining the behavior of design of advanced FWB module concepts
austenitic stainless steels under irradiation for ITER.

conditions that are more typical of the fusion During the past year, data were obtained
environment. Irradiation experiments are from the ORR 6J/7J spectrally tailored
conducted in the mixed-spectrum fission experiments on swelling, tensile, and creep
reactors [the Oak Ridge Research Reactor properties of U.S. and Japanese alloys, lt
(ORR) and the High-Flux Isotope Reactor is concluded that void swelling will not
(HFIR)]. The two-step reaction between the be a problem for AISI 316 or PCA under
nickel component of the steel and thermal ITER conditions, provided FWB tempera-
neutrons results in the generation of helium; tures remain below 400°C. Swelling could
the rate of helium generation can be adjusted be significant at 300°C, however, if a low-
either by modifying the ratio of thermal to carbon version of AISI 316 is used. For
fast neutrons (spectral tailoring) or by adjust- temperatures up to 500°C, tensile properties
ing the ratio of SSNi and 6°Ni isotopes in the are not very sensitive to spectral or damage
steel (isotopic tailoring). The collaborative rate variations. At temperatures below
program embraces three sets of irradiation 400°C, the spectrally tailored experiments
experiments. The first set of experiments have shown that the most significant effect
was conducted in HFIR target positions and of neutron irradiation is radiation hardening
explored the effects of high concentrations coupled with a severe reduction in work
of helium (>2000 appm) on the tensile, hardening capacity. The possible impact of
fatigue, and swelling properties of austenitic this phenomenon on fracture toughness is
stainless steels at temperatures in the range being studied under a further collaborative
from 300 to 600°C; this work was completed experiment.
in 1988. The second set of experiments Using miniature pressurized tubes, it was
was designed to reproduce the temperatures, shown that irradiation creep is a significant



183

deformation mechanism under ITER FWB assisted increase in overall corrosion rates at

temperatures and stress conditions. Creep these temperatures, resulting from localized
strains were found to be linear with stress; chromium segregation within the grains and
surprisingly, it was found that creep rates for consequent destabilization of passive films.
a variety of austenitic steels were higher at Irradiation to 8 dpa at 60°C does not appear
60°C than at 330 to 400°C (Fig. 7.1). A to have any effect on corrosion behavior or
mechanism based on transient climb-enabled susceptibility to cracking. The possibility
glide was proposed to explain this behavior, of radiation-assisted corrosion phenomena
Creep rates at 330 and 400°C for the ferritic related to phosphorus segregation is being
alloys HT-9 and Fe-16Cr were somewhat investigated by alternative electrochemical
lower than those for austenitics; for both measurements on irradiated materials.
ferritic alloys, creep rates at 60°C were
higher by factors of 10 to 15 than those at
330 to 400°C,

The possibility that radiation-assisted 7.1.2 ITER Design Database
stress-corrosion cracking may be significant
under ITER conditions is being investigated. A multinational effort is in piace to
Electrokinetic potential reactivation mea- provide a common source of data for the
surements combined with analytical electron design of ITER. Such a database will enable
microscopy (AEM) have demonstrated that designers to compare component and system
neutron irradiation to --_10 dpa at 400°C designs for the relative merits of the designs
induces susceptibility to intergranular stress- themselves. The database project is guided
corrosion cracking (IGSCC). No evidence by an international steering committee, and
could be found for IGSCC susceptibility fol- operations are handled by a database coordi-
lowing irradiation at 330 and 200°C. How- nator. The effort on austenitic stainless steels
ever, measurements do indicate a radiation- is coordinated at Oak Ridge.
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Fig. 7.1. Irradiationcreep strain as a functionof stress forvariousaustenitic
stainlesssteels irradiatedunder simulatedITER conditions.
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During the last reporting period, the effort had to be accounted for in design but was
on tensile properties was discussed. In the compensated for by higher strength and
past year, minor refinements were made to swelling resistance. It had been previously
the equations for tensile properties. _ In addi-
tion, preliminary equations for swelling were oRNLDWG90,.,32_F_t,
developed and submitted to the committee 1200 _. , , , , . ,US/JAPAN MFE-6J

for evaluation and modification, looo A AND7J- _ YIELD STRESS -

{ ...............
7.1.2.1 Tensile properties _ 800

Most of the effort in the study of _ 400- " Jal_20yoCW _'". \
0 US 316 20

tensile properties was directed toward the n JPCA15%CW
analysis of new data on the properties of 200- VOJPcAJPCA25'/,,15°/°CWRODcw
irradiated, annealed type 3 16 stainless smel * us PCA2SO/ocw

o 1 I I I 1 I
and irradiated welds in stainless steels. The o lo0 200 a00 400 500 600 700

experiment that made the major contribution TEMPERATURE (°C)

to the database was ORR-MFE-6J-7J, con- Fig. 7.2. Yieldstrengthof irradiatedcold-worked

ducted in the ORR. This spectrally tailored austenitic stainless steels. The solid line is the
experiment was designed to achieve the ratio proposedITER databaseequation;the dashed line is
of transmutation-produced helium to atomic for data from the 7-dpaORR-MFE-6J-7Jexperiment;
displacements (He:dpa) characteristic of a the dash-dot line is for corresponding unirradiated
fusion reactor. In addition to this important material.
feature, the temperatures were in the range
from 60 to 400°C to address ITER operating
conditions. The experiment was a joint On_L-0WGg0M326OFEO
effort between the United States and Japan, 6o _ _ _
enabling the U.S. program to benefit from tim US/JAPANMFE-6JAND7J,_ UNIFORM ELONGATION

strengths of the Japanese efforts in welding 5o-N 8 dpa
and in characterization of annealed austenitic _ N []J316SA

stainless steels. The strength properties Z_o40 _:__" AJPCASA _

of the materials were slightly lower than _ -'__^ A© a

predicted by the equation from the database _ 30 - _ __--_---.__effort, as expected from the lower atomic

displacement level: 7 dpa as opposed to 10 _ 20 [__ A -

dpa. This can be clearly seen in Fig. 7.2. z
Perhaps the most important and interest- _ _o

ing result of the experiment is the precipitous
drop in uniform elongation observed in o = .... '
annealed type 316 stainless steel, which is o _oo 200 aoo 400 500
shown in Fig. 7.3. Cold-worked (fW) TEMPERATURE(°C)
austenitic stainless steels have a character- Fig. 7.3. Uniform elongation of annealed
istically low uniform elongation at temper- austenitic stainless steels, showing the low ductility
atures below 400°C, as seen in Fig. 7.4. of irradiated material between200 and 300°C. The
This was considered a disadvantage that two upper curves are for unirradiatedalloys.
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Fig. 7.5. Uniform elongation as a function of test

temperature at several strain rates for 16-mm (0.625-
thought that annealed material did not suffer in.) plate of the reference heat (8092297) of type 316

this premature plastic instability leading to stainless steel in the reannealedcondition.
low uniform elongation. As a result of the
ORR experiment, it is now known that this
is an incorrect perception.

The reason for this behavior is not relevant to this behavior is the presence of

yet understood. However, analysis of the a yield point at temperatures below 400°C.
fracture surfaces and transmission electron This alone suggests the involvement of

microscopy (TEM) studies are both planned dislocation barriers that diffuse too slowly
to help determine the mechanism of this at low temperatures to remain with the
behavior. Some possible mechanisms that dislocations. The next question to ask
can contribute to the observed behavior are is whether any interstitial impurities are
discussed here. sufficiently mobile at temperatures of 200°C

As can be seen from Fig. 7.3, even to cause a change in behavior as temperature
the unirradiated alloy experiences decreasing decreases in this range. Diffusivity data for
uniform elongation as temperature increases carbon, nitrogen, and boron were used to
from 60 to 200°C. This behavior has been construct the plot in Fig. 7.6 (ref. 3). Boron

previously observed in austenitic stainless is not considered a major impurity in these
steels, as shown by the data in Fig. 7.5, alloys but was included for completeness
which were obtained as part of the U.S. in the analysis. Carbon is, of course, the
Breeder Reactor Program. 2 The first step in most likely candidate, and it is seen that
understanding the very precipitous drop in the diffusion distance (Dr) ]/2, where D is
uniform elongation in irradiated material is the diffusivity and t is the time available,
to understand the mechanism active in the is on the order of ten atomic diameters
unirradiated material. The first observation for a 1-min time interval at 200°C. At
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ORNL-DWGg0M-3263FEDrity atoms and dislocations; thus, ductility
104_ I ' ' ' j....2.._ -_ returns above 400°C.

I _ -_-- Another effect that is being considered is

_- 10a . localized deformation. Yield points in bcc
z metals are associated with local deformation,<
I--
o9 / fJ \ X'NITROGEN Luders bands, where deformation advances

z in a wave or band of work hardening. 4 As theo
deformation proceeds, the strength remains

10-2
-----. "/'_ISTANCE FORINTERSTITIAL constant until the whole stressed region
o / _SlNAUSTENITE PER MINUTE

" GIVENBY(DI)1/2 , has been hardened; then strength increases.
10-, _ _ t _ In irradiated materials, a local deformation0 100 200 300 400 500 600

TEMPERATURE (°C) mechanism is believed to be responsible for

Fig. 7.6. Diffusiondistancesfor boron, nitrogen, channel fracture, where dislocation motion
and carbon in austenite. The curves are plots of sweeps a band free of strengthening defects. 5
(Dr) 1/2 for a time interval of 1 min as a function In this case, the band is softer than the

surrounding material, and immediate fractureof temperature.
results.

