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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:

experimental and theoretical research on magnetic confinement concepts,

engineering and physics of existing and planned devices, including remote handling,
development and testing of diagnostic tools and techniques in support of experiments,
assembly and distribution to the fusion community of databases on atomic physics and
radiation effects,

development and testing of technologies for heating and fueling fusion plasmas,
development and testing of superconducting magnets for containing fusion plasmas,
development and testing of materials for fusion devices, and

exploration of opportunities to apply the unique skills, technology, and techniques 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 Particle
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 program is collaborative in nature and is carried
out on a number of major confinement research facilities: TEXTOR (Jiilich, 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, 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 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
Initiadve (TTI) 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 of 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 p-oject 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 transport 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 werz 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 interferometer was installed on ATF and operated on seven channels by the end
of the ' »~r. A 28-um 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 Computing

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 area of turbulence and confinement degradation in toroidal
systems. In support of the TTI mission to characterize, understand, and control anomalous
transport losses in toroidal systems, turbulent transport phenomena in the edge regions of

vy
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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 experiments provided increasing support for the bifurcation theories pro-
posed by ORNL researchers.

Theoretical modeling of the antenna ~nd 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 cystems 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 testing and
application 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 ATF. 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 tritium 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 (TFTR) 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.
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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 RFTF, with encouraging results. Studies 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 ioa 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, un 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 approach. 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 burn 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, and carbon-carbon composites for high-heat-flux components;
and ceramics for electrical insulators, rf windows, and possible structural applications.

A collaboratire 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 Al-15 is being investigated for the ITER
divertor assembly. At room temperature, Glidcop has a lifctime of ~5 x10° 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.

XV



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
(Jiillich, 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
1tz 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 fransport 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 DII-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 ATE-I1 compact
torsatron approach to a reactor.




1.1 THE ATF PROGRAM
1.1.1 Overview

J. L. Dunlap

This report covers the second year of
operation of the Advanced Toroidal Facility
(ATF). It is the first full year of operation
with the field error corrected.

Budget constraints required reducing both
personnel- and material-related expenses.
Our response was to concentrate on the
shorter-term physics returns at the expense
of longer-term capabilities of the facility.
The ongoing work toward installation of
the 2-MW ion cyclotron heating supply
and toward installation of the third neutral
beam injector was halted. Planned work on
particle and power handling was deferred.
Facility and diagnostic improvements with
high impact on the physics returns were
continued, though generally at a slowed
pace.

Getter assemblies, improved gas valving,
helical field power supply controls neces-
sary for 2-T operation, bus connections
to enable use of the mid-vertical field
coils (the shaping coils), a second 200-
kW, 53.2-GHz gyrotron, and an eight-shot
pellet injector are facility improvements that
were completed.  Diagnostic installations
included the scanning mount for the neutral
particle analyzer (NPA); a laser ablation
impurity injection system; the heavy-ion
beam probe (HIBP) primary beam and de-
tector systems, with Rensselaer Polytechnic
Institute (RPI); a fast reciprocating Langmuir
probe, similar to one used on the Texas
Experimental Tokamak (TEXT) and supplied
by the University of Texas at Austin; and a
microwave interferometer as part of a three-
way collaboration with Georgia Institute
of Technology and the Centro de Investi-
gaciones Energeticas, Medioambientales, y

Tecnologicas (CIEMAT) in Madrid, Spain.
The Thomson scattering system was com-
missioned to its full radial scan capability
with 15 spectrometers, and the far-infrared
(FIR) interferometer was commissioned in
multiple-channel mode.

A number of these improvements were
significant factors in obtaining the results
detailed in Sects. 1.1.2-1.1.4.

1.1.2 Confinement Studies
M. Murakami and the ATF Group

Confinement studies in ATF yielded sig-
nificant results in 1989. Plasma performance
has improved substantially with improved
wall conditioning and particle fueling. En-
ergy confinement time in ATF has reached
a level approximately equal to those in
tokamaks of similar size, and the scaling is
similar to the gyro-reduced Bohm scaling.
The bootstrap current observed during elec-
tron cyclotron heating (ECH) is in agreement
with predictions of the neoclassical theory.

Extensive gettering (=60-80% wall cov-
erage) and better gas programming have led
to extended longevity for discharges with
neutral beam injection (NBI); discharges
lasting up to 0.35 s with a quasi-stationary
state for up to 0.15 s were achieved.!
Figure 1.1 compares plasma performance
parameters achieved during NBI operation
in 1988 and in 1989. The improvement is
substantial. The maximum value obtained
for stored energy W, (27 kJ at Bp = 19 T)
is 3.5 times *he level achieved in 1988, and
values of lir.:-average density increased by
a factor of 2.5.

Figure 1.2 shows the time evolution
of several plasma parameters for a typical
discharge with NBI (H’ into D*, 1.2 MW
total from co- and counter-injecting beams,
By = 1.9 T, titanium gettering). “Reheating”
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occurs after cessation of the strong gas puff
at the beginning of the beam pulse. At
the peak of the soft X-ray signal, the iine-
average density f. =~ 6.1 x 10 m™3,
the diamagnetically measured plasma stored
energy W, = 20 kJ, the global energy
confinement time TE = W,/Pn = 16 ms,
and the “apparent” ion temperature obtained
from neutral particle analysis is 0.28 keV.
Profile analysis based on Thomson scattering
profiles taken at this time indicates that the
apparent ion temperature is approximately
consistent with neoclassical ion conductivity.
The analysis yields a stored energy of 17 kJ
(with a 5% contribution from the fast-ion
component), and a (thermal) gross energy
confinement time, (W, + W))/(Poe + i) =
15 ms ~ 7.

Confinement scaling studies’»? have ben-
efited from the improvements in plasma
performance. Global confinement times of
~20 ms have been obtained with injected
power > 1 MW. These confinement times are
comparable to those obtained in tokamaks
of similar size, such as the Impurity Study
Experiment (ISX-B). The highest volume-
average beta (= 1.5%) was achieved with
NBI into a target plasma created with third
harmonic ECH at By = 0.63 T. Higher
densities are possible with NBI, and the
positive density dependence (Fig. 1.1) of
the energy confinement time offsets the
confinement degradation with power. Global
confinement in ATF is consistent with the
Large Helical Drive (LHD) scaling,?

LHD _ O.17P_0'58710'69_BO'84CL2‘0R0'75

i
(with 7™ in seconds, P in megawatts, n in
particles x 10 m™3, B in tesla, and « and
IR in meters). The ATF (and other stellarator)
data also fit the drift wave turbulence (gyro-
reduced Bohm) scaling,*>

T%W - 10—-91)—0.6”0‘630.8

X a,z"‘Ro'f’h:Ai"O'2 (ST units),



as shown in Fig. 1.3. This suggests that
drift waves, in particular trapped-electron
instabilities, may be important in stellarator
(and tokamak) plasmas. ATF can make a
significant contribution to this area because
the fraction of confined trapped particles fi
and the magnetic shear can be externally
controlled, thereby directly influencing the
instabilities.
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The bootstrap current studies? have made
use of the ability to control the magnetic
configuration.  Neoclassical theory® pre-
dicts that, in the low-collisionality limit,
the bootstrap current is given by jp, =
—3(fi/f)GvBy ' Vp, where G is a mag-
netic geometry factor that depends on the |B|
spectrum on a flux surface and changes with
the quadrupole (shaping) or dipole (vacuum
axis) component of the poloidal field. The
toroidal current observed during ECH is
predominantly bootstrap current and ranges
between +3.5 kA and —1.5 kA. The observed
current agrees with neoclassical theory in
magnitude (to within 50%) and parametric
dependences, as determined by systematic
scans of the quadrupole (Fig. 1.4) and dipole
poloidal field components and the magnetic
field intensity. These results show that the
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neoclassical theory of bootstrap current gives
a good description of the current flow in
ATFE despite the presence of anomalies in
the particle and heat flows. They also
demonstrate the ability to reduce the toroidal
current to zero, as is desirable for stellarator
operation.

1.1.3 Fluctuation Studies

J. H. Harris, E. Anabitarte, J. D. Bell,

K. Carter, J. L. Dunlap, G. R. Dyer, G. R.
Hanson, C. Hidalgo, K. M. Likin, T. L.
Rhodes, Ch. P. Ritz, K. A. Sarksyan, M. G.
Shats, C. E. Thomas, T. Uckan, J. B.
Wilgen, and A. J. Wootton

During the past year, progress was made
in several areas of fluctuation studies on ATF.
The studies of edge magnetic fluctuations
made in plasmas with the peaked pressure
profiles found in ATF before the repair
of the field error were extended to the
broad profile plasmas obtained after the field



error repair. Microwave reflectometry was
used to study plasma density fluctuations
in the outer portion of both ECH and NBI
plasmas. A reciprocating Langmuir probe
system was uscd to make measurements of
plasma edge turbulence for comparison with
results from tokamaks. Work was begun
on the development of a 2-mm scattering
system with which to study drift wave
turbulence inside ECH plasmas. In all of
these activities, collaboration with teams
from other institutions has been essential.
Measurements of fluctuations in the
poloidal magnetic field (By) at the plasma
edge were used to characterize the behavior
of NBI plasmas obtained in ATF since
the field error was re:paired,7 in preparation
for experiments to try to reach the second
stability regime in full-bore plasmas at high
beta in 1990-91. The results (Fig. 1.5)
show that with the broader profiles now
seen in ATF, the helical resonances seen

20 30 40
FREQUENCY (kHz)

in the fluctuations correspond to values of
rotational transtorm in the outer part of the
plasma (+ > 1/2), as would be expected for
broad pressure profiles. In 1990-91, high-
beta experiments on ATF with (8) > 1.5%
will attempt to reach the second stability
regime with broader pressure profiles (as
opposed to the very peaked pressure profiles
used in the initial ATF second stability
studies®).

In collaboration with Georgia Irstitute
of Technology and CIEMAT, a novel diag-
nostic technique that uses a two-frequency,
quadrature-phase detection microwave re-
flectometer was developed and used to study
plasma density fluctuation spectra and radial
correlation lengths inside ECH plasmas and
at the edge of NBI plasmas. Figure 1.6
illustrates some of the initial results obtained
with this system: in NBI discharges in
which the plasma stored energy increases,
pauses, and then increases again (showing
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improved confinement), a marked change
in the density fluctuation spectrum at the
plasma edge is observed. The spectrum
measured with the reflectometer changes to
a narrow-band spectrum with a strong peak
between 20 and 40 kHz. This oscillation is
coherent with high-n (n > 3) components
of the By signal. By separately tuning the
two frequency channels of the reflectometer
to reflect off plasma layers at different
radii, it is possible to determine the radial
correlation length of density fluctuations.
This technique yields correlation lengths of
1-2 cm in ECH plasmas and <0.5 c¢cm at
the edge of NBI plasmas. Flans include
the extension of the reflectometer studies to

other plasma regimes and higher microwave
frequencies.

In collaboration with the TEXT group
at the University of Texas, a fast recip-
rocating Langmuir probe (FRLP) has been
installed on ATF and used to measure
plasma density and potential fluctuations in
the edge region (T. < 40 eV) of ECH
plasmas.®!® The results show broadband
fluctuations in density, #/n ~ 5%, and
floating potential, &/ kT, ~ 10%, just inside
the last closed magnetic surface (7/a ~ 0.95).
The outward particle transport induced by
these fluctuations is comparable to that
estimated from the global particle balance
if the flux is assumed to be poloidally and



toroidally uniform. Figure 1.7 shows that
the dominant contribution to the particle flux
comes from fluctuations in the frequency
range 100-150 kHz. Details of this work
are provided in Sect. 1.2.1.
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Fig. 1.7. Spectrum of fluctuation-induced particle
flux in the edge of ATF as measured by a fast
reciprocating Langmuir probe.