The present state of understanding of
limited ductility in irradiated, annealed
austenitic alloys considered for FWB struc-

60°C, the diffusion distance is three orders tures in ITER is being incorporated into
of magnitude lower, the difference between the ITER database equations. As this
reasonable mobility and negligible mobility, behavior becomes better understood, the

This effect could account for the dis- alloy development effort will seek ways to
appearance of a yield point at higher improve ductility.
temperatures. It could also account for
higher strength at low temperatures and for

a less rapid drop in strength with increasing 7.1.2.2 Swelling
temperatures, since the trapping impurities
can remain in the lower-energy positions A preliminary swelling equation, primar-
along dislocations as they move. Reasoning ily based on fast reactor data for 20%
further, perhaps having the dislocations CW type 316 stainless steel, 6 has been
break away from the pinning impurities formulated:
results in enhanced plastic deformation at the
low temperatures. At higher temperatures, AV D
the pinning points remain with the disloca- _ = 1 - D ' (7.1)
tions, causing the low uniform elongation.
Any crack that is initiated can propagate D = Pf--/90 (7.2)I

in a more brittle matrix rather than be p0
blunted in a soft defect-free environment. In
irradiated material, additional defect clusters [ 1

generated from irradiation could contribute D = 0.0lR _t +- O_

to the effect, making ductility still lower. At

stillhighertemperatures, sufficientthermal xln {l+exp[a(r-_O]})energy is available to dissociate the impu- 1 +exp(o_r) , (7.3)
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where po and pf are the initial and final

densities, respectively; T is the irradiation / o __ 3s0_cj........-_,
temperature in degrees Celsius; and (q_t) /_xc_,f _a... ,_
is the radiation exposure in units of 1022

• 250 °C
neutrons.cre -2 (E > 0.1 MEV). This 0 i i i i
design equation for the swelling of austenitic 0 10 20 30 40 so
stainless steel (AISI 316, PCA type) under DOSE(dpa)
deuterium-tritium (D-T) fusion conditions is Fig. 7.7. Swelling in austenitic stainless steels.
intended for use only at <500°C and for The curves are a recommended approximation to
doses up to 50 dpa. fusion conditions based on data from spectrally

Data from spectrally tailored experiments tailored experiments in which the He:dpa ratio is
in the ORR were also used in the formu- characteristicof a fusion reactor with a liquid-metal
lation, since these experiments are designed blanket.

to achieve the fusion reactor He:dpa ratio. 7
Because of the relevance of these data, they
were weighted heavily in the equation. The-
oretical considerations also predict a strong more than the conventional versions at 330
dependence on the helium concentration and and 400°C. The equation will be modified as
the He:dpa ratio. Based on these data, shown data from other committee members become
with the proposed equations and breeder available.
reactor data in Fig. 7.7, the incubation
parameter in the breeder reactor equation
has been adjusted in proportion to the 7.1.3 Reduced-Activation Steels
square root of the He:dpa ratio and the rate
parameters further adjusted to accommodate A program is in progress to develop
the spectrally tailored experiment data. reduced-activation ferritic and austenitic

At this point it is not possible to distin- steels for fusion reactor applications. After
guish between CW and annealed material or service, the induced radioactivity of such
between PCA and type 316 stainless steel; alloys would meet the criteria for shallow
there are insufficient data. As the ORR- land burial set forth in Nuclear Regulatory
MFE-6J and 7J experiments continue, data Commission Guidelines 10 CFR 61, as
at higher fluences will become available opposed to the deep geologic disposal re-
and perhaps enable the determination of quired for conventional steels. In accordance
differences in alloy variations, lt should be with 10 CFR 61, we are developing these
noted, however, that even at 7 dpa, the low- steels without the use of Nb, Ni, Mo,
carbon versions of PCA swell significantly Cu, and N. Reduced-activation steels are
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being developed to replace the conventional steels could be improved if the microstruc-
steels that are now considered fusion re- ture were completely bainite.
actor candidate alloys. Femtic steel can- To verify that the microstructure was the
didates to be replaced are Cr-Mo steels determining factor on the impact properties
that include 21/4Cr-lMo, 9Cr-IMoVNb, and of the low-chromium steels, ali eight steels
12Cr-IMoVW steels; austenitic steels to be were heat treated in two section sizes, the
replaced are type 316 stainless steel and smaller size being chosen so that the low-
PCA. chromium steels were entirely bainitic after

Studies on the ferritic steels are ori- a typical normalizing-and-tempering heat
ented toward developing steels analogous treatment. Indeed, it was found that the
to the present Cr-Mo candidates (similar impact properties of the three low-chromium
chromium concentration), but with molyb- steels previously having low toughness de-
denum replaced by tungsten and niobium pended critically on microstructure, which
replaced by vanadium and tantalum. Eight was affected by cooling rate after austen-
experimental steels were produced. These itization. By heat treating to change the
included steels with 21h, 5, 9, and 12 wt % microstructure from one containing 20 to
Cr, each containing 2% W and 0.25% V 75% ferrite to 100% bainite, the ductile-
(designated 21_Cr-2WV, 5Cr-2WV, 9Cr- to-brittle transition temperature (DBTT) for
2WV, and 12Cr-2WV). To determine the these three steels was reduced substantially.
effect of tungsten and vanadium, 21/4Cr steels On the other hand, cooling rate had no effect
were produced with 2% W and 0% V on the high-chromium steels, which were
(21/4Cr-2W) and with 0.25% V and 0% W 100% martensite regardless of the cooling
(21_CrV) and 1% W (21/4Cr-lWV). A 9Cr rate. No change was observed for the
steel containing 2% W, 0.25% V, and 0.07% 21£Cr-2W, which was entirely bainite in
Ta (9Cr-2WVTa) was also studied. Ali both section sizes.
alloys contained 0.1% C. The type of bainite formed also affects

Two of these steels, the 2_ACr-2WV the toughness. In particular, two morpho-
and the 9Cr-2WVTa, were shown to have logical variations of bainite could be de-
strengths similar to those of the strongest tected, depending on the hardenability of
Cr-Mo steels, the 9Cr-IMoVNb and 12Cr- the steel. These different morphologies,
1MoVW. Although the 9Cr-2WVTa steel termed granular and acicular bainite, were
had toughness properties better than those affected differently by tempering. For the
of the Cr-Mo steels (as measured in a acicular bainite, acceptable toughness could
Charpy impact test), the 21/_Cr-2WV steel be achieved by a relatively mild temper
had inferior properties. Ali of the high- (low temperature or short time), whereas
chromium steels (5 to 12% Cr) had impact a more severe temper was required for

properties comparable to those of the Cr- granular bainite. With the more severe
Mo steels, as did the 21_Cr-2W steel, temper, the strength was decreased more for
The other two 21/_Cr steels had impact the granular bainite. Thus it appears that
properties comparable to the 21/4Cr-2WV. if an acicular bainite could be developed, it
The inferior properties of these three steels would have a higher combination of strength
were attributed to the duplex microstructure and toughness (toughness is the most impor-
of bainite and polygonal ferrite (the 21/4Cr- tant mechanical property for fusion reactor
2W was 100% bainite). Therefore, it was applications). The development of acicular
postulated that the toughness of these three --bainite depends on the hardenability of
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the low-chromium steel, and we are now stable region in the Fe-Mn-Cr-C system
attempting to develop a steel with improved was determined. A base composition
hardenability to provide optimum strength of Fe-20%Mn-12%Cr-0.25%C was chosen,
and toughness, and this steel was shown to have tensile

Irradiation of ferritic steels with neutrons properties as good as or better than those for
in the range between room temperature type 316 stainless steel in both the solution-
and _-,450°C results in lattice hardening, annealed (SA) and CW conditions. On the
which causes an increase in strength and a basis of this work, the base composition
decrease in ductility. Some investigators had was alloyed for strength and irradiation
concluded that reduced-activation ferritic resistance. Heats of the base composition
steels with 2 to 3% Cr would harden more were produced to which Ti, W, V, B, and
than high-chromium steels. To examine P were added in various combinations to
this possibility, the eight reduced-activatior_, determine the effects of these elements on
Cr-W steels and 9Cr-IMoVNb and 12Cr- precipitate formation and strength. TEM
1MoVW steels were irradiated to -,_7 dpa at studies showed that, by the proper combi-
365°C in the Fast Flux Test Facility (FFTF). nation of these elements, fine MC precipitate
Ali of the steels hardened. Observations similar to that found in the titanium-modified

on the Cr-W steels indicated that steels Fe-Cr-Ni PCA could be produced.
containing 2.25% Cr and a combination of These experimental alloys were tested for
vanadium and tungsten hardened less than strength. Figure 7.8 shows a comparison
those to which only vanadium or tungsten of the yield strength of an Fe-20Mn-12Cr-
had been added. Of the steels containing 0.25C-1W-O.1Ti-0.1V-0.04P-0.005B alloy
2% W, 0.25% V, and 2.25, 5, 9, or 12% Cr, with type 316 stainless steel in an SA condi-
the steel with 12% Cr hardened the most. tion. The low-activation steel is considerably
The other three steels hardened less, with stronger than the conventional stainless steel.
the 21_Cr-2WV steel hardening somewhat Similarly, the ultimate tensile strength of
less than the others. The 9Cr-2WVTa steel the high-manganese steel exceeded that of
developed the smallest amount of hardening type 316 stainless steel. Despite its higher
of ali of the reduced-activation steels. In a strength, the ductility of the high-manganese
comparison of hardening behavior of the Cr- steel was Comparable to that of the type 316
W and Cr-Mo steels, it was found that anal- stainless steel. This observation on ductility
ogous steels hardened by similar amounts: is important, because it means that these
the 9Cr-2WVTa and 9Cr-IMoVNb steels new steels represent a significant gain in
showed similar amounts of hardening, as strength that does not come at the expense
did the 12Cr-2WV and the 12Cr-IMoVW of ductility. The superior strength and
steels. These results indicate that low- ductility of the high-manganese steels were
cbromium steels should not be eliminated as also observed when the steels were tested in
fusion reactor materials because of excessive the 20% CW condition.

hardening, since they offer some advantages
for this application.

The approach to developing a reduced- 7.1.4 Conventional Ferritic Steels
activation austenitic steel involves the re-

placement of nickel by manganese in con- Work continued on the conventional
ventional Fe-Ni-Cr stainless steels. As steels that are candidates for fusion reactor

the first part of this effort, the austenite- applications. Conventional ferritic steels
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ORNLDWG90M-3266FED the swelling behavior of 9Cr-IMoVNb and
400 D _ _ _ _ _ 12Cr-IMoVW steels. Helium also affects

SOLUTION ANNEALED 1 h 1050"C
[] MnSS the tensile behavior in the temperature range

_- 300 A 316SS - of 300 to 450°C and the tensile and impact
:_ properties with irradiation at a temperature

as low as ,_50°C. Preliminary work also
Ct)

ind   te that e, um     tsthe'mpact'_o properties of standard 12Cr-IMoVW steel
- irradiated at 300 and 400°C in HFIR to 4-9

_°° I -_ dpa. During the past year, we published data
01 _ i _ _ _ _ for conventional 9Cr-IMoVNb and 12Cr-

0 100 zoo 300 4oo 50o 6oo 700 1MoVW steels that support this observation.
TEMPERATURE("C) Charpy impact tests were conducted

Fig. 7.8. Yield stress as a function of temper- on hglf-size specimens of standard 9Cr-
ature for an experimental reduced-activationhigh- 1MoVNb and 12Cr-IMoVW steel irradiated
manganesestainlesssteel and type316 stainlesssteel, at 300 and 400°C in HFIR. Specimens

irradiated at 400°C had damage levels of
38 to 42 dpa, while those irradiated at

of interest are 21/4Cr-lMo, 9Cr-IMoVNb, 300°C had levels of 20 to 34 dpa. Helium
and 12Cr-IMoVW. Although these steels concentrations were considerably different
have excellent radiation resistance in fast in the 9Cr-IMoVNb and 12Cr-IMoVW
reactor irradiation, information about their steels, because the 12Cr-IMoVW has a

performance when irradiated under condi- higher nickel content than the 9Cr-IMoVNb
tions where displacement damage occurs (0.43% Ni compared to 0.11% Ni). Irradi-
and transmutation helium forms is needed ation in HFIR produced up to ,-,110 appm
because the high-energy neutrons generated He in the 12Cr-IMoVW and ,-_35 appm He
in the fusion reaction can produce large in the 9Cr-IMoVNb. The shifts in DBTT
amounts of helium in a fusion reactor FWB (AoBvr) for the 9Cr-IMoVNb were 167°C at
structure. Information on irradiation damage 300°C and 204°C at 400°C; the shifts for the

developed on the conventional steels will 12Cr-IMoVW steel were 105°C at 300°C
also be of interest for the reduced-activation and 242°C at 400°C. These increases in
steels, because they are expected to behave DBTT were accompanied by large decreases
similarly, in upper-shelf energy. The ADB_ values for

One way to study both displacement the 9Cr-IMoVNb and 12Cr-IMoVW steels
damage and helium effects is to irradiate irradiated at 400°C in HFIR were the largest
nickel-containing steels in a mixed-spectrum ever observed for these steels.
reactor, such as HFIR. Displacement damage Results from these experiments at 400°C
is produced by the fast neutrons in the are significantly different from those ob-
spectrum, while helium is produced by a tained when these steels were irradiated at
two-step (n,o,) reaction of 58Ni with the 390°C in the Experimental Breeder Reactor-
thermal neutrons in the spectrum. This II (EBR-II), a fast reactor in which little
technique has been used on the ferritic helium formed during irradiation. In the
steels by irradiating the standard steels and EBR-II experiments, steels were irradiated
samples of these steels doped with up to to 13 and 26 dpa, and a saturation in ADBTT
2% Ni. Helium was shown to affect was observed. That is, when specimens



191

were irradiated to 26 dpa, there was no To the extent that helium preempts va-
fcrther increase in the ADB"rr over that cancies from recombining with mobile self-
obtained by irradiation to 13 dpa. Saturation interstitials, either more self-interstitials will
values of _54 and 144°C were observed for be present at a given time or more self-
the 9Cr-IMoVNb and 12Cr--1MoVW steels, interstitials will migrate and cluster to form
respecti'vely. This compared with 242 and and grow sinks (i.e., loops). Such a process
204°C for these steels when irradiated to 40 would cause additional hardening as helium
dpa in HFIR. Thus, the saturation indicated builds up. Excess self-interstitials could
after irradiation in EBR-II does not apply to cause more loop nucleation and/or growth
specimens irradiated in HFIR. Furthermore, relative to lower helium concentrations.
the ADBTr is considerably higher for steels Helium-enhanced loop formation and growth
irradiated in HFIR. and a buildup of helium-vacancy clusters in

Differences were previously observed the matrix could cause additional strengthen-
between HFIR and EBR-II for the only other ing over that caused by displacement damage
Charpy specimens irradiated in HFIR. In alone.
that experiment, capsules that contained half- Regardless of the cause of the loss of
size specimens of a different heat of 12Cr- toughness, these experiments demonstrated
1MoVW steel were irradiated to 4-9 dpa that fractme properties are more seriously
at 4000C. A ADBTr value of 195°C was degraded in a mixed-neutron-spectrum envi-
obtained, again considerably larger than the ronment than in a fast neutron environment.
144°C observed in EBR-II. This value is also Further experimental evidence on hardening
quite a bit lower than the 242°C observed and microstructure fractography are required
in the present experiment. Therefore, no before the origins of this difference can
saturation in ADB'rr in HFIR has yet been be reliably defined. However, it has
observed, and irradiations to higher dpa already been established that helium bubble
levels are required, and void development is enhanced in a

These observations led to the tentative mixed-spectrum environment, indicating that
conclusion that helium affected the impact helium plays a role. Although the role
properties, although the mechanisms by of solid transmutants cannot be ignored,
which helium affects strength are not yet increased helium generation must be consid-
understood. When helium is in an interstitial ered the most likely cause of the worsening
position, it can readily diffuse through an fracture behavior. If this is true, then
alloy, ltowever, interstitial helium can even more serious degradation of properties
become immobilized when trapped by a can be expected to occur in steels doped
vacancy into a substitutional position. De- with sufficient nickel to attain the fusion
trapping c_,'t_rs either directly (replacement He:dpa ratio. Such data will become
by a self-interstitial) or by irradiation (by available during the next year. lt must be
a neutron collision or by the knock-on concluded, therefore, that the occurrence of
process). Helium-vacancy clusters can form transition temperatures as high as 242°C in
when the helium and vacancies are mobile, these experiments, coupled with the drastic
There are also indications that helium refines reduction in upper-shelf energy, confirms
the scale of loop nucleation and prolongs that radiation-induced loss of toughness is a
loop stability to high fluences, serious problem. Clearly, this phenomenon

.i
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must be understood and controlled before the The temperature-dependent void swelling
ferritic/martensitic steels can be considered behavior of neutron-irradiated copper was
viable FWB structural alloys, accurately determined for the first time in

a study that utilized the ORR. Specimens of
copper and a dilute copper-boron alloy were

7.1.5 Copper irradiated to ,--,1.2 dpa at 180 to 550°C. The
peak void swelling temperature was --_325°C

The ORNL fusion research program on for both copper and Cu-B (which produced
copper incorporates both fundamental and ,--,100 appm He during the irradiation).
applied studies. On the fundamental side, Figure 7.9 shows the tempen, ture-dependent
the barrier strength of defect clusters to void swelling for copper and Cu-B as
dislocation motion in 14-MEV neutron- determined by density measurements.
irradi._ted copper was measured to be 25% On the applied side, the tensile and
of the Orowan (impenetrable obstacle) value, fatigue properties of copper and of the
These me_qurcments are important for radi- commercial dispersion-strengthened copper
ation hardening models. Grain boundaries alloy Glidcop Al-15 were measured over
were found to modify the radiation hard- the temperature range from 20 to 600°C.
ening behavior in a manner that was not The mechanical properties of Glidcop were
directly additive to the hardening component distinctly superior to those of copper and
associated with dislocation loops. This was are suitable for some anticipated applications
interpreted to result from grain boundaries in near-term fusion devices. Figure 7.10
blocking the transmission of dislocation slip compares the fatigue behavior of copper and
bands andcould be important for interpreting Glidcop. Attempts to furnace braze Glid-
radiation hardening in numerous materials, cop using conventional techniques proved
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unsuccessful because of the migration of Recent studies have centered on several
the braze filler metal along grain boundaries simple vanadium alloys based on the V-

(away from the braze joint). A novel Ti-C and V-Ti-Zr-C systems. These
rapid brazing technique using an induction alloys have demonstrated better resistance to
furnace (_5-s braze time) was investigated, helium embrittlement than any other previ-
Preliminary results indicate that a pore-free, ously investigated vanadium alloys, without
high-strength braze joint can be achieved and sacrificing elevated-temperature strength or
that the short induction furnace brazing time ductility. The approach taken to achieve
inhibits migration of the filler metal away this goal was the same as that used in the
from the braze joint, past for austenitic stainless steels: to create

high densities of small MC-type precipitate

7.1.6 Vanadium Alloys particles throughout the microstructure to
trap helium and keep it from embrittling the

The first structural well of a magnetic grain boundagj'es.
fusion reactor will be subjected to radiation Eight experimental alloys were melted
damage and the effects of helium gas and fabricated into small sheet tensile speci-
induced by the energetic neutrons from the mens, injected with approximately 300 appm
plasma. These effects invariably harden 3He using a modified tritium trick procedure,
and embritfle the wall material. Although and tensile tested at 420, 520, and 600°C.
vanadium alloys offer some advantages over All of the experimental alloys exhibited
other candidate materials for this application, lower loss,,6 in ductility due to the presence
they are not immune to these two basic of heli_:m than V-15Cr-5Ti, Vanstar-7, V-
radiation effects. 3Ti-lSi, and V-5Cr-5Ti under similar test
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conditions. In addition, several of the ex- possible degradation mechanism. Therefore,
perimental vanadium alloys exh:,bited tensile in collaboration with the Japan Atomic En-
properties (larger differences between yield ergy Research Institute, an electrochemical
and ultimate strengths) which indicate that facility for corrosion studies of irradiated
they might demonstrate better resistance to materials was established at ORNL to eval-
irradiation hardening than the earlier alloys, uate the degree of sensitization associated

with chromium depletion along grain bound-
aries in neutron-irradiated austenitic stainless

7.1.7 Corrosion Studies steels. The electrochemical potentiokinetic
reactivation (EPR) test technique was then

Corrosion studies have the objective of applied to the determination of sensitization
(1) establishing compatible combinations in a nevtron-irradiated (420°C, 10 dpa),
of structural material, coolant, and tritium titanium-modified austenitic stainless steel
breeder and (2) understanding the mecha- (PCA). Miniaturized specimens (3 mm in
nisms of corrosion to provide a basis for diameter by 0.25 mm thick) in SA and
alloy development and for predicting corro- 25% CW conditions were tested. Results
sion and mass transfer kinetics in a fusion indicated the occurrence of radiation-induced

reactor system. In 1989, such studies were sensitization; they are compared to results
focused on two key fusion-relevant aqueous for control specimens thermally aged at
corrosion issues: the potential for radiation- the irradiation temperature in Fig. 7.11.
induced sensitization of stainless steel (and Ongoing work is defining the range of
accompanying intergranular corrosion) and irradiation conditions and steel compositions
the thermal sensitization behavior of devel- for which this effect of radiation on corrosion

opmental manganese-based austenitic stain- resistance will be observed.
less steels. In addition, further mass transfer Standard chemical immersion (modified
analysis for steels in molten lithium and Ph-- Strauss) tests and AEM showed that reduced-
17 at. % Li was conducted, activation austenitic Fe-Mn-Cr steels based