Trapped-particle instabilities are thought
to play a role in determining anomalous
transport in both stellarators and tokamaks,
and the configurational flexibility of ATF
can be used to vary the trapped-particle
populations (as demonstrated in the bootstrap
current studies). In order to measure directly
the expected plasma drift wave fluctuations,
work has begun on the development of
a 2-mm microwave scattering diagnostic,
in collaboration with the L-2 stellarator
group at the Institute of General Physics
in Moscow. This instrument will be used
to determine frequency and wave number
spectra for drift wave turbulence in the low-
collisionality ECH plasmas where trapped-
particle effects are expected to be important.

1.1.4 Impurity Studies

R. C. Isler, L. D. Horton, E. C. Crume, Jr.,
S. Hiroe, T. C. Jernigan, and M. Murakami

Although .wall conditioning is necessary
for obtaining favorable parameters in all
types of plasma confinement devices, it
appears to be especially important for cur-
rentless machines. In the early stages of
operating ATF it was found that, without
adequate discharge cleaning and bakirg,
discharges generated by ECH alone exhib-
ited rapid, uncontrollable rises in density
and low-Z impurity radiation that caused
collapses to low-temperature, low-density
plasmas.!! Simultaneous glow discharge
cleaning (GDC) and baking reduced the
amount of impurities and hydrogen evolved
from the walls tz thie point where steady-state
nperation was obtained for plasmas heated
by ECH alone. Nevertheless, when only
this type of wall conditioning was employed,
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 m =2
island and stochastic regions around the ¢
= 1 surface, might cause this undesirable
behavior. However, repair of the field
errors did not significantly ameliorate the
tendency of NBI plasmas to collapse shortly
after the beginninng of injection, and during
the last year attention was focused on
improved wall conditioning as a possible
remedy for the problem. As described
in Sect. 1.2.1.2, gettering was initiated in
the hope that further reduction of low-Z
impurities would lead to an improvement of
plasma parameters and eliminate collapses in
NBI plasmas.

In addition to the expanded use of
gettering as a method for assessing the influ-
ence of impurities, active impurity injection



experiments were performed to gain more
insight into the effects of contaminants on
ATF plasmas. A laser ablation system was
installed in order to determine the impurity
transport coefficients and to permit more
accurate modeling of the impurity behavior.
Neon injection experiments were also used
to assess power losses and to determine the
level of radiation that the plasmas could
support.

The changes of impurity radiation under
various conditions, improvements of plasma
parameters as a result of gettering, and
impurity injection experiments are described
in Sects. 1.1.4.1-1.1.4.3.

1.2.4.1 Gettering and impurity radiation

Radiated power levels determined from
spectroscopic analysis and from bolome-
ter measurements are listed in Table 1.1
for plasmas heated by ECH alone and
in Table 1.2 for plasmas heated by NBI
with the emissions observed for a typical
edge ion, O VI. These analyses encompass
both nongettered sequences of discharges
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and gettered sequences in which chromium
and titanium were evaporated with different
fractions of wall coverage. The effects of
gettering are best evaluated from the quasi-
steady ECH plasmas, since the percentage of
raciation can vary substantially during NBIL
Emissions from the low ionization stages of
carbon, nitrogen, and oxygen were lower
by factors of 2 to 5 in the discharges with
chromium gettering than in the nongettered
discharges. This result does not indicate
the reduction of the influx of low-Z ions
by the same factor owing to the nonlinear
response of peripheral emissions to changes
of plasma conditions.  Indeed, charge-
exchange excitation (CXE) signals, which
provide a direct measure of the impurity
content in the interior of plasmas, indicated a
drop of about 30% in the density of carbon
immediately after the first getter cycle, but
a rise of approximately the same percentage
in the oxygen content. Titanium gettering,
however, reduced the interior carbon and
oxygen densities by factors of 2 to 3, while
the emissions from the strongly radiating
edge ions were lower by factors of 40 to 60
than in the nongettered cases.

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

Gtters None None
fie. % 102 cm™3 4.1 7.4
Er. ission rate for 1032-A 12 50
line of O VI, GR
Radiated power, kW
Oxygen 33 93
Carbon 48 28
Nitrogen 8 19
fron 16 6
Chromium 5 2
Titanium 0 0
Total power, kW
Spectroscopy 115 148
Bolometer —_ 60

2Cr 2Cr 4Cr 4 Ti 6 Ti
6.1 4.5 9.0 5.1 49
16 25 42 2 5
70 37 71 4 12
23 11 29 3 6
21 5 3 0 0
10 R 5 13 25
20 8 7 7 9
0 0 0 12 20
144 69 116 45 85
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 P, kW 6354 610¢ 800 900% 900¢ 800
fe, X102 cm™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

2200 kW of ECH power applied during the entire neutral beam pulse.

The total radiated power from a given
impurity is determined from spectroscopic
data by fitting measured signals from several
spectral lines to the output of an impurity
transport code in which the free parameters
are adjusted to give an acceptable correlation
with experiment.  Toroidal symmetry 1is
assumed. The uncertainty in evaluating the
total radiation from this method is estimated
to be £25%.

One obvious effect of gettering over
the operational period covered by the se-
quences presented in Table 1.1 is the strong
reduction of low-Z power losses, which
raises the plasma edge temperature, and a
corresponding increase in the power lost
through radiation from the metals as a result
of increased sputtering rates. The metal
radiation was almost negligible compared to
tne losses from low-Z ions before gettering,
but it accounts for as much as 80% of
the radiated power when 70% of the vessel

wall area is covered with titanium. In
these low-density ECH discharges, radiated
power scales approximately as 7., so that the
spectroscopic analyses shown in Table 1.1
imply that chromium and titanium gettering
reduce the total radiated power in 200-kW
ECH discharges by factors of 1.4 and 2.7,
respectively, when normalized to the density.
Similar conclusions hold for the 400-kW
discharge characterized in Table 1.1 if the
radiation is also normalized to the input
power. Data from a wide-angle bolometer
indicate that gettering has, at most, a
small effect on the total radiation. When
normalized to the electron density, the losses
measured by this diagnostic are a constant
fraction of the input power, within +16%,
under all conditions of wall conditioning.
The spectroscopic and bolometric data are
seen to agree well in ECH plasmas when
extensive titanium gettering is employed;
they diverge by factors of 2 or more when
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the low-Z ions dominate the radiative losses.
The dichotomy between the two types of
analyses remains an unresolved problem.

1.1.4.2 Effects of gettering on plasma
performance

Regardless of any uncertainty about the
effect of gettering on radiated power, it is
clear, at least when titanium is used, that the
hydrogen released or recycled from the walls
is greatly reduced during a discharge. This
feature permits tailored gas puffing and has
made high-density operation accessible. At
these high densities (up to 1.2 x10' cm™3)
NBI plasmas can be operated in a quasi-
steady mode, although gettering per se did
not eliminate the collapses in low-density
plasmas.

Figures 1.8-1.14 illustrate several char-
acteristics of low-density and high-density

12

titanium-gettered plasmas. No gas is added
during NBI in the low-density case. In
fact, the gas puff is reduced throughout
the NBI phase, and any increase in ne
comes from beam fueling or from particles
released from the walls. Such plasmas
manifest the typical evolution observed for
nongettered or chromium-gettered plasmas.
After the beams are turned on, the electron
temperature falls monotonically from 500 eV
to less than 20 eV [Fig. 1.10(a)]. The
stored energy and the ion temperature rise
for about 60 ms after injection begins,
but then decay rapidly. Impurity levels
increase by a factor of 2 to 3 shortly after
injection begins. The rapid increases of
emission from the ionization stages depicted
in Fig. 1.9 appear to be the result of the
falling electron temperature. Although these
plasmas collapse, the radiation level remains
relatively low, less than 18% of the input
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evolution in low-density NBI plasmas.

power up to the time of the stored energy
maximum. Distinct changes in the slopes
of the impurity signals appear first in the
innermost ions; this behavior implies that the
temperature decay results from confinement
losses in the interior rather than from a
gradual narrowing of the plasma column as
a result of increasing peripheral radiation.
The evolution of the high-density dis-
charges is quite different from that of
discharges with no additional gas puff during
injection.  Figure 1.11(a) shows that the
fueling rate is increased strongly at the same
time the beams are injected. Initially, the
electron temperature cools rapidly, but in the
following 50 ms it reheats to 275 eV in the
center. The electron temperature behavior
is reflected in the soft X-ray signal shown in
Fig. 1.11(d), and Thomson scattering profiles
are illustrated for various times during the
discharges in Fig. 1.13(a). After the initial
reheat, the electron temperature and stored
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energy increase slightly until the end of the
NBI pulse with no sign of evolving toward
a collapse. The central ion temperature,
measured from the Doppler broadening of
O VII spectral lines, exhibits a brief rise
when the beams are turned on but returas
to the preinjection level within 16 ms.
Modeling indicates that this ion is spread out
over a region where the electron temperature
is 200 to 300 eV, and it is not now understood
why the electron and ion temperatures should
be so different in these high-density, low-
temperature plasmas.

Emissions from the lower ionization
stages of oxygen, titanium, and iron
(Fig. 1.12) are seen to be almost constant
after 400 ms. The Ti XIX signal disappears
before 400 ms because the electron temper-
ature in the plasma is too low to sustain a
measurable density of this ion. (The loss of
signals from Fe XV and Ti XIX at 230 ms
results from termination of ECH heating
before NBI begins in these discharges. Note
that the plasma still reheats when the beam
turns on.) As in the low-density case,
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
discharges. The comparable fractions of
radiated power in the NBI phases of both
the transient and the quasi-steady discharges
indicate that global radiation losses are not a
primary factor in initiating collapses.

Modeling of the profiles of radiated
power from the spectroscopic data also
indicates that radiation is very unlikely to
be responsible for initiating the loss of
confinement in the interior inferred from
the data of Fig. 1.9. Figure 1.14 shows
that the radiated power during low-density
discharges is approximately 0.04 W-cm™>
frc m the center of the plasma to a reduced
minor radius of 0.8. If all the power from
a 1-MW neutral beam is deposited in this



volume, it is more than 10 times this level
on average.

1.1.4.3 Impurity injection

Although the global magnitude of the
radiated power appears insufficient to ex-
plain the collapse depicted in Figs. 1.8
and 1.9, it is obvious that at some level
impurity radiation can seriously degrade the
plasma confinement. Neon was injected into
titanium-gettered plasmas to ascertain the
level of radiation that could be supported.
Figure 1.15 illustrates the emission from
several spectral lines for collapsing (dashed
lines) and noncollapsing (solid lines) dis-
charges. The amount of neon introduced
in the noncollapsing sequence is marginally
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below the level that initiates a continuous
drop in the electron temperature. It is
introduced in a 7-ms-wide pulse at 200
ms.  The emissions from the low stages
peak about 80 ms later, then decline until
about 350 ms, when a sudden change in
the plasma characteristics results in a steady
state.  Radiation from the intrinsic ions
is only about 30% lower in the steady-
state phase than it is before neon injection.
Table 1.3 shows the power radiated from the
dominant impurities before injection, at the
maximum of Ne VIII radiation, and in the
steady-state interval. Once neon is injected
into the plasmas, it doubles the radiative
power and becomes the dominant emitter
according to the spectroscopic analysis. The
bolometer detects almost no change in the
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Fig. 1.15. Spectral line radiation from ECH discharges with neon injection at 200 ms. Solid lines: signals
from noncollapsing discharges. Dashed lines: signals from collapsing discharges.



Table 1.3. Spectroscopic analysis of
radiated power during NBI heating

Time, ms
200 300 400
fie, x 102 cm ™3 42 49 438
Emission rate for 770-A 1.5 21 11
line of Ne VIII, GR
Radiated power, kW
Neon 52 61.5 27.2
Oxygen 2.6 32 1.8
Carbon 1.8 0.8 1.1
Nitrogen 0.5 0.3 0.4
Iron 156 6.1 9.8
Chromium 5.6 3.1 4.5
Titanium 0 0 0
Total spectroscopic 44 87 56

power, kW

total radiated power, however. The maxi-
mum radiated power is 48% of the 200-kW
ECH input. Electron temperature profiles
measured by means of Thomson scattering
at three different times during the neon
injection experiments are shown in Fig. 1.16.
It is obvious that the profiles are narrower
at 320 ms—that is, after neon injection—
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Fig. 1.16. Electron temperature profiles from
ECH discharges following neon injection at 200 ms.
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than they are at 180 ms before the neon
is introduced. This direct observation of
edge cooling supports the similar inference
from the behavior of the iron emission [Fig.
1.15(d)]. The profile is again relatively
broad at 400 ms. A sudden change in
the profile around 350 ms is apparently
responsible for the transition to the steady-
state emission levels observed in the spectral
lines.