One of the major environmental degra-
dation mechanisms of austenitic stainless

steels in water-cooled nuclear power systems
is irradiation-assisted stress-corrosion crack- "_''_"_'-,_":"."';_

ing (IASCC). Changes in grain boundary 40o I i l i l I I
• PCA DISKS 1 :, SA, 420 C, 9 dpa

composition caused by radiation-induced 200 __SCAN RATE : 6 V h 2 : SA, 420_C × 5000 h
/1 3 • CW, 420:C 9 dpasegregation (RIS) can play an important role _ 420C,_000h

in increasing the IASCC susceptibility of _ o-
stainless steels. Chromium depletion from _ 2

grain boundaries (sensitization) is one of the g _ /_
major phenomena caused by RIS and has ___2oo -
been suggested as a cause of IASCC" the _ ..400 --

chromium concentration at grain boundaries "_
can be reduced by RIS to below 12 wt %, the 6o0 . I l I l l l J _
minimum chromium level for formation of a o _o' _o° _o: _o:' _o' _o_ _o_ _o"

protective film on austenitic steel surfaces. CUnnE,TD_,S,T¥_Ao_:_
In the case of water-cooled stainless steel Fig. 7.11. Reactivation curves for thermally

components for fusion reactors, IASCC is a treated (2.4) and irradiated(1.3) PCA.
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on Fe-20Mn-12Cr-0.25 (wt %) are ex- out in support of plasma-interactive (PI)
tremely prone to thermal sensitization and and high-heat-flux (HHF) materials. The
resulting intergranular corrosion because of interest in carbon-based materials stems
thF,ir high carbon contents and low chromium from carbon's low atomic number, which
concentrations. Therefore, this susceptibility minimizes radiative heat losses from the
to sensitization after appropriate thermal plasma. The eventual practical application of
aging, fabrication, or irradiation makes their these materials to plasma-facing components
use in aqueous and certain other environ- requires control of erosion and excellent
merits problematical. Excellent correlation resistance to thermal shock and irradiation
between intergranular corrosion induced by damage.
immersion io the acidified CuSO4 solution There is an extensive database on neutron
and the presence of narrow chromium- damage in bulk graphites. However, contin-
depleted zones around grain boundaries, as uing research on C/C materials is required.
determined by AEM, was found. Because There is extensive evidence that the thermal
of the need to meet reduced-activation shock resistance of properly designed C/C
requirements, the opportunities to increase composite structures is adequate for fusion
the sensitization resistance of fully austenitic reactor applications. Thus, the problems
Fe-Mn-Cr steels by alloy design are limited, to be solved for C/C composites lie in

Weight losses as a function of time improving their resistance to erosion and
were analyzed for austenitic and ferritic to neutron irradiation damage. C/C com-
steels exposed to molten Pb-17 at. % Li posites have other desirable attributes; they
and lithium at temperatures of >500°C may be fabricated in large sizes and to
under thermal convection conditions. In near net shape, and their mechanical and

both liquid-metal environments, paralinear physical properties may be tailored through
weight loss kinetics were observed for type appropriate selection of fiber type, weave
316 stainless steel, while dissolution losses architecture, and processing parameters.
of Fe-12Cr-IMoVW steel rapidly became The problems of neutron damage can
linearly proportional to time. The difference probably be solved by using (1) small unit
between the kinetic behavior for these two cell size to permit semicontinuous design

types of steel can be explained on the basis characteristics; (2) three-dimensional archi-
of the contribution of preferential dissolution tecture, with fiber fractions and directions
(of nickel) to the corrosion of the austenitic favoring the physical property geometry
steel and the resultant surface destabilization requirements; and (3) highly crystalline
process during the first few thousand hours filaments (pitch-based fibers) and matrices.
of exposure. After extended exposures To verify these assumptions, a test matrix
(>3000 h), both types of steels exhibited of C/C composite materials (pitch and PAN
linear weight loss kinetics indicative of the fibers) of differing architecture has been
dissolution of Fe-Cr surfaces, assembled and will be irradiated at ORNL.

Additionally, pitch fibers of varying elastic

7.2 GRAPHITE AND CARBON- modulus and degree of crystallinity will be
CARBON COMPOSITES irradiated. Some C/C composite materials

have been heat treated to above normal

Research on bulk graphite and carbon- processing temperatures to improve their
carbon (C/C) composites has been carried crystallinity.
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Neutron irradiations will be performed component of ICRH systems, lt is important
in the target region of the HFIR reactor at for these windows to remain transparent to
ORNL. Four target capsules are planned, the rf energy, in part because excessive rf
One (HTFC 3) will be irradiated at 900°C absorption could lead to their mechanical
to maximum fluences of 20 dpa. The failure. The rf power absorbed in these
remaining three (HTFC 1, 2, and 4) will be ceramics is proportional to the so-called loss
irradiated at 600°C to maximum fluences of tangent. The loss tangent, tan /5, is defined
8, 16, and 32 dpa, respectively. Capsules as the ratio of the imaginary part to the
HTFC 1 and 2 contain materials from the real part of the dielectric constant, tan /5 =
test matrix (C/C composites and fibers) e'/e'. Typical values for the loss tangent in
and samples of a reference graphite (H- unirradiatedceramics of interest to the fusion
451). Capsule HTFC 3 contains samples program are from 10 -4 to 10 -3, with 10 -3

of GraphNOL N3M, a fine-grained, high- being near the maximum tolerable value.
sn'ength aerospace graphite developed at Postirradiationmeasurements have shown
ORNL (N3M is the current backup option that ionizing and displacive irradiation can
to C/C composites for ITER), in addition increase the value of the loss tangent, but
to materials from the test matrix. Capsules there have been no relevant measurements
HTFC 1 and 2 have been constructed and of dielectric properties during irradiation.
are expected to be loaded into HFIR in There is some concern that the losses may
June 1990. Capsule HTFC 3 is currently be higher during irradiation because of the
in construction and irradiation is planned to higher density of charge carriers that will
commence during summer 1990. Capsule exist. To address this concern, a series of
HTFC 4 will not commence assembly until irradiation experiments has been planned to
the postirradiation examination cf materials measure the dielectric properties of typical
from HTFC 1 and 2 has been completed, ceramics in situ. The experiments call
This will allow the substitution of improved for the use of two facilities. The first is
C/C materials and the removal of those the Spent Core Facility of HFIR. Decay of
materials whose performance in HTFC 1 and fission products in HFIR spent cores leads
2 is deemed unsatisfactory, to an ionizing damage rate of 108 rad/h,

One further irradiation experiment is which is comparable to that expected in CIT.
planned. Its purpose is to determine the Since the HFIR spent cores do not provide a
effect of neutron damage on the thermal component ofdisplacive irradiation, TRIGA,
conductivity of C/C composite materials, a small research reactor at the University of
The experiment will run to a peak fluence Illinois, will be used to obtain data on the
of <1 dpa in either the Buffalo Materials influence of displacive irradiation. A beam
Test Reactor or the Bulk Shielding Reactor tube that runs adjacent to the core of TRIGA
at ORNL. will be used for these experiments. When

TRIGA is operated in a pulsed mode, both
the disp!acive and ionizing damage rates are

7.3 CEPAMICS near those expected in the CIT.
Alumina (A1203) is a prime candidate

Ion cyclotron resonance heating (ICRH) material for use in rf heating systems.
has been proposed as a major heating source Therefore, the initial measurements will
for the Compact Ignition Tokamak (CIT), focus on this material. The experimental
and ceramic vacuum windows are a critical matrix includes the use of oriented single-
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crystal and commercial-grade polycrystalline the coaxial cavity center conductor, Q is
alumina. The commercial products in- the quality factor with the ceramic in place,
clude several different purity levels because and Q0 is the quality factor at the same
postirradiation measurements have shown frequency when the ceramic is absent. In
a significant influence of impurities. The Eq. (7.8), both Q and Q0 refer to the so-
dielectric measurements will be made using called "unloaded Q," for which only the
a capacitively loaded resonant cavity. The energy stored and dissipated in the cavity
initial experiments in HFIR will measure the itself is taken into account. They can
loss tangent at 100 MHz. The geometry be determined by measuring the ratio of
of TRIGA will provide more flexibility in reflected power to transmitted power as a
the cavity dimensions, thus permitting lower function of frequency over a _,I-MHz range
frequencies to be probed. The dimensions centered at the resonant frequency for the
of a prototype cavity that has been built to case of a tuned cavity. Relative changes in
bench-test the design are shown in Fig. 7.12. the dielectric constant can also be measured

The cavity method is well suited to using the resonant cavity technique with an
measurement of the loss tangent because accuracy of 1/Q, or less than 1% for the
the power dissipation is maximized in the highest values of the loss tangent expected
ceramic relative to other structures. In here.

addition, losses in the feed line can be The microstructuresofspinelandalumina
accounted for without the need for prior have been examined following ion irradia-
calibration, which would be extremely dif- tion to assess their microstructural stability
ficult to accomplish in situ. The loss tangent during operation in a fusion radiation envi-
can be measured by determining the cavity ronment. A high density of dislocation loops
quality factor Q, which is the ratio of the and small cavities was observed in both
stored energy to the energy dissipated per rf materials following dual-beam irradiation
field period, and is (He + and A1+) at conditions close to the

[ _l 1} (1 1 ) fusion He:dpa ratio. The amount of cavitytan6 = sin(2/3/) + Q Q0 , (7.8) swelling in the matrix of both materials
was very low (AV/V < 0.1%). However,

where /3 is the angular frequency divided the grain boundaries of spinel developed
by the speed of light, l is the length of large cavities that led to complete separation
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of the grains. These results suggest that the U.S.-Japan collaborative program on de-
polycrystalline spinel cannot be used in velopment of austenitic stainless steels, two
a fusion irradiation environment, whereas highly complex, instrumented, and spectrally
alumina and single-crystal spinel may be tailored capsules have been assembled for
suitable materials, irradiation in the HFIR reflector region,

A program was initiated to study the and eight smaller uninstrumented capsules
irradiated behavior of SiC/SiC composite were assembled for irradiation in the target
ceramic. This material is a possible region. The reflector region capsules contain
first wall material and has attractive (low) specimens previously irradiated to about
levels of induced long-lived radioactivity 8 dpa in ORR. These specimens were
in a fusion environment. The interfacial retrieved and reloaded into newly designed
friction between the SiC fiber and matrix and fabricated capsules. During irradiation,
is considered to be a key factor that will the capsules will be surrounded by a 4.2-
control the mechanical properties of the mm-thick hafnium tube, which will reduce
irradiated composite. The Nanoindenter the thermal neutron flux by about 85%,
mechanical properties microprobe was used permitting the specimens to achieve the
to make initial measurements of the fiber- corrzct He:dpa ratio after an additional 8-dpa
matrix friction on nonirradiated material, exposure.

and specimens were implanted with helium The eight target capsules contain a va-
at temperatures between 25 and 800°C in riety of mechanical specimens that will be
preparation for further measurements that irradiated to damage fluences as high as
will examine helium effects. In addition, 70 dpa. Included in these experiments are
plans were developed for in situ measure- the first specimens to use the isotopically
merit of the electrical conductivity of SiC and tailored technique to achieve the correct
SiC/SiC composites in an ionizing radiation He:dpa ratio at the completion of irradiation.
field. In this technique the nickel content in the

TEM disks of numerous advanced struc- steel is made up of the appropriate isotopic
tural ceramics were obtained for an up- ratios such that the two-step nickel reaction
coming __rradiation in HFIR. This irradiation produces the correct helium level at the end
will provide the first data on the irradiated of irradiation.
properties of a wide range of technologically Two experiments have been assembled,
important ceramics that may be useful for a and a third has been designed, to irradiate
number of fusion reactor applications. The a variety of state-of-the-art and advanced
materials collected include toughened ceram- C/C composite materials in the HFIR target
ics, whisker and fiber-reinforced ceramics, region.
and chemical vapor deposition (CVD) dia- Two additional experiments have been
mond films, designed to irradiate a variety of ceramic

materials using isotopic tailoring to study
the effects of helium in neutron-irradiated

7,4 HFIR EXPERIMENTS ceramics, i_adiation of these experiments in
the HFIR target region is expected to begin

Numerous irradiation experiments have next year.
been assembled in support of the Fusion In support of the ITER program, three
Materials Program at ORNL and are await- experiments are being designed to irradiate
ing full-power operation of the HFIR. For fracture toughness specimens in the HFIR



199

target region at temperatures of about 100 4. J. Weertman and J. R. Weertman, "Mechanical

and 250°C. These experiments au'e to be Properties, Mildly Temperature-Dependent," pp. 735-
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8. NEUTRON TRANSPORT

SUMMARY OF ACTIVITIES

The neutron transport program includes three elements: the work of the Radiation
Sh:_olding Information Center (RSIC), cross-section evaluaSon and processing, and analyses.

Staff members of the RSIC serve as technical consultants to the fusion energy research

community, as well as a variety of other research communities, on ali 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. The
analysis program at present is part of a joint U.S.-Japan neutronics program and is directed at
validating available computer codes and cross-section data by comparing calculated results
with experimental data obtained from the Fusion Neutron Source Facility at the Japan Atomic
Energy Research Institute.

203
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8.1 RADIATION SHIELDING of Wisconsin DKR radioactivity and dose
INFORMATION CENTER rate code system for fusion reactors was

extended for fission and hybrid _ystems,
denoted CCC-541/FDKR, and submitted by

R. W. Roussin, D. K. Trubey, the Southwestern Institute of Physics, Le-

J. E. White, and J. Bartley shan, People's Republic of China. The
Japan Atomic Energy Research Institute

The Radiation Shielding Information (JAERI), Tokai Establishment, provided
Center (RSIC) serves an international com- the CCC-430/EDMULT 2.1 electron depth
munity by responding to inquiries about dose code system, and the Tokyo Insti-
radiation transport problems. Staff members tute of Technology submitted the CCC-
provide guidance by drawing on a technical 535/MORSE-CV multigroup Monte Carlo
database that includes a computerized liter- system for calculating the covariance of
ature file, a collection of complex computer mean spectral values. The PSR-146/ALICE-

programs, and a substantial body of nuclear 87 nuclear model code was contributed by
data libraries pertinent to the solution of such the International Atomic Energy Agency,
problems. Vienna, Austria, via the Organisation for

Acquiring the needed computer-based Economic Co-operation and Development
technology base requires the collaboration (OECD) Nuclear Energy Agency, Saclay,
of the neutronics community with RSIC France. From the University of California
staff members to collect, organize, process, at Los Angeles came the CCC-537/TRIPOS
evaluate, and package relevant technology ion transport code. Los Alamos National
developed in the community. This tech- Laboratory provided CCC-200/MCNP-3B, a
nology is disseminated to the community general-purpose Monte Carlo system; PSR-
with a mechanism for feedback of experience 171/NJOY89, a cross-section processing
through use, which results in an improved system for ENDF/B-VI; and PSR-27/ZOTT,
product. The resulting technology base an evaluator of correlated data. Oak Ridge
provides an advancement of the state of the National Laboratory contributed the DLC-
art. 146/HUGO 86 photon interaction library,

A sample of some recent products of the PSR-273/FERD-PC spectrum unfolding
this information cycle process shows the code (PC version), and the CCC-543/TORT
international character of the RSIC com- three-dimensional discrete ordinates system.

munity. The National Committee for This selection represents a small por-
Nuclear and Alternative Energies (ENEA), tion of the total activity of the center.

Bologna, Italy, contributed PSR-271/MILER Information processing (including evalua-
for coverting NJOY-produced cross-section tion and packaging) is a daily function.
libraries into AMPX format. A multigroup In addition to a comprehensive literature

cross-section library, DLC-135/SHAMSI, for database, RSIC-packaged products include
fusion neutronics analysis was provided by 146 data packages (DLC), 545 neutronics
the Joint Research Centre of the European and shielding code packages (CCC), and

Atomic Energy Community (EURATOM) in 277 data processing and other miscellaneous
Ispra, Italy. A version of the University code packages (PSR).
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8.2 DATA EVALUATION AND at Lawrence Livermore National Laboratory.
PROCESSING FOR FUSION The VITAMIN-E data and AMPX-II com-
NEUTRONIC DATA NEEDS puting technology are also available from the

RSIC.
D. C. Larson, C. Y. Fu, D. M. Hetrick,
and J. E. White

Evaluated and processed neutron cross- 8.3 REACTION RATE
section data are produced to meet the DISTRIBUTIONS AND
needs of fusion reactor designers. Nuclear RELATED DATA IN THE
data needs for the magnetic fusion energy
program are given in ref. 1 and include FUSION NEUTRON SOURCE
evaluated cross sections for copper, nickel, PHASE II EXPERIMENTS:
and chromium. This year, isotopic evalua- COMPARISON OF MEASURED
tions for chromium, copper, and nickel were AND CALCULATED DATA
accepted for ENDF/B-VI. Also accepted for
ENDF/B-VI were isotopic evaluations for R.T. Santoro, R. G. Alsmiller, Jr., and
iron and lead and an evaluation for natural J.M. Barnes
carbon. Several of the evaluations were

selected by an international committee for Neutronics parameters including the
inclusion in the Fusion Evaluated Nuclear source neutron spectrum, activation rates,
Data Library (FENDL). This will be the first and the tritium breeding in the Li20 test zoneI,

version of ENDF in which special attention of the phase II experiment performed on the
has been paid to data of priority to fusion Fusion Neutron Source Facility at JAERI
energy. Ali of this work has been jointly have been calculated using the Monte Carlo
funded by the Offices of Fusion Energy, code MORSE with ENDF/B-V transport
Basic Energy Sciences, and Nuclear Physics and reaction cross sections. Favorable
in the U.S. Department of Energy. (DOE) and comparisons between the measured and
the Defense Nuclear Agency. calculated results have been achieved for

Evaluated cross sections must be pro- the Z7Al(n, o_), 58Ni(n, p), 93Nb(n, 2n),
cessed into forms that can be used in and 197Au(n, 2n) reactions. Calculated
radiation transport computer codes. The 58Ni(n, 2n) and 197Au(n, 3') reactions did not
focus of this effort has been the development agree with measured values within 10--40%.
of VITAMIN-E, z a 174-neutron, 38-gamma- For the nickel reaction the differences may
ray group cross-section library, lt can result from poor data in the ORACT flies;
be used in conjunction with the AMPX-II discrepancies for the gold data may result
system 3 to derive cross-section data suited from unknown quantities of hydrogen-rich
to a particular application, epoxy used to coat the LiECO3 blocks used

A continuing effort is under way to main- in the test assembly walls. The calculated
tain VITAMIN-E and the relevant AMPX- tritium breeding in the LiEO agreed with
II computing technology on the National experimental values within -t-10% for 6Li
Magnetic Fusion Energy Computing Center and +15-20% for 7Li.
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9. NONFUSION APPLICATIONS

SUMMARY OF ACTIVITIES

During recent years, fusion technology development programs have been broadened
to include nonfusion applications. The technologies that have been central to the fusion
mission have been found by other sponsors to be appropriate matches for their future needs.
Many fusion-related, challenging, and important research and development (R&D) program
opportunities have been identified. It is expected that fusion technology will continue to
contribute to critical advancements needed by the country.

The concentration of program initiation and development efforts in the nonfusion area
follows two basic guidelines: the technology to be advanced is related to fusion in that
the majority of advances (e.g., microwave and rf developments) expected to result from the
work will directly benefit future fusion system designs, and the technology is expected to be
applicable to fusion, although the initial application may not be directly fusion related. An
example is plasma processing work for others that will eventually provide the potential of
diamond coatings for critical fusion reactor components.

The nonfusion technology applications are concentrated in four main technical fields:
(1) energy, (2) U.S. Department of Energy facility environmental restoration and waste
management, (3) defense, and (4) technology transfer to industry through which the U.S.
competitive position in the world can be improved.

The R&D efforts conducted to date address ali of these areas. The highlights of the past
year's work are presented in this section. Some of the endeavors apply to more than one
field.
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9.1 MICRO_VAVE PROCESSING OF Last year, however, we showed that
RADIOACTIVE WASTES microwaves can be used to process the RH-

TRU liquids over the entire temperature
T. L. White range in a batch microwave oven. The

wasteform produced satisfied the Waste
The ORNL Waste Handling and Packag- Isolation Pilot Plant waste acceptance criteria

ing Plant (WHPP)is developing a micro- and was similar to wasteforms produced
wave process to reduce and solidify remote- by conventional evaporation technologies.
handled transuranic (RH-TRU) liquids and Because of this success, we are developing a
sludges that are now stored in large tanks more aggressive microwave processing flow
at ORNL. The microwave expertise and sheet with the potential to greatly simplify
equipment of the Fusion Energy Division are the conceptual WHPP liquid processing flow
being used in this development effort, which sheet by replacing the wiped-film evapo-
has focused on drying RH-TRU liquids and rator/microwave drum heater with a single
sludges in the final storage container and microwave in-drum process.
then melting the salt residues to form a solid Microwave energy heats the RH-TRU
monolith, liquid waste directly because the oscillat-

A proprietary microwave applicator at ing electric fields directly couple to the
one-third scale was designed and fabricated molecular bonds of the chemicals in the
to demonstrate the essential features of the waste, causing frictional heating. This direct
microwave design and to provide input into heating eliminates the need for separate
the design of a full-scale applicator. Testing heating elements or heat transfer surfaces.
recently began on an in-drum process using The microwave process that we are de-
nonradioactive RH-TRU surrogates, veloping contains no moving parts and is