Lengthening the neon pulse from 7 1o
8 ms causes the plasmas to evolve to a
collapse, as shown by the dashed lines
in Fig. 1.15. The temperatures after the
collapse in this experiment are not as low
as those usually observed; O VI remains,
uncharacteristically, a dominant ion in the
afterglow. The erosion of the plasma edge
has been proposed as a possible mechanism
for the collapse on the basis of predictive
calculations using the PROCTR code. The
neon injection experiments confirm that this
scenario can occur when a strong edge influx
narrows the profile; it appears that the total
radiation required to trigger this behavior is
about 50% of the input power. These results
tend to confirm our conclusions that the
radiative power losses of 20 to 25% observed
during NBI cannot initiate the collapses and
imply that some other loss mechanism leads
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
completely understood. A laser ablation
system has been installed on ATF to de-
termine transport coefficients and to model
impurity behavior more accurately.  For
the experiments described here, the injected
impurities were aluminum and scandium.
The results of these experiments have been
modeled with the one-dimensional (1-D)
PROCTR transport code, which has been
modified to solve the full multi-charge-
state impurity equations. The code now



solves for impurity transport in the proper
stellarator geometry using arbitrary values
of the diffusion coefficient D and of the
convective velocity v, both of which can
be functions of the reduced minor radius.
To model the ECH plasmas, a diffusion
coefficient that increased with minor radius
was required. The best fit was obtained with
D = 1000 + 4000p* cm?/s and with v = 0.
The results of this fit are shown in Fig. 1.17
for aluminum. If the global impurity
particle confinement time is defined as the
exponential decay time of the total injected
impurity density, then for ECH plasmas the
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simulation gives a global impurity particle
confinement time 7, = 65 ms. This is
significantly longer than the global energy
confinement time, which was approximately
5 ms for these discharges. The results of the
fit to the scandium data from NBI plasmas
are shown in Fig. 1.18. For these plasmas
a centrally peaked diffusion coefficient was
required. In this case the best fit was
obtained with D = 5000 — 4500p% cm?/s.
Again, the convective velocity was set to
zero. In this case, 7.2 40 ms, which
is also longer than the energy confinement
time. We emphasize that an impurity particle
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confinement time deduced from the decay
time of central impurity radiation such as
Sc XIII would be about twice as long as that
defined by global losses. The difference in
the diffusion coefficients deduced for ECH
and NBI plasmas is striking. This type
of increased transport in the center of NBI
plasmas has been deduced previously from
measurements of charge-exchange emission
from helium-like ions of light impurities.
Such increased transport substantially alters
the ionization balance, especially of light
impurity species, and contributes to higher
radiation levels.  Nevertheless, the total
radiated power from both spectroscopic and
bolometric measurements is only about 25%
of the input power for these beam-heated
discharges, which are near the effective
density limit.

It is difficult in the simuilation to repro-
duce the absolute levels of radiation from
ionization stages in the plasma edge. Apply-
ing a pinch term to lower the edge radiation
to a level in better agreement with the
data does not reproduce the observed time
behavior of the more central emission. In
ATF, the edge rotational transform is unity,
in contrast to tokamaks, where generally
g = 3 at the edge. From the definition of
g, it follows that poloidal spreading of edge
impurities will be smaller in ATF for each
toroidal transit. Since the transit time for
these impurities is of the order of 1 ms,
poloidal asymmetries may be the cause of
the overestimates shown in Figs. 1.17 and
1.18 for the emissions from low ionization
stages.

1.2 EDGE PHYSICS AND PARTICLE
CONTROL PROGRAM

P. K. Mioduszewski (Program Manager),
D. L. Hillis, J. T. Hogan, C. C. Klepper,
R. Maingi, M. M. Menon, L. W. Owen,
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T. F. Rayburn, J. E. Simpkins, and
T. Uckan

The Edge Physics and Particle Control
(EPPC) program addresses issues related to
characterization of the plasma edge, plasma
interactions with the wall, and techniques
for edge modification aimed at the im-
provement of plasma performance. This
includes optimization of wall conditioning
for particle and impurity control as well
as studies of plasma edge properties, pump
limiter and divertor operation for density
control, confinement improvement, and ash
exhaust. Collaborations with TEXTOR, Tore
Supra, and DIII-D offer opportunities to
study these issues in limiter as well as
divertor machines, and in stellarator as well
as in tokamak configurations. Application
of identical experimental techriques and
modeling tools to machines cf different
sizes and configurations provides maximum
payback of investments made and also offers
the opportunity for direct comparisons of
plasma performance as a function of machine
configuration and plasma parameters.

During the past year, activities on ATF
were focused on wall conditioning and
edge fluctuation studies. On the Advanced
Limiter Test-II (ALT-1I) in TEXTOR, the
emphasis was on helium transport and re-
moval experiments with full pumping of the
pump limiter. In addition, particle transport
studies by H, measurements were contin-
ued. On Tore Supra, additional pump limiter
diagnostics were installed and commissioned
in preparation for particle transport and
exhaust studies with the phase II pump
limiter module. Within the collaboration
with General Atomics (GA) on the Advanced
Divertor Program (ADP) on DIII-D, work
was performed in three areas: (1) computer
code calculations were carried out to predict
the performance of the advanced divertor,
(2) possible options for a pumping system



were evaluated, and (3) a set of divertor
diagnostics was prepared.

1.2.1 Edge Plasma Studies and
Particle Control in ATF

1.2.1.1 Initial measurements of edge
plasma turbulence using a fast
reciprocating Langmuir probe

T. Uckan, C. Hidalgo, J. D. Bell, J. H.
Harris, J. L. Dunlap, G. R. Dyer, P. K.
Mioduszewski, J. B. Wilgen, Ch. P. Ritz,
A. J. Wootton, T. L. Rhodes, and K. Carter

The electrostatic turbulence on the edge
of the ATF torsatron is measured to study
the role of this phenomenon in particle
transport in this currentless magnetic con-
figuration. Spatial profiles of the plasma
electron density n., temperature 7., and
fluctuations in density (72¢) and in the plasma
floating potential (¢) are measured around
the last closed flux surface (LCES) using
an FRLP similar to one on the TEXT
tokamak.!? Measurements are carried out
on ECH plasmas at a magnetic field B =
1 T. The plasma is created using a gyrotron
source at 53 GHz with heating power Fgcy =
200 kW. In these ECH plasmas, typical line-
average electron densities i, = (3-6) X
10'?2 cm~3 and stored energies 1, ~ 1-2 kJ.

The FRLP is located one field period
away from the instrumented rail limiter. The
probe is inserted into the edge plasma from
the top, moves 5 cm into the plasma in
50 ms, and remains there for about 40 ms to
facilitate the fluctuation measurements. The
FRLP head consists of a square array of
four tips that are 2 mm long and 2 mm
apart. From the double Langmuir probe
operation of two tips aligned perpendicular
to the local magnetic field, the edge plasma
ne, Te, and fie/n. profiles are measured

inside (about 2 cm) and outside the LCFS.
The other tips are used to measure ¢ and
the wave number k. The data have been
analyzed using spectral analysis techniques:
the fluctuation signals are digitized at 1 MHz
and then, with a conventional fast Fourier
transform, their power spectra S(k,w) as a
function of frequency w and A are obtaired
from a two-probe technique.!®> The ensemble
averaging of the spectral distribution of the
flux, obtained from the correlation of the
density and the floating potential fluctuations
(temperature fluctuations are ignored), gives
the turbulence-induced radial particle flux:

~

I = (fietr)
=2 Z (k/B)¥n ¢ Mrms
w>0
X ¢mssin 04 (1.1
where 9, = —ik@/B is the radial velocity

due to the electrostatic fluctuations, v, 4 is
the coherence, 6,4 is the phase angle be-
tween the density and potential fluctuations,
and nq,s and ¢, are the rms values of the
fluctuations.

Spatial profiles of the edge plasma den-
sity, temperature, and floating potential ¢ are
given in Fig. 1.19 for 0.95 < r/a < 1.15,
with @ = 0.27 m the average plasma radius
at the LCFS, where the safety factor ¢ ~ 1.
These measurements were made during the
steady-state phase of the plasma discharge.
Around the LCFS, r/a =~ 1, ne = (I-
2) x 10" cm™3 and T, = 3040 eV. The
characteristic density and temperature scale
lengths are L, = [—(1/ne)(dne/dr)]™! ~
2-4 cm and Lp = 2L, respectively.

The normalized density (i /n.) and float-
ing potential (¢/T) fluctuation profiles are
given in Fig. 1.20. Typical values around
the LCFS are 7,/n. ~ 0.05-0.1 and ¢/T; ~
0.1-0.2. The fluctuations depart increasingly
from the Boltzmann relation (¢/T, = ie /1)
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Fig. 1.19. Spatial profiles of the ATF edge plasma
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as the probe is moved into the core plasma
where T. > 20 eV, and ¢/T. = 2fi./n. at
r/a ~0.95.

21

ORNL-DWG 90-2486 FED

0.30 -
o Ne/Ne
o -
v} i A ¢ Te
@oes
4
A
& 0.20 1
= A °
D
g 0.15 A g R
A
o ﬁ A
w0 0.10 A Aéé R
= A o
<
. a
%o% EQBBEB
[0} T T T T T
0.90 0.95 1.00 1.05 1.10 1.15

r/a

Fig. 1.20. Relative fluctuation levels for edge
density and potentiz.

The fluctuation spectra of 7, and @
have been examined for frequencies up to
400 kHz. Observed wave number—frequency
power spectra S(k,w) are broad and mostly
in the range 40-300 kHz. The estimated
wave numbers k = 1-3 cm ™! satisfy kps =
0.05-0.1, where p; is the ion Larmor radius
at the sound speed. The propagation of
the fluctuations is in the ijon diamagnetic
direction for /@ > 1, but it reverses to the
electron diamagnetic direction for r/a < 1.

The fluctuation-induced particle flux is
estimated from Eq. (1.1), using v,4 =~ 0.8
up to 150 kHz and v,4 ~ 0.2 beyond
250 kHz. The phase angle is 6,4 ~ 40°
around 150 kHz. The spatial profile of the
total particle flux [ is given in Fig. 1.21
for f, = 3.5 x 10" em™>.  The flux
is always outward and at the LCFS has
a value ' =~ 4 x 10" cm™%s™'.  The
corresponding fluctuation- mduced pamcle
confinement time is 7, = 0. 75(@/2)n )T ~ 8-
10 ms for the assumed parabolic plasma
density profile. Using Hn measuremeiits
to estimate the particle flux at the LCFS is
rather difficult because of the complicated
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geometry of the ATF edge. Instead, the
energy confinement time is compared with
7p. From the stored energy W) ~ 2 kJ, the
estimated global energy confinement time
is 7p = Wp/Fscn = 10 ms, which is
comparable to 7,. The local density diffusion
coefficient can be estimated from D, =
ILn/ne = 1.5 x 10* cm?s™!, which is
about the same order of magnitude as the
Bohm diffusion coefficient at B =1 T.