In the conceptual design stage, the WHPP designed to heat the liquid waste in the
process required the use of conventional final storage container, thus eliminating the
wiped-film evaporators or extruders to per- need to transport hot chemicals form the
form the liquid evaporation and melting; heated casingofthe wiped-film evaporator or
microwaves would have been used only to extruder into the storage container. Another
maintain the temperature in a drum during possibility is using a conventional evaporator
filling operations. These evaporators and (e.g., a wiped-film evaporator) to concentrate
extruders require separate heating elements the liquid, which would then be melted by
or heat transfer surfaces and moving parts the in-drum microwave process.
to wipe a thin film across the heat transfer The 1/3-scale microwave system is shown
surfaces. The moving parts are subject in Fig. 9.1. The surrogate RH-TRU liquid is
to wear, especially if small hard particles stored in a mixing tank and pumped through
are present in the waste (ORNL records a slurry transport loop to keep solids from
indicate that some of the RH-TRU storage clogging the loop. A smaller metering pump
tanks may contain hard particles such as taps off a small portion of the loop flow
grout and other hard deposits). Frequent near the applicator to control the amount
maintenance of wiped-film evaporators or of surrogate that is fed to the applicator.
extruders would be very complicated in a hot The line from the metering pump to the
cell environment, applicator is kept as short as possible to
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avoid clogging. The metering pump is strength, toughness, reliability, and unifor-
reversible so that surrogate in this short line mity of prooerties for energy conversion
can be drawn back out of the applicator feed systems, using microwave processing to
pipe. The applicator feed pipe is located engineer and control critical component
above the stainless steel waste container, microstructures. For oxide ceramics, the
which is 18 cm in diameter and 23 cm objective is to develop the mechanical prop-
deep, with a 4.6-L usable volume. The erties and reliability of zirconia-toughened
applicator is powered by a 6-kW, 2450-MHz alumina to levels beyond those currently
microwave generator. Forward and reflected obtainable with conventional sintering.
microwave power levels are monitored by a
dual-directional waveguide coupler (50 dB
coupling, 30 dB directivity) so that net ab-
sorbed microw_ove power can be measured. 9.2.1 Background
An E-H tuner matches the applicator to the

Microwave sintering has unique attributeswaveguide system to maximize the power
absorbed by the applicator. The offgases and has the potential to be developed as a
from the waste are removed through evenly new technique for controlling microstructure
spaced openings around the sides of the to improve the properties of advanced ceram-
applicator. These openings are connected ics. Because microwave radiation penetrates
by a manifold that feeds a pair of heat most ceramics, uniform volumetric heating
exchangers used to remove water vapor from is possible. Thermal gradients, which are
the offgases. The distillate is collected and produced during conventional sintering by
stored for later analysis and/or recycling conductive and radiative heat transfer to
to the mixing tank. An NO_: meter is and within the part, can be minimized.
connected to the offgas system to monitor This makes it possible to reduce internal
the amount of NO_ gases produced during stresses that contribute to the cracking of
processing. A humidity/temperature probe parts during sintering and to create a more
is being procured to monitor the drying of uniform microstructure, which may lead to
the wasteform during processing, improved mechanical properties and reliabil-

Early tests have verified the correct ity. With uniform volumetric temperatures,
the nonuniform particle/grain growth causedapplicator mode, and further testing is under

way. The microwave process is much less by temperature gradients and associated
developed than conventional technologies; sintering gradients can be regulated.
the goal is to develop a full-scale microwave Recent investigations have identified ad-
process so that all technologies can be at the ditional be_efits of microwave sintering.
pilot plant stage before the WHPP is built. Using 28-GHz _-adiation, we demonstrated

that alumina could be densified at tem-

peratures 300-400°C below those used in
9.2 MICROWAVE SINTERING conventional processing and that a uni-

form, fine-grained microstructure could be
H. D. Kimrey, R. L. Beatty, M. A. Janney, obtained. Lower-temperature processing
J. O. Kiggans, and W. B. Snyder should reduce grain growth, vaporization,

and interactions between phases, which
The microwave sintering effort is directed are often significant in the fabrication of

toward developing ceramics with improved advanced ceramics.



213

One class of composites, in which micro- attractive material for use in fuel metering
structural control in conjunction with micro- systems, turbine housings, and applications
wave processing is expected to yield requiring thermal shock resistance better
improved properties, is transformation- than that of alumina.
toughened ceramics. The retention of the
tetragonal zirconia phase (t-ZrO2) has previ-
ously been shown to control the mechanical 9.2.2 Technical Progress
properties of composites that contain dis-
persed ZrO 2 particles. The amount of t-ZrO2 In preparing for the start of the com-
retained in the body and the microstructure posites work it was necessary to better

understand the nature of the microwave
of a composite significantly affects the com-
posite's mechanical properties. Limitations effect. During FY 1989, grain growth
of currently produced zirconia-toughened in dense, hot-pressed alumina was shown
alumina are related to (1) variations in the to be structurally similar for microwave
composition of the stabilizing additive and and conventional annealing conditions. We
(2) the location, grain size, and morphology performed an extensive study of kinetics
of the dispersed tetragonal zirconia second and microstructural evolution during grain
phase. The high sintering temperature of growth for conventional and microwave
--_1600°C required by conventional heating heating of alumina. Our starting material
processes often leads to rapid diffusion and was dense, hot-pressed alumina with a grain
variation in the stabilizer content of the size of 1.1 itm in coupons of <1 cm 3.

zirconia phase from grain to grain. Compo- The small size of the samples necessitated
sitional variations lead directly to decreases the development of a ballasting crucible
and variations in the strength and toughness arrangement, as shown in Fig. 9.2. The

ballast was a dense alumina body thatof the composite. In addition, there is a
critical size of the zirconia-dispersed phase acted to moderate the microwave-material
above which the zirconia particles transform interactions by simulating a sintering sample.
to the monoclinic structure. Particles that The grain growth experiments could then

are already transformed limit the magnitude be compared directly to our earlier sintering
of the mechanical properties that can be results. We observed that the evolution
achieved, of microstructure was identical for both

Microwave sintering, which produces cases by ali of the available quantitative
uniform temperatures and more rapid den-
sification, is expected to produce the de-
gree of control of the densification and OFINI.DWG 90M-3232 FED

microstructural development required to pro- _,uM,N_8u_F,BER
duce composites with optimum toughness. _'_,

BORON NITRIDE _ [--'-1

It should produce a finer grain size in CRUCIBLEt-_..1 _ DENSEthe matrix alumina phase as well as finer E______+__--f-q j [ ALUMINACRUCIBLE

zirconia particles of more uniform size in T,ERMOCOUP,__.._

ALUMINA

the matrix. These features will contribute to SAM_E

improved strength, fracture toughness, and

mechanical reliability in the composite. Im- Fig. 9.2. The ballast/cruciblearrangementdevel-
proved mechanical properties and reliability oped to permit running small (<5-g) samples in the
would make zirconia-toughened alumina an 28-GHz microwavefurnace.
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stereological measures (grain size, grain size pressed alumina are accelerated by pro-
distribution, grain boundary area, aspect cessing in a microwave field, there are
ratio, etc.). The grain growth kinetics significant differences in the behavior of
follow a power-law form in both cases; a the two processes. For sintering, the
power-law form is typical for normal grain apparent activation energies for microwave
growth in dense metals and ceramics. In and conventional firing differed by a factor
addition, the kinetics of grain growth are of 3 (170 vs 575 kJ/mol), as reported in
much higher for microwave heating than FY 1988. For grain growth, the differences
for conventional heating; the rate of grain were only _20% (480 vs 590 kJ/mol). The
growth for microwave heating at 1500°C is differences in the pre-exponential factors for
the same as that for conventional heating at microwave vs conventional sintering suggest
1700°C. that the processes going on during sintering

We used these data to calculate an activa- are dissimilar. The difference in the evolu-

tion energy for grain growth in the two cases, tion of the pore structure for microwave and
An activation energy of 590 kJ/mol has been conventional sintering provides additional
determined for conventional grain growth, support for this hypothesis. In contrast, the
which is typical for kinetic processes in pre-exponential factors for microwave and
alumina. The 480-kJ/mol activation energy conventional grain growth are similar. The
for microwave grain growth represents a pre-exponential factor can be interpreted in
20% decrease in activation energy, as shown terms of an entropy of activation, which
in Fig. 9.3. implies that the structural changes that occur

While both sintering of alumina powder during grain growth under microwave and
compacts and grain growth in dense hot- conventional heating are similar. That the

same kinetic process is operating in the two
cases is supported by the similarity in micro-

On'_L-DWGgOM-=_'3VEDstructural development demonstrated by the
-' \ ,% _ , quantitative microstructural parameters and

\ [] MICROWAVE the kinetic forms presented. Therefore, the

vXN,,N _° CONVENT'ONAt- differences in activati°n energies f°r grain
-2- - growth probably represent the differences

in diffusional processes for microwave and

'_'" -3"-- 0% _0 kJ/mol conventional processing better than do those
630kJ,'mo,_ _ for sintering. That is, the activation energy

for diffusion is probably reduced by _20%,
-4- rather than by 300%, by the microwave

field. We then interpret the increased rate
of grain growth as the result of enhanced

-5 _ _ \ i volume diffusion in the sample. From4.5 50- 5.5 60 6.5
this standpoint, the results reported here are

INVERSE TEMPERATURE 1,q (K -1) (x 10 .-4 )

consistent with those obtained from previousFig. 9.3. Grain growth rate K as a functionof
sintering experiments. Finally, it was showntemperatureT, shownas an Arrheniusplot of logK vs

lfl'. The activationenergy for grain growth is higher that a microwave effect can manifest itself
for firingin a conventionalfurnace than for firing in in a dense ceramic body and that no free
a microwavefurnace, pore-solid interface is necessary.
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Several developments in microwave tech- be greatly reduced by firing in the microwave
nology occurred this year. An optical py- field, perhaps to as low as 1050°C. The
rometer system has been procured and used sintering temperature is so low, in fact, that
as a nonintrusive measurement technique it may be possible to eliminate grain growth
to verify sintering temperature data. This of the zirconia phase.
system provides an independent confirmation
of temperature. Also, modifications to a
microwave-compatible dilatometer to make 9.3 PLASMA PROCESSING
it compatible with alumina and zirconia-
toughened alumina have been made and C.C. Tsai, L. A. Berry, S. M. Gorbatkin,
tested. This system is now in use to verify H.H. Haselton, and J. B. Roberto
the interrupted-run alumina data. It will be
quite valuable in reducing the number of runs The ORNL plasma processing program
required to characterize sintering behavior in has had a productive year, with _ignificant
subsequent activities, progress made in both plasma technology

The composites work was initiated, and applications. The technical progress
Based on a literature search, a partially stabi- is described in refs. 1 and 2. The
lized zirconia powder (TOSOH TZ2Y)was ORNL invention of a microwave electron
selected and incorporated into an alumina cyclotron resonance (ECR)multicusp plasma
matrix (Sumitomo AKP-50). The composite source has been licensed to SEMATECH for
has been sintered at 28 GHz and in a evaluating plasma etching concepts that are
conventional tube furnace. Initial results are being pursued for high-density sut_microme-

quite encouraging, as shown in Fig. 9.4. The ter features for very large silicon integrated
sintering temperature of the composite can (VLSI) circuits. The collaboration between

ORNL and SEMATECH has also led to the

establishment of a plasma etching research
center at ORNL for the development of new

OnNLt_Wa00M323,FED manufacturing equipment and materials for
100 _ _ the semiconductor industry.