1.2.1.2 Gettering techniques
J. E. Simpkins

Initial gettering in the ATF vacuum vessel
was accomplished by subliming chromium
from spherical sources fabricated at ORNL.
A 30-min getter cycle with two such
sources provided a chromium film with
an average thickness of 5 monolayers that
covered ~30% of the vacuum vessel wall.
The results were promising, and two more
chromium sources were added to increase the
wall coverage to ~50%. Reductions in the
levels of gaseous impurities were observed in
the plasma spectroscopically and in the resid-

ual gas as measured by the quadrupole mass
spectrometer (QMS). Initially, Pr,q was near
100%, causing thermal plasma collapse, but
was reduced to less than 40% with Zeg < 2
after chromium gettering. Since a chromium
film can pump only about one monolayer
of hydrogen,'* the recycle coefficient from
the walls for this gas is near unity. On
the other hand, titanium can pump large
quantities of hydrogen by surface adsorption
and subsequent bulk diffusion.!* To aid in
the pumping of hydrogen, the chromium
sources were replaced by titanium.

At present, seven titanium sources are
used on ATF to deposit a film that covers
~70% of the vacuum vessel wall. Improve-
ments to the plasma include the reduction of
radiated power to about 25% and longer NBI
discharges at higher densities. Gettering is
usually performed once each day, just before
plasma operations begin. Some of the effects
of gettering on the vacuum may be seen
in Fig. 1.22. The rates of rise of partial
pressures of the gases shown were measured
with the pump valves closed. Prior to day
1 (Aug. 18, 1989) no gettering had occurred
since an extended opening. Gettering with
four chromium sources began on day 10 and
was continued as a routine procedure until
day 86, when the vacuum vessel developed
a large leak. Gettering resumed on day 99
with seven titanium sources. After a few
getter cycles, the leak rate could no longer be
calculated from either the total pressure rate
of rise or the N, partial pressure rise because
on a “well-gettered” surface the getter film
continued to pump Nj, even after 24 h.
Instead, the argon rate of rise, identified
as mass 40* in Fig. 1.22, was used as the
equivalent air leak. For a short time (around
day 50), the leak rate decreased by more
than an order of magnitude, as shown by the
decrease of both N, and argon. The H; rate
of rise from outgassing by the walls remains
lower after titanium gettering, indicating the
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continued pumping of Hz by the titanium-
coated walls.

1.2.2 Helium Removal Experiments and
H, Studies on ALT-IT in TEXTOR

1.2.2.1 Helium exhaust and transport
studies

D. L. Hillis, J. T. Hogan, C. C. Klepper,
P. K. Mioduszewski, R. C. Isler, and
L. D. Horton

In future burning fusion devices, the
continuous removal of helium ash from the

core with high efficiency is necessary to
prevent dilution of the fuel and concomitant
extinction of the bum.  Exploration of
continuous helium removal with a pump
limiter is part of the ALT-II experimental
program on the TEXTOR tokamak. To
simulate the presence of recycled helium ash
in a tokamak, concentrations of 3 to 8%
helium (relative to n.) are either premixed
into the working gas (H/D) or puffed into the
TEXTOR plasma during the discharge. The
transport of the helium in the plasma core
and its subsequent pumpout using the ALT-II
system are followed with CXE spectroscopy,
in combination with NBI. The time evolution
of the helium concentration is measured
at three spatial locations along the plasma
minor radius. The exhausted helium in the
limiter chamber is detected by a modified
Penning gage combined with a spectrally
resolving light detector system. Helium
transport results have been obtained with
plasmas heated both by neutral beams alone
(co-injection and co- plus counter-injection
up to 3.0 MW) and by neutral beams in
combination with up to 1.5 MW of ion
cyclotron resonance heating (ICRH).

In helium puffing experiments (with NBI)
at low density (~2 x 10" m™3), the helium
is transported into the plasma core within
~100 ms. With ALT-II pumping, up to
90% of the injected helium is subsequently
exhausted within 1 s (Fig. 1.23), but the
concentration is unchanged when the ALT-
II pumps are off. Modeling of the helium
transport in the removal experiments has
been performed with the MIST impurity
transport code: experimental results can be
fitted with a spatially dependent anomalous
diffusivity [which varies from Dj(core) ~
0.1 m?%/s to Da(edge) = 1.0 m?/s] added to
sawtooth mixing, a pinch term [1p(edge) =
—50 m/s], and a global helium recycling
coefficient Ry = 0.92. This is done by
matching both the observed rise time and
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the longer pumping-induced decay of the
helium in the plasma core as a function of
the reoycling coefficient (Fig. 1.24). The
helium exhaust efficiency is about 8%, as
estimated from pressure measurements in the
ALT-1I pumping duct, and is in agreement
with these calculations. Combining the
helium transport results with energy balance
analysis using the TRANSP code for a low-
density case gives an estimate of the ratio
r}','“z‘ /T ~ 3. Extrapolations to the pa-
rameters of the Iniernational Thermonuclear
Experimental Reactor (iTER) indicate that
more efficient helium removal is required.

These studies are carried out in collabo-
ration with K. H. Finken, K. H. Dippel, A.
Pospieszczy¥, D. Riisbuldt, ané H. Euringer
of the Kernforschungsanlage (KTA) Jiilich;
R. A. Moyer and D. S. Gray of the
University of California at Los Angeles; K.
Akaishi of the National Institute for Fusion
Science (Nagoya, Japan); and R. A. Hulse
and R. Budny of Princeton Plasma Physics
Laboratory.
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1.2.2.2 Modeling of H, emission and
plasma cosifinement

L. W. Owen, T. Uckan, and
P. K. Mioduszewski

Modeling of H, emission for Ohmic
discharges in TEXTOR was begun during
1988.15 A semi-empirical model of the
edge plasma particle flux incident on the
ALT-1I blade limiter agreed well with the
experimental data. However, the model
neglected poloidal asymmetries in the edge
particle flux and distributed the plasma
flowing under the blade uniformly on the
vacuum liner.

During 1989, we attempted to cor-
rect these deficiencies by using measured
distributions'® of core plasma density and
temperature with scrape-off layer plasma
parameters from the scinning probe, the
neutral lithium beam diagnostic, and Lang-
muir probes in the ALT-1I scoops to describe
the plasma environment for DEGAS neutral
transport simulations.



The Langmuir probe measurements'® of
particle flux into the scoops on the electron
and ion drift sides of the ALT-II blade
indicate a flux asymmetry, favoring the
ion drift side, of 2.25 to 1.24 for line-
average densities of 1.5 x 1013 to 3.7 x 10"
cm™3. Exponential fits of the scoop flux
measurements indicate that the ratio of the
decay length on the electron drift side to
that on the ion drift side is approximately
1.3. Extrapolation of these distributions to
the LCFS gives the tangency point parallel
particle flux at the limiter but neglects the
effects of local recycling inside the scoops.
Direct measurements of the tangency point
fuxes are available from the scanning probe
(electron drift side) and the lithium beam
diagnostic (ion drift side); however, the
lithium beam data!’ indicate a pronounced
steepening of the density profile as the
plasma flows to the blade.

With these uncertainties in mind, we used
the scanning probe data for edge plasma
density and temperature profiles and the
scoop Langmuir probe data (extrapolated)
for particle flux to the blade in the DEGAS
code to fit the data from the HA3 monitor
(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
confinement times vary from 45 ms at n.
1.5 % 10'3 ¢cm ™3 to 80 ms at ne = 3.7 x 10"
cm™3. These particle lifetimes are in good
agreement with those obtained by Goebel et
al.’® with the scanning probe on the outboard
midplane.

1.2.2.3 Analysis of recycling energy
distributions from H,,
measurements

J. T. Hogan, C. C. Klepper, and D. L. Hillis

The energy spectrum of particles reflected
from limiter or divertor surfaces is an
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important quantity in the construction of
scrape-off layer models. As part of the
ADP, it is important to characterize the flux
of recycled high-energy neutrals that might
strike the cryogenic pumping system.
Previous work by the TEXTOR group
had shown that the wavelength spectrum
of Ho light emitted from such surfaces
could give a sensitive indication of the
velocity distribution of neutral hydrogen as
it recycles.!? Strong features on the red side
of the H, spectrum were found to be well
correlated with edge T, and the existence of
particles reflected with an energy of ~3A7..
To explore the feasibility of this technique
for the DIII-D application, measurements



were carried out as part of the ALT-II
program. A number of poloidal scans of the
ALT-II limiter were made with a wavelength-
resolved spectrometer. Figure 1.26 shows
a typical result. The onset of NBI led
to incieased recycling of hydrogen from
the walls, but no systematic asymmetric
(red-side) features were observed on the
H, spectrum. The lack of pronounced
asymmetries is probably due to the fact that
particle reflection coefficients for graphite
surfaces are lower than those forthe stainless
steel test limiter used in previous work on
TEXTOR. Monte Carlo modeling studies
of TEXTOR with the Oak Ridge General
Geometry code (GEORGE) showed a trend
toward diminution of strong reflection peaks
in the H, distribution. If this trend is
confirmed, it would support the operation of
cryogenic pumping systems near the divertor
strikepoint.

Further work is planned on the DIII-D
tokamak to extend the observations to higher
power (up to 20-MW NBI, compared with
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1.6 MW on TEXTOR) and to characterize
the incoming energetic spectrum for the
future DIII-D pumps.

1.2.3 Pump Limiter Studies on
Tore Supra: Measurements of
Pressure Buildup and Particle
Fluxes

C. C. Klepper, P. K. Mioduszewski,
L. W. Owen, J. E. Simpkins, and T. Uckan

The aim of the Tore Supra pump limiter
program is to study particle control with a
pump limiter system in long-pulse (x30-s)
discharges with high fueling rates and high
auxiliary heating. This limiter system
consists of six vertical modules located at the
bottom of the machine and one horizontal
module located at the outboard midplane.
It is designed to remove approximately
8 MW of power. The initial pump limiter
experiments were carried out in ohmically
heated discharges (B = 2 MW, I, = 750
A, typically), in which the power flux to
the edge was low enough to operate on
the outboard module only. This module is
instrumented with pressure gages, a residual
gas analyzer, Langmuir probes in the limiter
throat, and a spectrometer viewing the
neutralizer plate. The core particle inventory
was determined from the density profiles of
a five-chord FIR interferometer.

Most experiments were done in helium;
H; and D, plasmas were produced near the
end of this first experimental phase. Some of
the pump limiter results in helium plasmas
are described in ref. 18. Even though
the determination of particle balance in the
helium discharges is simpler, the pumping
effects are only transient, since the 200,000-
L/s (nominal) titanium getter pumps, located
inside the pumping chamber of the limiter,
do not pump the helium. Therefore, the



small set of D, discharges with the pump
limiter provided the opportunity to study
the particle balance with pumping in steady
state.

The analysis was done with a global
particle model. This model connects the
measured changes in core plasma density
(Fig. 1.27) and in the edge particle efflux
to changes in the pressures inside the pump
limiter as pumping is turned on and off
(Fig. 1.28). At low densities (ne ~ 2 X
10" m—2) an exhaust flux of about 3 torr-L/s
was determined, which corresponds to a 6%
exhaust efficiency.

Detailed modeling of the processes in
the pump limiter with the DEGAS neutral
transport code is under way. This work is
carried out in collaboration with M. Chatelier
and J. L. Bruneau of the Centre d’Etudes
Nucléaires, Cadarache, and J. G. Watkins of
Sandia National Laboratories, Albuquerque.
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1.2.4 The DIII-D Advanced Divertor
Program

1.2.4.1 Neutral particle modeling

L. W. Owen, P. K. Mioduszewski,
M. M. Menon, and J. T. Hogan

A principal objective of the collaborative
ADP on DIII-D is to achieve density control
in H-mode discharges with edge biasing
and with continuous particle exhaust at
the rate determined by external fueling
sources (typically 20 torr-L/s). The divertor
baffle~bias ring system has been optimized
with the neutral transport code DEGAS to
achieve maximum particle throughput within
constraints imposed by other aspects of the
DIII-D experimental program. Magnetic flux



surfaces and plasma parameters from the H-
mode documentation series are used to estab-
lish the dependence of baffle entrance slot
conductance, baffle pressure, and particle
throughput on the baffle~bias .ing geometry.

For typical H-mode discharges, approxi-
mately 40 torr-L/s enters the outboard baffle
chamber. With an entrance slot conductance
of 50,000 L/s, a pumping speed of the
same order is required to remove half of
the incoming particle flux. Increasing the
exhaust fraction with higher pumping speed
is self-limiting, because of the reduction of
the recycling particle flux with increasing
divertor exhaust. The required pumping
speed of 50,000 L/s can be achieved with
either titanium pumps or cryopumps, but
evaluation of both systems, as described in
Sect. 1.2.4.4, led to the conclusion that a
cryopump will be more compatible with the
environment of the DIII-D divertor.

An important consideration in the design
of an in-vessel cryopump is the power
deposition on the cold surfaces of the pump
and radiation shield. No experimental data
exist for particle and energy reflection in the
energy range (a few electron volts) of neutral
atoms in the baffle chamber. Consequently,
there is considerable uncertainty in the power
deposition estimates from neutral transport
simulations in this low-energy regime. Ruzic
and Chiu'” have developed a fractal surface
roughness model for use in the TRIM
binary collision model code?® and the EAM
molecular dynamics code.?! Reflection co-
efficients generated with these fractal codes
for deuterium on carbon have been used
in DEGAS to calculate the energetic atom-
energy flux on the cold surfaces of the pump.
Preliminary results indicate that the heat
load is somewhat lower than that obtained
with reflection coefficients extrapolated from
the 100-eV range, where experimental data
exist.
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A cryopump configuration that meets the
objective of removing half of the incoming
particle flux is shown in Fig. 1.29. The
positions and orientations of the components
of the liquid-nitrogen-cooled radiation shield
were optimized with DEGAS to maximize
the conductance from the baffle entrance
to the cryopump and simultaneously min-
imize the power deposited on the liquid
helium tube.  For typical quiescent H-
mode conditions, the heat load on the
cryopump resulting from energetic particles
is negligibly small for this configuration.
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Fig. 1.29. Schematic diagram of the cryoconden-
sation pump inside the bafflc chamber.

1.2.4.2 The pre-VORTEX code
J. T. Hogan

To determine the effect of pumping on
plasma performance, an internally consistent
model for particle transport in an open
divertor geometry has been developed. Em-
bodied in a new code, pre-VORTEX, the
model couples the particle balance in the
plasma core, the scrape-off layer, the open
divertor channels, and the vacuum regions.
The plasma core is considered to have
a relatively quiescent center and a less



well confined outer region characterized by
an edge-localized mode (ELM) frequency
and amplitude. The radial (1-D) density
conservation equation is solved, assuming
that all external ionization occurs in the
outer (ELM) region and all external fueling
(e.g., from neutral beams) occurs in the
central region. The scrape-off layer is
modeled with 1-D parallel and perpendicular
transport, assuming particle influx from the
plasma core and ionization of recycling
neutrals from the wall and divertors. A
two-point divertor channel model integrates
the 1-D parallel transport equations between
the throat and the divertor plates. It is
similar to previous “simple’” models, but new
physical processes are considered: hydrogen
charge exchange, impurity thermal charge
exchange, and flux-limited parallel transport.
The differing recycling properties of the wall
regions and the divertor plates enter in the
neutral particle balance, which couples the
nine separate regions of the open divertor
pumping geometry. No explicit water-
shed symmetry condition is imposed for
the scrape-off layer solutions, and particle
balances for the various regions are coupled.
A more detailed description of the model is
given in ref. 22.

Given local plasma and scrape-off layer
diffusivities, wall recycling properties, and
magnetic geometry data, the model predicts
both divertor properties and the volume-
average density and global particle confine-
ment time. The model has been compared
as a stand-alone code with typical data from
the DIII-D experiment and applied to the
proposed ADP.

For the nominal parameters of DIII-D
and the pump geometry described in
Sect. 1.2.4.1, the effect of pumping on the
particle balance in a discharge with 5§ MW of
injected power at various fueling ratios Xcor
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has been examined. Figure 1.30 shows the
outer divertor amplification factor A, which
is the ratio of divertor particle flux to throat
particle flux. Without fueling, A decreases
from 12 to 5; with 200-250 A of central
fueling, A remains around 10. The core
plasma density drop is large (~50%) without
core fueling, as shown in Fig. 1.30(b).
The pre-VORTEX model predicts particle
confinement times of 150 to 350 ms, with an
assumed ELM diffusivity of 10* cm?-s~},



1.2.4.3 Diagnostics

C. C. Klepper, M. M. Menon, C. L. Hahs,
J. E. Simpkins, and P. K. Mioduszewski

ORNL is responsible for the diagnostics
of the ADP in two areas: fast pressure
measurements inside the closed divertor re-
gion and visible spectroscopy of the divertor
strike region under the biased plate.

Fast pressure gages

The fast gages developed by Gunther
Haas of the ASDEX group will be used
for fas\ pressure measurements. Such gages
are already employed in DIII-D, where
they work more reliably when enclosed in
housings that prevent energetic neutrals or
ions from arriving directly (or after a single
bounce) at the gage. These housings provide
a slot where the particles may enter and a
set of baffles to ensure that the particles are
thermalized before reaching the gage. In
designing such housings, care must be taken
not to substantially reduce the response time
of the system by limiting the conductance.
A typical response time of the electronics
is 5 ms. Therefore, the maximum response
time of the housings should not exceed 5 ms.

Two gages will be used; the second will
be employed to detect the effects of the
energetic particles. In the design of the
pumps for the closed divertor, the modeling
included energetic particle fluxes based on
assumed reflection fractions and energies at
the strike point. These measurements will
provide an experimental basis for checking
these assumptions.

The gages will be installed in the closed
divertor region, near the future location of
the cryogenic pump, by means of a re-
entrant tube. For the energetic neutrals gage,
DEGAS modeling will be used to determine
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a relation between the fast particle flux and
the corresponding pressure buildup inside the
housing.

Visible spectroscopy

Optical measurements of recycling at the
divertor strikepoints are made with external
optics and direct, vertical views through
viewports located on the top part of the
machine.  When the divertor baffle is
added, the outer divertor strikepoint will be
inaccessible from external ports. For this
reason, special vacuum-compatible, high-
temperature optical fibers?® will be used
inside the DIII-D vacuum vessel. The fibers
will not be in contact with the plasmas;
they will only be inside the closed divertor
pumping chamber. At least one fiber may
be embedded into a tile at the strikepoint to
provide a view perpendicular to the tile. This
has the advantage of allowing the fiber to
“see” the peak of the distribution of energetic
particles reflected off the tile. These
reflected particles are expected to follow a
cosine law in their angular distribution with
respect to the tile.

On the outside, fiber cables (1-mm
fiber) that are fully protected with 3.5-mm
polyethylene tubing will be attached to the
vacuum fibers by means of standard SMA
connectors. The connectors of the vacuum
fibers will be rigidly attached to a plate to
prevent breakage of the vacuum fibers. The
light will then be transmitted by the external
cables to a spectrometer/OMA, which will
be in a room outside the biological shield.

The design of the telescope/fiber holder,
shown in Fig. 1.31, includes fused silica
lenses to control the viewing volume. Two
such telescopes will be employed inside
the vacuum vessel. One or both of these
holders (telescopes) might be turned to view
tangentially at another toroidal location of
the strikepoint.
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1.2.4.4 Divertor pumping

M. M. Menon, P. K. Mioduszewski, and
L. W. Owen

As noted in Sect. 1.2.4.1, a pumping
speed of about 50,000 L/s is required in
DIII-D to exhaust the particles introduced
by neutral beams. If pumps external to the
tokamak are used, the pumping speed will
be limited to <15,000 L/s by the toroidal
conductance of the baffle chamber and the
number and size of the available ports. Thus,
in-vessel pumping is necessary to achieve
the required speed. Two different pumping
schemes have been investigated: titanium
getter pumps and cryopumps.

The titanium getter pump investigated for
this application, which is based on the work
of Sledziewski and Druaux,?* is made up
of an array of annular disks on which a
thick layer (~1 pm) of titanium is deposited
by an axial filament. Our experiments
with thick titanium films®> showed that

(1) the pumping speed is not constant but
decreases from >10 L-s™!.cm™2 at fluxes
corresponding to less than a monolayer
to 0.5 L-s~!.cm™? as the cumulative gas
loading reaches about 0.015 torr-L-cm ™2, (2)
the pumping surface is poisoned by gases
such as O, and CO, and (3) rejuvenation
of the surface by baking at 380°C for
4 h and depositing a thin (0.1-pzm) layer
of titanium, as prescribed by Sledziewski
and Druaux, did not help to regain the
pumping capacity. These results, illustrated
in Fig. 1.32, in conjunction with limited
access to the pumps after they are installed,
suggested that titanium getter pumps are not
appropriate for this application.
Cryocondensation pumping is well
known and has found wide applications.
However, adoption of this technique inside
the tokamak is complicated by (1) radi-
ation from !igh-temperature surfaces, (2)
electromagnetic effects that can contribute
significant heat loads, (3) plasma disruption
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
materials imposed by the tokamak, (6) com-
patibility with glow discharge conditioning
of the tokamak, and (7) severe access
restrictions.

The cryocondensation pump that is being
developed for DIII-D is shown in Fig. 1.29.
It consists of a helium-cooled tube that forms
the cryocondensation surface, surrounded
by a nitrogen-cooled radiation shield. A
room-temperature shield around the liquid-
nitrogen-cooled surface faces the particle
entrance region to prevent desorption of
condensible impurities such as water vapor
due to the impact of energetic particle flux.
To prevent induction of currents in the loop,
the pump will be electrically insulated from
the tokamak and provided with insulating
breaks outside the vacuum vessel. Estimates
of all major sources of heat loading have
been made in a coaxial geometry,2® and the
design is found to be dictated by the need
to accommodate the helium glow discharge
conditioning performed before each shot

in DIII-D. Current practice is to raise the
chamber pressure to about 60 mtorr of
helium for a few seconds before the glow
strikes.  To handle the high heat load
during this regime, it may be necessary
to allow the pump to regenerate, thereby
utilizing the latent heat of vaporization of
liquid helium. Electron-assisted glow, where
the maximum helium pressure seen by the
pump is anticipated to be in the range of
1-2 mtorr, is being investigated in DIII-
D.?7 If this works, regeneration of the
cryopump between tokamak shots may not
be necessary.

1.3 ATF-II STUDIES

J. F. Lyon and S. L. Painter

Studies of ATF-1I?® during this report
period focused on extrapolation of the
ATF-1I compact torsatron approach? to a
reactor. The relatively open coil geometry



of the M = 6 configuration should allow
good access for tritium breeding blanket
modaules and for remote maintenance, but the
accompanying field ripple coupled with low-
aspect-ratio toroidal effects could lead to an
unacceptable level of energetic alpha particle
losses and of ripple-induced heat conduction.
Revisiting the reactor extrapolation in light
of our improved understanding and better
computational techniques should help to
clarify the issues that ATF-II would have to
address.

1.3.1 Transport Code Development

Our previous study of compact torsatron
reactors® used the POPCON (Plasma OPer-
ating CONtours) feature of the WHIST 1-D
transport code,®! modified for stellarators,
to define the reactor operating conditions.
This code did not include alpha particle
energy losses and, because the POPCON
plots were generated by varying the input
power P to linearly ramp the temperature
at fixed density, the WHIST calculations
did not treat the thermally unstable region
(OP/O0T < 0) properly. A new, fast 1-D
transport code, COLTRANE, was written to
address these issues. It solves the steady-
state radial 1-D power balance equations for
electrons and ions in integral form using the
spectral collocation method. It assumes fixed
forms for the density and potential profiles
and varies these forms to test the sensitivity
to the forms assumed. This approach is used
because there are large uncertainties in the
calculation of these profiles, and there are
techniques that may be used to control them.