_ The ORNL ECR multicusp plasma source
'_ 90- - (Fig. 9.5) has been developed by feedingo_
I-.-
,,, a multicusp bucket arc chamber with arr
o,,, 8o- - compact ECR plasma source. Linearly
-1-

polarized microwaves at f = 2.45 GHz
o _ are launched from a rectangular S-band

70- CONVENTIONAL

_- waveguide. Saturation current profiles for
z this source are shown in Fig. 9.6 for am 60-
o hydrogen plasma. This novel source pro-

duces large (about 25-cm-diam), uniform (to
50 I I 1

800 1000 1200 1400 1600 within +10%), dense (>1011-cm 3) plasmas
TEMPERATURE(°C) of argon, helium, hydrogen, and oxygen.

Fig. 9.4. Density of alumina + 20 wt % Based on electrical probe measurements, the
zirconia sintered for 1 h in 28-GHz microwave and source plasmas normally are characterized
conventionalfurnaces, by cold electron temperatures of 2 to 5 eV
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Fig. 9.5. Schematicof the ECRmulticuspplasma R, RADI US (cm)

source, showing the experimental arrangementwith Fig. 9.6. Effectof pressureona hydrogenplasma
the probe positionplatformused for studyingplasma producedby the ECR multicuspplasma source.
properties.

and ion energies of about 20 eV. Here the ATECH, LAM Research Corporation, one
ion energy is equivalent to the potential of the main U.S. suppliers of wafer etch-
difference of the plasma sheath through ing and deposition equipment, is interested
which the ions are accelerated. With the in pursuing a collaborative program with

weak magnetic field, this ion impact energy ORNL, with the goal of advancing U.S. ECR
is expected to be directed normal to the probe technology for processing 300-mm wafers.
scanning plane. The capability of plasma reactors is

This source has been operated to produce substantially enhanced when the plasma is

an oxygen plasma for etching 12.7-cm produced by a hybrid scheme that uses
positive photoresist-coated silicon wafers both microwave and rf power. In these
with a uniformity within +8%, as shown plasma reactors, the plasma constituents
in Fig. 9.7. The potential applications of are hot and cold electrons, positive and
this plasma source technology for developing negative ions, metastable and radical atoms
new manufacturing equipment are myriad, and molecules, and photons. Such plasmas
In addition to the collaboration with SEM- are ideal for plasma processing. Ions can
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ORNL-DWG89M-2731FED species is well established (combustion),
_ 140 I I I I _ I and no toxic gases are required. To gain
_120 -- o --

_- [] [] [] knowledge of the molecular and/or plasma
Z 100 -- --B 0 -'0 -- --LU [] []

rr 80 - [] dynamics and the corresponding interrelationrr B-
0 60 - - of the film microstructure with the material
"' 4o - - properties required to model the growth and
O 20 --
_ to optimize film properties, various diagnos-a. 0 I 1 I I I I

0 2 4 6 8 10 12 14 tics and materials characterization techniques
RADIALPOSITION(cm) for CVD growth will be developed. The

Fig. 9.7. Etchingprofilesof photoresist/siliconin Fusion Energy Division is providing basic
an oxygenplasma, plasma diagnostics as well as a plasma-based

reactor. Initially a high-pressure, rf-based
technique is to be used Lo decompose the
molecular hydrogen and hydrocarbon gases

be accelerated to form broad (20- to 30- required for diamovd formation. Support
cm-diam), low-energy (about 1000-eV) ion is also being provided by the division's
beams for ion-beam processing, including RF Technology Group to develop diamond
sputtering, milling, surface modification, etc. coatings for Faraday shields.
If ion energies are controlled to about
100 eV or lower, such plasma reactors can

have wide applications in plasma etching, 9.5 EHD ION SOURCE
thin-film deposition, surface cleaning, waste

management, and other areas. J.H. Whealton, R. J. Raridon,
P. S. Meszaros, and P. M. Ryan

9.4 DIAMOND FILMS
The disparate scales present in an ei_z-

W. L. Gardner trohydrodynamic (EHD) ion source make ,'t
difficult to model accurately. Extending our

Diamond film growth is being investi- previous work, 3 we developed a method to
gated as a part of a program for fundamental accurately analyze the scale change. An
studies of chemical vapor deposition (CVD) example is shown in Fig. 9.8, where several
materials growth processes. The goal of this blowups are analyzed, leading to fractional-
program is to develop the diagnostics and angstrom resolution [Fig. 9.8(d)]. More
advanced deposition techniques necessary to than 1016 nodes (reduced by symmetry
establish a program for fundamental studies from 1027 nodes) for the finite difference
of film growth by CVD processes. The solution to the Laplace equation would be
program is a collaboration of three ORNL needed to get the level of resolution in
divisions: Fusion Energy, Metals and Ce- Fig. 9.8(d). Ion trajectories are calculated
ramics, and Analytical Chemistry. Diamond accurately in Figs. 9.8(d) and 9.9. The pro-
film growth was chosen for study because cedure can be repeated iteratively to ac-
diamond is a material with broad techno- count for space charge in a self-consistent
logical applications, there is local expertise manner. Quasi-plasma liquid models, such
for film growth, simple growth reactors are as that considered in refs. 3 and 4, can
possible, the spectroscopy of hydrocarbon be incorporated. Use of this analysis
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should provide an enhanced understanding of sible to begin optimization of conditions
emission physics, since macroscopic beam leading to exploitation of the brightness
parameters can now be connected to an possibilities previously conjectured for an
emission scenario. Also, it should be pos- EHD ion source.

ORNL-DWG90-3235FED
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Fig. 9.8. EHD ion source (a) actual size and enlarged (b) X 4, (c) x 410, and (d) x 411 with trajectories
of extracted ions.
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Fig. 9.9. EHD ion source with trajectories of extracted ions (a) actual size and enlarged (b) x 4 and
(c) X 410.
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10. MANAGEMENT SERVICES,
QUALITY ASSURANCE,

AND SAFETY

SUMMARY OF ACTIVITIES

Broad technical and administrative support for the programmatic research and development
activities of the Fusion Energy Division is provided by the Management Services Group and
by the division's Quality Assurance (QA) and Safety 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; identification,
planning, and coordination of general plant project and facility improvements; coordina-
tion 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 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
documents, supplier surveillance, identification and documentation of nonconforming items,
audits, and QA assessments/plans.

The division's safety activities include a formal safety program and environmental
protection services. A safety resource team was established to improve the environmental,
safety, and health upgrade program in the division, and a hazard communication program
was established.
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10.1 MANAGEMENT SERVICES Division personnel on long-term
foreign assignments included three staff

10.1.1 General Administration Services members at the Joint European Torus (JET)
Joint Undertaking, Abingdon, United King-

10.1.1.1 Personnel dora, for *.heJET project; one at the Centre
d'Etudes Nucl6aires, Cadarache, France,

On December 31, 1989, the Fusion for the Tore Supra project; and one at
Energy Division had 135 employees, com- the Max-Planck-Institut ffir Plasmaphysik,
pared with 152 on December 31, 1988. Garching, Federal Republic of Germany, for
Figure 10.1 shows the composition of the the International Thermonuclear Engineering
division's scientific staff. Attrition from Reactor project. One staff member was
the division during 1989 consisted of 2 on a long-term domestic assignment to
retirements, 3 resignations, and 16 transfers General Atomics in San Diego, California.
to other divisions. Two employees joined the Three division employees were on relocation
division during the year. assignments.

The University and College Co-Op Pro-
gram sponsored two students from the
University of Tennessee, both in electrical 10.1.1.2 Procurement
engineering; three from the Georgia Institute
of Technology, two in nuclear engineer- During 1989, the division's procurement
ing and one in physics; and one student group processed 1510 requisitions with a
from Tennessee Technological University in total value of about $2.0 million. Through-
physics. Seven students were here under out the year, this group actively monitored
university subcontracts. Nine technical an average of 200 to 400 open purchase
students participated in summer programs; orders. In addition, 220 shipping orders were
six of them were sponsored by Oak Ridge processed.
Associated Universities. The division was Industrial participation through subcon-
host to 19 foreign scientific guests and 10 tracts to the division approximated $1.7 mil-
subcontractor personnel, lion in 1989. Almost all of the subcontract
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cost ($1.2 million) was applicable to the limited resources, continued during 1989.
ORNL Fusion Program. The Engineering Services Group worked

The procurement status database provides closely with the Engineering Division of
users with the status of individual procure- Martin Marietta Energy Systems, Inc., and
ments and serves as an eff-ctive tool for cost with Fusion Energy Division researchers
control, to install needed improvements. In this

reporting period, construction was nearing
completion on phase 4 of a six-phase effort

10.1.1.3 International agreements to improve the air-handling systems in
and collaboration Bldg. 9201-2. Engineering is complete for

the first and second phases of an upgrade for
The division participated in several per- the 480-V electrical distribution system.

sonnel exchanges and collaborations during The demineralized water system in Bldg.
1989. The Management Services Group 9201-2 provides cooling water for the Ad-
(MSG) played a key role in organizing vanced Toroidal Facility (ATF), the Radio- _
these activities, with responsibility for coor- Frequency Test Facility (RFTF), and other
dinating administrative, legal, and protocol test facilities and for the building air con-
matters for outbound Fusion Program repre- ditioners. During 1989, the Engineering
sentatives and inbound foreign guests. Services Group provided data for a quality

In this cz_.pacity, MSG staff members investigation report on pump problems. New
interacted with the ORNL Foreign National and improved polypropylene filters and pres-
Office, the ORNL and Y-12 Plant secu- sure drop indicators were installed. Water
rity organizations, the Office of General quality was improved dramatically. Cost
Counsel and the Office of the Comptroller reductions through electrical power savings
and Treasurer of Martin Marietta Energy were accomplished by the Performance Im-
Systems, and the Washington and Oak provement Process (PIP) program.
Ridge Operations offices of DOE, as well The liquid nitrogen tank installed in 1988
as other support and service organizations, as part of a PIP project continued to save the
Responsibilities included ensuring adherence division an estimated $90,000 yearly.
to general laboratory and company policies Housekeeping and safety of building and
and to federal procedures and laws, moni- grounds have been brought to a new level
toting the processing of paperwork to ensure of consciousness, including active industrial
timeliness and accuracy, obtaining the neces- hygiene work to eliminate chemical prob-
sary approvals, and generally supporting the lems and industrial safety w_rk to eliminate
satisfactory implementation of exchanges, other hazards.
cooperative programs, and collaborations.