COLTRANE incorporates all relevant
physical processes: external heating sources,
alpha particle heating (with or without direct-
orbit and scattered energy losses), electron-
ion Coulomb collisions, radiative losses
(hydrogenic bremsstrahlung, impurity radi-
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ation assuming a coronal model with fixed
fractions of carbon and iron, synchrotron
radiation with 90% wall reflectivity), and
diffusive losses [Shaing’s neoclassical rip-
ple model with electric field including
the off-diagonal terms (Vn, V®), Chang-
Hinton a.isymmetric neoclassical losses, and
anomalous electron losses based on the
Alcator model].

1.3.2 Effect of the Electric Field

The electric field should play a dominant
role in reactor-grade stellarator plasmas. Its
effect on transport enters through the electric
field dependence of the heat diffusivities
x and through the V@& term in the heat
balance equations. Because the coefficient
of the V& term has opposite sign for ions
and electrons, this term reduces the heat
flux for one species and increases it for the
other. These effects lead to two qualitatively
different modes of operation, depending on
whether the electric field is positive (the
electron-root condition, which retards the
electron heat flux) or negative (the ion-root
condition, which retards the ion heat flux).
This is illustrated in Fig. 1.33 for an M =6
compact torsatron reactor with major radius
Iy = 10 m, average plasma radius @ = 2 m,
and on-axis field By = 7 T. Both cases have
broad density profiles and parabolic potential
profiles parameterized by &y = e®(0)/kZ;(0).
The two POPCON plots show contours of
constant auxiliary heating power required for
operation at a given value of volume-average
density (n) and density-average temperature
(T) = W/2(n), where W is the total plasma
thermal energy.

For the electron-root case [Fig. 1.33(a)
with & +3], ignition (P = 0 contour)
occurs at high temperature (low collisionality
v*), where the electrons are just entering
the \ o« v* regime and the ions are deep
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in the v o »* regime, so electron heat
conduction is the dominant transport loss.
The lowest auxiliary heating path to ignition
is at low density. For the ion-root case
[Fig. 1.33(b) with £ = —3], ignition occurs
at moderate temperature and high density,
where the electrons are in the y « 1/v*
regime and the ions are in the x o v*
regime. The lowest auxiliary heating path
to ignition is through the saddle point that
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occurs between the origin and the vertex of
the triangular ignition contour. More startup
power is required for the ion-root condition,
and simultaneous ramping of the density
and temperature is required to minimize this
power, as in tokamaks.

1.3.3 Results of Reactor Surveys

The COLTRANE 1-D transport code was
used to survey compact torsatron reactors
for a wide range of assumptions on &,
alpha particle losses, Ro/a, @, By, helical
ripple amplitude €,, anomalous electron heat
conductivity ke = neYXe, and profile shapes
for density, potential, and auxiliary power
deposition. The reference reactor parameters
were o = 10 m, @ = 2 m (so the toroidal
ripple amplitude ¢ = a/Rp =0.2), Bo =TT,
en = 0.2, and £y = 3. The parameter ranges
examined were a 1-3 m, ¢ = 0.1-0.3,
By =310 T, ¢ = 0.05-0.4, and & = —4
to —2 and +1.5 to +4.

The greatest impact is from the value
of & assumed. For electron-root operation
(& > 0), relatively modest power levels
are required for ignition (typically P <
20 MW with & > 1.5). These & values
are consistent with those expected from
balancing the ion and electron neoclassical
particle fluxes. Including alpha particle
energy losses and varying the device pa-
rameters and assumed profile shapes changes
the temperature at which the plasma ignites
but has relatively little effect on the power
required for ignition.

Ion-root operation (§p < 0) is much more
sensitive to these assumptions, particularly
with regard to the value of &; for example,
& = —4 requires P = 9 MW, ¢ -3
requires P 28 MW, and & -2
requires P = 545 MW. Values of £ <
—3 are more negative than those obtained
from neoclassical particle losses; additional



ion losses would need to be induced or a
large negative electric field would have to
be imposed to sustain these values of &,
requiring additional power input.

Alpha particle energy losses can also have
a significant effect on ion-root operation.
The startup power (in megawatts) can be
approximated by

P~11x 10760—5.269.576}1‘.436—1.8(—L—-0.4

(with By in tesla and @ in meters) without
these losses and by

P~29x 1086(;_66?'876}’:730—2.1a_o,gg

when alpha particle energy losses are in-
cluded, for the range of parameters con-
sidered here. For the reference case, this
amounts to a requirement for ~25 MW of
additional power. Varying the shape of the
potential profile (and hence the value of the
electric field) also has a large effect; for
the reference case with alpha particle losses,
a parabolic ®(r) requires P = 52 MW, a
parabolic-squared ®(r) requires P =24 MW,
and a square-root-parabolic ®(r) requires
P =95 MW.

1.3.4 Conclusions

The electron-root mode of reactor oper-
ation appears to be preferable to the ion-
root mode. These calculations now need
to be applied to the ATF-II case with the
same assumptions used in the reactor studies.
For this purpose, additional power losses
have been included in the COLTRANE
code: convection, charge exchange, and
ionization through a coupled 1-D neutrals
code and additional Bohm-like losses glob-
ally when MHD limits on (/) are violated
and locally when stability limits on Vp are
violated. Preliminary results give energy
confinement times for ATF parameters that

35

are close to that seen in the experiment and
to that estimoted from the LHD scaling.
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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
ions in initial charge states as high as +16. Electron-impact dissociation of CDJ 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., O** and O*)
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 an up-to-date bibliography of fusion-related
atomnic 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 CO, 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 ;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 ;m,
has been proposed for the Compact Ignition Tokamak. A prototype 28-y/m 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
COLLISIONS

2.1.1 Electron Capture in 0* + H (D)
and O** + H (D) Collisions Using
Merged Beams

C. C. Havener, M. P. Nesnidal, and
R. A. Phaneuf

Experimental investigations of electron
capture resulting from low-energy collisions
of multiply charged ions with neutral hy-
drogen (deuterium) have continued. Mea-
surements for O** and O* + H (D) in
the energy range from 1 to 1000 eV/amu
were performed at the ORNL Electron
Cyclotron Resonance (ECR) Multicharged
Ion Research Facility using the ion-atom
merged-beams apparatus.  We are able
to obtain such low collision energies by
merging a relatively fast (% ¢ x 10 keV)
multicharged ion beam with a ground-state
neutral hydrogen beam traveling at nearly
the same velceity. The primary objective is
to obtain a better quantitative understanding
of such collisions at energies where the
internuclear motion is slow, compared with
the orbital motion of the active bound
electrons in the system. A quasi-molecular
description of the interacting system s
appropriate for this study. Our experimental
data for O°* + H show an unexpected
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
in subsequent measurements for N4>+ + H
(ref. 2).

To continue these studies, cross sections
have been measured for electron capture
for the collision systems O3 + H (D) and
O* + H (D). The data are presented with
other experimental and theoretical results
in Figs. 2.1-2.3. For collisions with both

ORNL-DWG BB-15943
80 : —

CTs. OV 4 HD) 0T+ HTDY)
N/\ V‘— \\\
E 60 : S~a e Present Results
©o i
! i
e |
.5 40 r
P
vi :
[4 |
¢ 20 - +
S 2
' I 3 gji. :
1 k3 Iii 3 |
0 SN BN ST S R S 1111 S I S U TS1] S Au“u]
0.1 1 10 100 1000 10000

Relative Energy (eV/amu)

Fig. 2.1. Comparison of merged-bcams data for
0O** + H (D) with other measurements (Ref. 3) and
thearetical calculations (Refs. 4 and 5). The solid
curve is from Ref. 4; the dashed curve, from Refl.
5.

ORNL-DWG 88-15942

0% + H(D) — 0 + HY (DY)
EXPERIMENT THEORY —
@ Present Results Gargaud ef 0l.(1989)
- =35 == 3P ~— TOTAL

a
o
1

2
cm )

-16

40 —

20 ~

B S S

Cross Section (10

NN RN il
10 100 1000 1
Relative Energy (eV/amu)

'3 I;ﬁ%? ...........
L e
1

S —

00

Fig. 2.2. Comparison of merged-bcams data for
0% + H (D) with theoretical calculations (Ref. 4) for
capture into the 3s and 3p states.

O%* and O*, the merged-beams data join
smoothly with other measurements® at the
higher energies based on ion-beam—gas-
target methods and verify the normalization
methods used for the latter. In the O3 +
H case, the measurements lie significantly
below theoretical calculations®> at ener-
gies below 100 eV/amu where significant
contribution from capture to the 3p state
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Fig. 2.3. Comparison of merged-beams data for
0O* + H (D) with other measurcments (Ref. 3) and
available theory (Ref. 6).

is predicted. The measured cross section
is, in fact, consistent with the calculation
for capture to the 3s state down to 10
eV/amu and suggests that this calculation
may overestimate the 3p contribution by
roughly a factor of two. For collisions
with O*, the measurements agree with the
general trend predicted by the available
theory® but suggest that rotational coupling
between states may not be as important as
previously thought.

2.1.2 Dissociation and Ionization of
CD; by Electron Impact

D. C. Gregory, D. W. Mueller, and
H. Tawara

The presence of certain molecular ions
near the edges of high-temperature plasma
devices has stimulated interest in these ions
in the fusion community, adding to the
attention received from researchers in plasma
processing and flame chemistry. The con-
ventional assumption has been that dissocia-
tion of molecular ions should be dominated
by removal of a single light particle, with
more extreme degrees of dissociation be-
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coming increasingly unlikely.” However, the
difficulties involved in performing precise
absolute cross-section measurements have
limited the number of experimental studies
on molecular ions. We have measured
absolute cross sections for ionization and
dissociation of CDj; at collision energies
from 4 to 300 eV using the ORNL ECR
ion source and crossed electron-ion beams
apparatus.®

CH; and CDj are of particular interest
to edge plasma modelers because of the in-
evitable presence of these molecular ions in
devices using carbon limiters and hydrogen
(or deuterium) as fuel. An unusual feature
of the deuterated form of the ion is that
it can be vibrationally excited to a long-
lived (metastable) state that is above the
dissociation limit, forming what is usually
called a “predissociating” ion. We expect
the signature of a predissociating component
in the ion beam in this experiment to be
the measurement of a nonzero cross section
at energies far below the 10-eV threshold
for dissociation of the “ground-state” CDj
ions. Indeed, the measured cross sections for
each dissociation channel studied are finite
at the lowest collision energies obtainable,
decrease rapidly with increasing collision
energy, and are still nonzero just below
10 eV. The fact that the magnitudes of these
“below-threshold” cross sections are strongly
dependent on ion source conditions indicates
that a predissociating component is present
in the incident CDj ion beam.

The cross section for direct ionization of
“ground” CD} (forming CD3*) is negligible
compared with the competing dissociation
channels. As predicted, the resulting CD2* is
unstable, with a lifetime considerably shorter
than the time scale of this experiment.
However, the “predissociating” incident ions
apparently do ionize, since a finite cross
section for production of CD2* was observed
at energies below 10 eV.



The cross sections for dissociation of
“ground” CDj into C*, CD*, and CDj were
obtained by subtracting the apparent cross
section due to the metastable component in
the ion beam from the total cross section
for production of the desired fragment ion.
The resulting cross section for dissociation
of “ground” CDj to C* is shown in Fig. 2.4.
The peak cross sections for the three dissoci-
ation channels measured in this experiment
are all within a factor of 2 (with average
value 4.5 x 10~!7 cm?) and are only about a
factor of 10 smaller than the predicted cross
section for dissociation to CD} by removal
of a single deuterium atom.
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Fig. 2.4. Cross scction for dissociation of
“ground” CDj to form C*.

The “predissociating” state that has been
observed in spectroscopic studies of CDj
has not been seen for CHZ. Follow-up
measurements will be made to confirm that
the cross section measured below 10 eV is
real and due to the small predissociating
component of the incident CDj ion beam.
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2.1.3 Studies of Angular Dependence
and Line Shapes for Auger
Electron Emission in Low-Energy
He?* + He Collisions

F. W. Meyer, J. K. Swenson, and
C. C. Havener

In a follow-up experiment to our
measurements® of Coulomb focusing in low-
energy He* + He collisicns, we studied the
energy and angular dependence as well as the
line shapes associated with Auger electron
emission resulting from low-energy Hed* +
He collisions. The aim of this study was
twofold. The first goal was to investigate
the target/projectile electron emission asym-
metry resulting from Coulomb focusing as a
function of projectile charge. Results of this
investigation are illustrated in Fig. 2.5, which
shows electron spectra produced in 10-keV
collisions of He?, He*, and He?* projectiles
with helium target atoms. As expected, with
neutral projectiles (produced by resonant
electron capture in an upstream helium
gas cell) the Auger electron line shapes
are no longer broadened by postcollision
interaction (PCI) and, within the uncertainty
of the measurement, are equal for target- and
projectile-based electron emission (i.e., no
asymmetry). On the other hand, for He?*
projectiles, significantly increased PCI line
broadening is observed, as well as increased
target/projectile intensity asymmetry relative
to that characterizing the electron spectrum
observed for He* projectiles.

The second goal of this study was to
search for experimental evidence of interfer-
ence effects that may arise from the exis-
tence of two equivalent and indistinguishable
trajectories around the “focusing” ion that
an Auger electron may take. To increase
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Fig. 2.5. Autoionization clectron spectra for 10-
keV collisions of He, He*, and He?* projectiles with
He target gas.

the rate of data acquisition for nonzero
observation angles, a new target gas cell was
used for these measurements instead of a gas
jet. The new cell had, in addition to the
entrance and exit apertures for the ion beam,
separate openings to permit analysis of
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
observation angles. Pronounced interference
structure is observed, particularly in the line
shape associated with the Auger decay of the
target-based 252 'S level. On the basis of a
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preliminary analysis,'” the dominant mecha-
nism giving rise to the observed interference
structure appears to be interference between
contributions from different doubly excited
states that overlap in energy because of PCI,



as described, for example, by Morgenstemn
et al.l! This statement is based on the
fact that, when Morgenstern’s treatment is
used, satisfactory fits are obtained to the
line shapes observed for electron emission
away from the charged collision partner
(e.g., at laboratory angles of 0° in the
case of projectile-based transitions or of
180° for target transitions), as illustrated in
Fig. 2.7(a). The fits shown in that figure
were obtained by assuming interference
between the m; = 0 sublevels of the
25218, 2p? 1 D, and 2s2p' P initial states and
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Fig. 2.7. Linc shape fils 1o spectra for clectron
emisssion (a) away from and (b), (¢) toward the
charged collision partner in S5-keV He' + He
collisions.
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adjusting the relative amplitudes and phases
of the first two states with respect to the third
(i.e., four free parameters). While this model
predicts that the obtained fitting parameters
should equally well describe the line shapes
observed for the case of electron emission
toward the charged collision partner, it was
found that fitting parameters significantly
different in amplitude as well as phase were
required to obtain reasonable fits for this
case [see Figs. 2.7(b) and 2.7(c)]. Similar
conclusions were derived from analysis of
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-
ner (i.e., under conditions where Coulomb
focusing is possible) may be evidence for
a modification of the Auger electron phase
evolution or, even more speculatively, for
an additional interference mechanism caused
by the presence of the He* collision part-
ner. Alternatively, the parameter adjustments
required may merely reflect the limitations
of the model on which the analysis is
based. Work is in progress to obtain a better
understanding of the assumptions underlying
the model used and the ways in which these
assumptions might restrict the model’s range
of validity.

2.1.4 Auger Spectroscopy of
Low-Energy Multicharged
Ion-Atom Collisions

F. W. Meyer, C. C. Havener, K. Okuno,
J. K. Swenson, K. Sommer, and
N. Stolterfoht

During the past year, we have continued
the analysis of the Auger electron emission
resulting from double-electron capture col-
lisions of 60-keV C®* ions colliding with a
helium target. Unlike our previously studied



O% + He system, in which the nonequivalent
2pnl configurations produced by correlation
effects decay by very low energy (<20-eV)
Coster-Kronig transitions, which are difficult
to measure, the nonequivalent configurations
produced in the C® + He system decay
by KLX Auger transitions occurring around
300 eV, which are relatively straightforward
to measure. The other attractive feature of
the present system is the fact that there are
no “hidden” (i.e., nonautoionizing) channels
for two-electron capture. Consequently, a
more quantitative estimate can be made
of the importance of correlation effects in
this system (e.g., by comparison of the
production of nonequivalent vs equivalent
doubly excited configurations). To infer
cross sections for the production of the
nonequivalent configurations from the KLX
Auger electron intensities, it was found,
from calculations'? of Auger and radiative
transition rates, that significant corrections
had to be made because of Auger yields
that were significantly smaller than unity.
For example, the calculated average Auger
yield for a KLX transition from the 2(7!
configuration was found to be 0.11, in
sharp contrast to the unity yield found for
the corresponding Coster-Kronig transition
in the O% + He system. After this
correction was made, very good agreement
was found between the O%" and C® cross
sections for the production of nonequivalent
configurations.

In addition to the electron spectroscopy
studies of double-electron capture by ground
state projectiles, we have performed Auger
spectroscopy measurements of single-
and double-electron capture by helium-like
metastable ions in a helium gas target. The
goal of the study was to obtain normalized
electron capture cross sections, as well as to
determine the metastable fractions of helium-
like C, N, and O beams extracted from the
ECR source. The method used involved
the measurement of K-Auger yields in low

resolution as a function of helium target
thickness. In the single collision limit, the
K-Auger yield is proportional to the product
of the electron capture cross section times the
metastable fraction. At equilibrium target
thicknesses, where each incident metastable
ion has a 100% probability of capturing an
electron and subsequently filling the initial
K-vacancy by Auger decay, the yield is
proportional to the metastable beam fraction.
From the yields obtained in these two limits,
the total (i.e., single plus multiple) electron
capture cross section for the helium-like
metastable ion can be determined. Iiigh-
resolution measurements of the K-Auger
electrons were also performed to permit
separation of single- and multiple-electron
capture by identifying the corresponding
lithium-like, beryllium-like, etc., K-Auger
transitions.  Figure 2.8 shows the target
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thickness dependence of the normalized K-
Auger yield for the collision systems studied.
The target thickness was calibrated using a
capacitance manometer, while the electron
spectrometer efficiency was determined by
normalizing to the known!3 Auger electron
emission cross section for 10-keV He* + He
collisions. The metastable fractions deter-
mined from these measurements are consis-
tent with independent measurements of this
quantity using ion-surface collisions.!* For
all three ion species investigated, the total
electron capture cross sections determined
for the metastable ions were in reasonable
agreement with the total ground-state elec-
tron capture cross sections obtained from
the literature. Further work is planned to
resolve single- vs multiple-electron capture
processes by analysis of the high-resolution
K-Auger spectra.

2.1.5 Electron Spectroscopy of
Multicharged Ion-Surface
Interactions

F. W. Meyer, C. C. Havener, D. M. Zehner,
and K. J. Reed

We have continued our collaborative
effort to study the interaction of multi-
charged ions with surfaces. Our previous
measurements of a variety of projectile ions
incident on copper and gold single crystals
have shown electron Auger emission from
both the projectile and the target. The
projectile Auger electrons result from the
decay of inner-shell vacancies either carried
into the collision or produced by vacancy
transfer from empty outer projectile levels
via close collisions with target atoms. If
the incident projectile vacancy survives the
neutralization process above the surface,
subsequent close collisions with the target
atoms may lead to the creation of inner-
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shell vacancies in the target, which give
rise to Auger emission characteristic of the
metal. The important time scales of the
neutralization of the projectile ion (the rate
at which electrons fill the higher levels and
the rate of decay of the inner-shell vacancy)
are only qualitatively understood.!?

In order to quantitatively determine neu-
tralization times above the surface, we
monitor the target Auger emission resulting
from collisions of the projectile with the
target atoms. The variation of the nitrogen
projectile KLL peak and the gold target
NVV (69-eV) and NNV (220-eV) peaks
were measured for N incident on gold at
various angles of incidence (see Fig. 2.9).
If neutralization is assumed to begin at a
critical distance!® above the surface at which
the Coulomb barrier between the projectile
and the metal falls below the Fermi level
(equal to about 16 atomic units for N®* ions),
each angle of incidence, 6, corresponds to
a different above-surface neutralization time
t. Since the observed nitrogen KLL peak
position is relatively insensitive to incident
angle, it is inferred that filling of the upper
L levels is accomplished quickly compared
to the relevant KLL Auger decay. The
disappearance of the 69-eV target line at
the lowest angles of incidence indicates that
the nitrogen K-vacancy does not survive the
neutralization process before interacting with
the surface. The areas under the 69-eV and
220-eV gold peaks are plotted in Fig. 2.10 as
a function of the above-surface neutralization
time. The slopes of both curves are nearly
the same and lead to an estimate of the K-
vacancy lifetime 7" above the surface on the
order of 1.5 x 10~ s,

It is hoped that this technique can be ap-
plied to a system where the various electron
configurations leading to Auger emission
may be resolved in the electron emission
spectra. Comparison of the observed and
calculated decay rates may then lead to a
better understanding of the neutralization
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process, especially the apparent rapid filling
of the upper levels.

2.1.6 Merged-Beams Experiment for
Electron-Impact Excitation
oi ions

E. Wihlin, C. Timmer, L. Forand,

D. Swenson, B. DePaola, R. A. Phaneuf,
D. Beli¢, K. Rinn, J. S. Thompson,

A. Miiller, and G. Dunn

Apart from their fundamental importance,
cross sections for electron-impact excitation
of multiply charged plasma impurity ions
are critical to radiative power loss and
diagnostics of magnetic fusion plasmas. All
such excitation cross-section measurements
to date have been based on the crossed-
beams approach and on absolute intensity
measurements of the radiation emitted as the
excited states decay. The number of such
measurements has been severely limited by
low intensities and efficiencies of photon
detection. Resonances are predicted to play
a major role in the near-threshold region, but
the experiments performed to date have had
insufficient energy resolution to adequately
test theoretical calculations.

A novel experimental approach to this
problem has been under development for a
number of years at the Joint Institute for
Laboratory Astrophysics (JILA) in Boulder,
Colo. This approach involves merging fast
beams of electrons and multiply charged ions
in a uniform axial magnetic field and using
electron energy loss spectroscopy to detect
electron-impact excitation events.  This
experiment has been developed specifically
for use in conjunction with the ORNL ECR
multicharged ion source. During a six-month
assignment of R. A. Phaneuf to JILA during
FY 1989, the proof of principle of the tech-
nique was established, systematic tests were

completed, and preliminary measurements of
excitation of C* were initiated.!’

The apparatus will be transported to
ORNL in early 1990, with subsequent
initiation of collaborative measurements
of electron-impact excitation of multiply
charged ions. In preparation, modifications
were made to the main beam line of the
ORNL ECR ion source, and the existing
crossed-beams and merged-beams experi-
ments were relocated. Collaborative ex-
periments using this experimental approach
will constitute a significant fraction of our
experimental effort in electron-ion collisions
during the next several years.

2.1.7 Electron-Ympact Ionization of Ta%

D. C. Gregory

In the next generation of magnetic fu-
sion experiments, such as the proposed
International Thermonuclear Experimental
Reactor (ITER), the power loading at the
vacuum vessel walls and divertor plates will
exceed the capabilities of low-Z materials
such as carbon, which is widely used in
current devices. Refractory metals such as
tungsten and tantalum are being considered.
Such high-Z elements will be only partially
ionized in the hot plasma, and radiation from
these ions will cool the edge region, insu-
lating the vacuum vessel from the hot core
plasma. Line radiation from specific charge
states will provide a useful diagnostic of
the plasma. Accurate modeling will require
knowledge of cross sections for electron-
impact ionization and recombination of these
high-Z elements.