10.1.3 Financial Services

10.1.2 Engineering Services
The Finance Office is a functional part of

The Engineering Services Group coor- the MSG and provides financial management
dinates all engineering work performed on support for administrative, engineering, and
general facilities additions, modifications, research personnel in areas that include
and repairs in the division. Active work to budget preparation, cost scheduling, and
improve the physical plant facilities, despite variance analysis. The office also provides
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meaningful and appropriate accounting and Information Services Division (ISD) library
cost control. Interaction with division system that serves Energy Systems. Library
management is an essential part of admin- staff members select materials for acqui-
istering the budget, accounting policies, and sition, circulate library materials, provide
procedures. Table 10.1 and Fig. 10.2 show reference assistance and online literature
the funding trends for the ORNL Fusion searching, and retrieve information in sup-
Program. port of research activities.

During 1989, the Fusion Energy Library
acquired an NCR PC810 computer to serve

10.1.4 Library Services as a CD-ROM workstation, which now pro-
vides access to Business Periodicals Index,

The Fusion Energy Library maintains a PC-SIG (shareware), and the National Tech-
specialized collection in plasma physics and nical Information Service reports database.
fusion technology and is a branch of the The library also acquired a LaserJet printer

Table 10.1. Fusion Program expense funding
(in thousands of dollars)--budget outlay

FY 1987 FY 1988 FY 1989 FY 1990 FY 1991 FY 1992
Actual Actual Actual Funding as of Budget Budget

Activity cost cost cost April 1990 submission submission h

Applied plasma physics

Fusion plasma research $2,303 $2,606 $2,591 $2,179 $2,686 $2,825
TEXT collaboration 0 0 0 250 263 276

Experimental plasma research 1,!94 1,277 1,128 1,596 1,482 1,564
National MFE computer network 370 373 353 290 300 315
Technical program support 168 104 0 0 0 0

$4,035 $4,360 $4,072 $4,315 $4,731 $4,980

Confinement systems

Research operations $16,212 $17,218 $17,256 $14,398 $15,305 $16,697
Major device fabrication 1,960 466 0 0 0 0
Magnetic mirror research

operations 1,953 0 0 0 0 0
Compact Ignition Tokamak

support 835 2,340 2,315 2,360 2,387 2,402
Technical program support 0 89 281 0 0 0
Doublet III-D 0 0 922 800 1,000 1,085
TEXT collaboration 0 0 409 0 0 0

$20,960 $20,113 $21,183 $17,558 $18,692 $20,184

Development and technology

Magnetic system s $7,450 $2,216 $471 $24 $0 $0
Plasma engineering 5,672 7,342 5,045 3,887 3,758 3,768
Reactor systems 310 648 1,185 447 443 224
Environment and safety 69 242 215 135 181 196
Reactor materials 5,193 4,264 3,763 5,440 4,337 4,368

Fusion Engineering Design
Center 3,285 2,202 2,773 2,430 2,410 2,625

$21,979 $16,914 $13,452 $12,363 $11,129 $11,181

TOTAl. ORNL FUNI)IN(; 546,974 $41,387 $38,7()7 $34,236 $34,552 $36,345
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ORNL-DWG90M-2553FED journal articles, conference papers, reports,
60 1 _ _ t preprints, and one thesis. In addition,

310 presentations (abstracts and viewgraph
packages) were cleared. Much of this03

a: material is listed in Appendix 1"_ 50 -
Electronic publishingwpreparation of

text, graphics, and sometimes complete
o documents using computersmmade steady03

advances in the division in 1989. Continuing
_q,40
._ its support of the division's commitment

..... ....- to electronic publishing, FEDPO updated
several packages of word processing and

30 I _ I R either upgraded or purchased graphics soft-
87 88 89 90 91 92 ware for both the Macintoshes and the IBM

FISCALYEAR PC ATs. The editor in the publications
Fig. 10.2. FusionProgram expense funding(budgetoutlay), office uses a Macintosh and the division's

computer system for much of her editing
and writing. During the year, compositors

and underwent refurbishing with new signs continued to expand their knowledge and
and new carpeting, skill in using the TEX formatter available on

Library activity was affected by the the division's VAX cluster, WordPerfect 5.0
intense controversy worldwide for several software for support of Fusion Engineering
months of the year concerning claims that Design Center projects, and a number of new
the major breakthrough of cold fusion had word processing packages for the Macintosh.
been achieved. During this exciting and The Graphics Section of the publica-

tions office produced 1,605 drawings andbusy time, standard library services were
augmented by acquiring daily news updates revisions, 95 visuals, 5,291 Pos prints and
from the online news services and displaying viewgraphs, and 925 miscellaneous items
them in the library, during 1989. During the year, the section's

illustrators continued to train in new software

packages for the Macintosh computers, and
10.1.5 Publications Services 1989 saw a majority of the work being

produced on the Macintosh as compared
The Fusion Energy Division Publications to the more expensive and time-consuming

Office (FEDPO) provides the division with online production of previous years.
editing, writing, composition, conventional Seven members of the FEDPO staff won
and computer graphics, document makeup, awards in the Society for Technical Com-
and reproduction services, lt also serves munications (STC) East Tennessee Chapter
as liaison with the Laboratory Records annual competition (including an award for
Department of ISD for clearance processing Best of Show). In addition, one member
of ali documents prepared by division staff, won an award at the STC international art

Throughout 1989, the FEDPO staff pro- competition for conceptual renderings of
cessed a total of 230 jobs (a 30% in- equipment being developed and/or operated
crease over the previous year), including by the division.
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In December 1989, FEDPO merged with Laboratory Quality Department performed
the Engineering Technology Division Pub- an audit of the division.
lications Office (ETDPO) to form the En-
gineering Technology/Fusion Energy Divi-
sion Publications Office (ET/FE DPO). The 10.3 SAFETY AND ENVIRONMENTAL
ET/FE DPO is committed to providing high- PROTECTION
quality, cost-effective publications support to
both of its host divisions. 10.3.1 Safety

In an effort to improve the environment,

10.2 QUALITY ASSURANCE safety, and health (ES&H) upgrade program
in the division, a safety resource team was
established in 1989. The team included a

10.2.1 QA Program Development member from each section in the division.
and Training Its purpose was to identify safety hazards

in division facilities and develop plans of
During the year, one new procedure action to correct or resolve the issues. The

was added to the division quality assurance team successfully initiated activities such as
(QA) manual. The NQA-1 orientation the identification of 400 safety-related issues,
and portions of the QA training program planned and executed a division-wide safety
were completed. The 213 participants work day, prepared the division for audits
included division staff; Y-12 Plant super- preceding the Technical Safety Appraisal
visors, planners, and ciaft workers; staff (TSA) and for the actual TSA, and continued
of other ORNL divisions supporting Fusion to monitor the division's safety and health
Energy Division; staff of the Energy Systems policies. The team also assisted in the
Engineering and Publications divisions; and improvement of safety documentation and
DOE staff, records, which included safety assessments,

operating procedures, and safety study re-
ports.

10.2.2 QA Program Implementation In general, the division has continued to
recognize the need for its safety awareness

The division's QA engineer reviewed program and housekeeping efforts. The
engineering and procurement documents, monthly safety meetings are being used as a
including drawings and specifications defin- training forum to address these isues. With
ing technical requirements for items to be the increased emphasis on these programs,
fabricated, to ensure that they clearly defined division staff are expected to develop a
the QA requirements to be met. Five safer attitude and improve the division's
nonconformance reports, four quality inspec- performance in 1990.
tion reports, and one unusual occurrence
report were written to document problems,
produce corrective action, and disseminate 10.3.2 Environment
information to other organizations. One
vendor surveillance was performed during The division implemented new activities
the year. The Princeton Plasma Physics and programs to address environmental
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concerns, compliance issues, and improved evaluated, and a restoration plan is being
employee communications in 1989. These prepared.
activities included a hazard communication New procedures and directives are being
program, which enables employees to deter- implemented in areas of air and water
mine the hazardous level of the chemicals pollution, polychlorinated biphenyl (PCB)
in laboratories, and noise level and asbestos contamination, radiation controls, etc. These
survey programs. An area of concern in initiatives will assist the division in improve-
Bldg. 9201-2 is the basement; this area was ment and protection of the environment.
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ABBREVIATIONS AND ACRONYMS

ADP Advanced Divertor Program
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FEDC Fusion Engineering Design Center
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FIR far-infrared
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FRLP fast reciprocating Langmuir probe
FWB first wall and blanket
FWCD fast-wave current drive
FWG folded waveguide
FY fiscal year

GA General Atomics
GDC glow discharge cleaning

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
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JILA Joint Institute for Lab,gratory Astrophysics
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LANL Los Alamos National Laboratory
LBL Lawrence Berkeley Laboratory
LCFS last closed flux surface
LCT Large Coil Task
LHD Large Helical Device
LIDT laser-induced damage threshold
LLNL Lawrence Livermore National Laboratory

MHD m agnetoh ydrodyn am ic
MSG Management Services Group
MTX Microwave Tokamak Experiment

NBI neutral beam injection
NMFECC National Magnetic Fusion Energy Computer Center
NPA neutral particle analyzer

i
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ODIS Optics Damage and Irradiation Studies
ORNL Oak Ridge National Laboratory
ORR Oak Ridge Research Reactor

PBX Princeton Beta Experiment
PC personal computer
PCA prime candidate alloy
PCI postcollision interaction
PF poloidal field
PI plasma-interactive
PLC programmable logic controller
PLT Princeton Large Torus
POP proof-of-principle
PPPL Princeton Plasma Physics Laboratory

QA quality assurance
QMS. quadrupole mass spectrometer

R&D research and development
rf radio frequency
RFQ radio-frequency quadrupole
RFTF Radio-Frequency Test Facility
RH-TRU remote-handled transuranic
RPI Rensselaer Polytechnic Institute
RSIC Radiation Shielding Information Center
RTD resistance temperature detector

SA solution-annealed

TEM transmission electron microscopy
TEXT Texas Experimental Tokamak
TEXTOR Torus Experiment for Technology Oriented Research
TF toroidal field
TFTR Tokamak Fusion Test Reactor

TPOP tritium proof-of-principle
TSC Tokamak Simulation Code

TSTA Tritium Systems Test Assembly
TI'I 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
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XVRM ex-vessel remote maintenance

1-D one-dimens'.onal
2-D two-dimensional
3-D three-dimensional
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