Preliminary measurements of electron-
impact ionization cross sections for Ta®* as
a function of collision energy have been
made. The experiment used the ORNL ECR
ion source and electron-ion crossed-beams



apparatus. This was the first use of heavy
refractory metal ion beams from this source
in an experiment. The measurements in
this preliminary study show that the cross
section is approximately 50% larger than
that predicted by the simple Lotz formula
for collision energies over the energy range
from 150 to 900 eV. There are no indications
of a high-lying metastable component in the
incident ion beam or of sharp features in the
cross-section energy dependence. Possible
future experiments include a remeasurement
of this cross section in greater detail as well
as ionization measurements for additional
charge states.

2.2 ATOMIC COLLISION THEORY

2.2.1 Abstract of “Strong-Field Laser
Ionization of Alkali Atoms Using
2-D and 3-D Time-Dependent
Hartree-Fock Theory”'®

M. S. Pindzola, G. J. Bottrell, and
C. Bottcher

The time-dependent Schrédinger equation
is solved directly for an alkali atom sub-
ject to an arbitrarily strong electromagnetic
field. Two methods are compared. A
tridiagonal finite difference method is used
to solve Schrodinger’s equation on a three-
dimensional (3-D) Cartesian coordinate lat-
tice. Multiphoton ionization cross sections
are extracted from the two-dimensional
(2-D) calculations for hydrogen and lithium
and then compared with previous perturba-
tion theory results. Single-photon ionization
probabilities are compared from the 2-D and
3-D calculations for hydrogen.

2.2.2 Abstract of “Coupling Effects for
Electron-Impact Excitation in the
Potassium Isoelectronic
Sequence”!?

50

M. S. Pindzola, D. C. Griffin, and
C. Bottcher

Electron-impact excitation cross sections
for outer-subshell transitions in Ca*, Sc?*,
Ti3*, Cr’*, and Fe’* are calculated in the
close-coupling and distorted-wave approxi-
mations. Coupling effects, beyond the first-
order perturbation included in the distorted-
wave approximation, are found to decrease
rapidly as one moves to higher Z along the
potassium isoelectronic sequence. Only for
Fe”*, however, are the close-coupling and
distorted-wave results in agreement to 10%
or better for all the excitations studied.

2.2.3 Abstract of “Indirect Processes in
the Electron Impact Ionization of
Atomic Ions”?

M. S. Pindzola, D. C. Griffin, and
C. Bottcher

General theoretical methods for the calcu-
lation of indirect processes in the electron-
impact ionization of atomic ions are re-
viewed.  Theory is compared with the
results of recent crossed-beams experiments
for several atomic ions.

2.2.4 Abstract of “Correlation
Enhancement of the
Electron-Impact Ionization
Cross Section for Excited State
Ne-Like Ions’’?!

M. S. Pindzola, D. C. Griffin, and
C. Bottcher

The electron-impact ionization cross sec-
tion is calculated in the distorted-wave
approximation for the neon-like ions Ar®*,
Til2*, Fel®* Zn?%* and Se?**. For ionization
from the 2p® ground state, the contributions
from inner-shell excitation followed by auto-
ionization are negligible. However, when



these ions are initially in the 2p3s excited
configuration, contributions arising from the
inner-shell excitations 2p°3s — 2p*3snl
and 2p°3s — 2s2p°3snl are large. The
overall branching ratio for autoionization of
the 2p*3snl and 2s2p°3snl levels increases
when the atomic structure calculations are
extended beyond the single-configuration ap-
proximation to include configuration interac-
tion. The resulting correlation enhancement
of the excited state ionization cross section
is found to increase as a function of Z.
For Se?** the correlation enhancement of the
total ionization cross section is found to be
42%.

2.2.5 Time-Dependent Hartree-Fock
Studies of Ion-Atom Collisions

G. J. Bottrell and C. Bottcher

We have completed studies on p + H
and C® + Ne collisions using our 3-D
time-dependent Hartree-Fock (TDHF) codes.
Calculations have been made for p + H at
two ion velocities, v = 1 and 2 atomic units,
and for C* + Ne at one velocity, v = 6.
For each velocity and a range of impact
parameters, we have extracted excitation and
capture probabilities and secondary electron
spectra in the target and projectile frames.
Typical energy distributions are shown in
Fig. 2.11. The p + H runs at v 2
show evidence of “ridge” electrons, trailing
behind the projectile at a relative velocity
ve = v/2. We expect that a definitive picture
will emerge when the angular distributions
are plotted. The amount of data arising
from all possible excitations of the five active
orbitals of C®* + Ne is rather large. Thus
far, the results agree with intuition based on
the geometry of the orbitals and the extent
to which the electrons’ velocities match the
velocity of the projectile.
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2.3 CONTROLLED FUSION
ATOMIC DATA CENTER

1. Alvarez, C. F. Bamett, C. Cisneros, H. B.
Gilbody, D. C. Gregory, C. C. Havener,

H. T. Hunter, R. K. Janev, M. L.
Kirkpatrick, E. W. McDaniel, F. W. Meyer,
T. J. Morgan, R. A. Phaneuf, M. S.
Pindzola, and E. W. Thomas

The Controlled Fusion Atomic Data Cen-
ter (CFADC) collects, reviews, evaluates,
and recommends numerical atomic collision
data that are relevant to controlled thermonu-
clear fusion research. The CFADC operates



with an equivalent of 1.5 full-time staff
members and a number of expzrt consultants
under contract. .Jembers of the Experi-
mental Atomic Physics for Fusion Croup
also contribute a smai! fraction of their time
to literature searches and categorization of
relevant publications.
The major activities of the CFADC are:
¢ the maintenance of an on-line computer
database of fusion-related publications
on atomic collision processes and the
periodic distribution of updates to other
data centers;

e the preparation and publication of compi-
lations of recommended atomic collision
data;

o the Aeduction of scaling laws and parame-
terization of atomic coliision data for ease
of application in fusion research;

e the establishment of a computer database
of recommended atomic collision data
and a data exchange format to facilitate
their application in fusion research;

e the review of the existing atomic collision
database with respect to current applica-
tions .. fusion research, identification of
data needs, and coordination of research
to fill those needs; and

e the handling of individual requests for
specific data or literature searches on
specific processes.

The CFADC participates in the Atomic
and Molecular Data Center Network estab-
lished oy the International Atomic Energy
Agency (IAEA) in Vienna and has coopera-
tive a- reements with a number of other data
centers. These include

e the Atomic and Molecular Processes
Information Center at JILA;

e the Data Center for Atomic Spectral
Lines and Transition Probabilities at the
National Institute for Stanuards and Tech-
nology. Gaithersburg, Md.;

e the IAEA Atomic and Mca'ecular Data
Unit in Vienna;

e the Research Information Center at the
Institute of Plasma Physics (IPP), Nagoya
University, Japan; and

e the Atomic and Nuclear Data Center
of the Japan Atomic Energy Research
Institute (JAERI), Tokai, Japan.

Updates of our bibliography are sent periodi-
cally on computer diskettes to the IAEA and
to both Japanese data centers. This forms the
basis for the semiannual IAEA International
Bulletin on Atomic and Molecular Data jcr
Fusion.

During this reporting period, work has
continued on preparation of the ‘“Redbook”
series of recommended data, Atomic Data
for Fusion. Volume 6 of this series,
entitled Spectroscopic Data for Titanium,
Chromium, and Nickel, by W. Wiese and
A. Musgrove of the National Institute of
Standards and Technology (NIST), was
published and distributed as ORNL-6551,
Vols. 1-3. Data compilation and evaluation
have been completed for another volume,
entitled Collisions of H, H,, He and Li
Atoms and lons with Atoms and Molecules.
Publication and distribution of this volume
(ORNL-6086) are planned for 1990. All
tabular and graphical data for this series
are computer-generated in publication-ready
format. Maxwellian rate coefficients are
calculated from the cross-section data, and
Chebyshev polynomial fits are given for all
the recommended data.

The CFADC also participated in two
IAEA-sponsored workshops held in Vienna
during the period: a specialists’ meeting on
review of the status of atomic and molecular
data for fusion edge plasma studies and
the consultants’ meeting of the Atomic and
Molecular Data Center Network.

A major role of the CFADC is to assist
with the implementation of a new atomic
data interface program, called ALADDIN, a
FORTRAN code designed to facilitate effec-
tive exchange of data and the establishment



of a computer database for ‘“users.” It
can accept a wide range of data formats,
including tabular, parameterized, and fitted
data, and operates on a wide range of com-
puter systems, including personal computers
(PCs). Plans call for a diskette containing
the data and the ALADDIN program to
be distributed with the next volume of the
“Redbook” series.

In collaboration with JAERI, work also
has continued on the scaling, parameteri-
zation, and fitting of heavy-particle ioniza-
tion data using functional forms based on
analytical physical models for the process.
Often the available data are limited to a
narrow energy range, and such “physical”
fitting formulas permit extrapolation of the
data outside this range with some measure
of confidence. Such extrapolation of data is
impossible with polynomial fits.

The death of C. F. Barnett, the founder
of the CFADC, in June 1989 is a most
significant loss to the data center. “Barney”
served as director of the CFADC until
his retirement from ORNL in 1985 and
subsequently ar a consultant until the time
of his death. His keen insights and tireiess
efforts will be sorely missed.

2.4 ADVANCED PLASMA
DIAGNOSTICS DEVELOPMENT

2.4.1 Small-Angle CO, Laser Thomson
Scattering Diagnostic for D-T
Fusion Product Alpha Particles

R. K. Richards, C. A. Bennett, D. P.
Hutchinson, L. K. Fletcher, Y. M.
Fockedey, H. T. Hunter, and K. L.
Vander Sluis

The deuterium-tritium (D-T) fusion reac-
tion produces alpha particles at 3.5 MeV. For
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alpha particles must deposit this energy in
the plasma fuel. Because of this critical im-
portance, the demonstration of alpha particle
heating is the main physics goal of the next
generation of fusion reactors.?? To study the
behavior of alpha particles in a plasma as
they lose energy and produce a distribution
characteristic of this energy loss, we have
proposed a Thomson scattering diagnostic.?
With a scattering source at the CO, laser
wavelength (10.6 um), the background from
electron scattering requires that small-angle
(~1°) detection be used to monitor the alpha
particle distribution.

As a measure of this diagnostic capability
in detecting scattered signals at these small
scattering angles, a proof-of-principle test is
currently in progress on a nonburning plasma
in the Advanced Toroidal Facility (ATF).
The goal is to measure a scattered signal
(in this case a low-level signal from plasma
electrons) at an angle of 0.86°. The major
hardware components have been installed
at the ATF facility, and preliminary tests
have been conducted using the extremely
sensitive heterodyne receivers. Tests of the
full scattering system to demonstrate proof of
principle are scheduled for the second half of
FY 1990.

2.4.2 Multichannel Far-Infrared
Interferometer and Scattering
System for the Advanced
Toroidal Facility

C. H. Ma, D. P. Hutchinson, C. A. Bennett,
Y. M. Fockedey, and K. L. Vander Sluis

During the past year, a multichannel
far-infrared (FIR) interferometer system has
been fully installed on ATF to measure
the line-integrated electron density along 15
vertical chords on the ¢ = 0° plane of the
The system is a modification
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of the FIR interferometer system that was
used on the Impurity Study Experiment
(ISX-B) tokamak.?* However, instead of
using separate probing beams, a phase
image technique® is used to improve the
spatial resolution of the measurement. A
schematic diagram of the interferometer
system is shown in Fig. 2.12.  Briefly,
the system employs a pair of cw 214-ym
difluoromethane (CH,F;) lasers, optically
pumped by separate CO, lasers. The FIR
cavities are tuned so that they oscillate at
frequencies differing by Af of the order of
2 MHz. As shown in the figure, cylindrical
parabolic mirrors are used to create a slablike
2- by 45-cm probing beam. The beam
is transmitted through almost the whole
cross section of the plasma. After passing
through the plasma, the probing beam is
dissected at the focal plane of the optics
system by an array of 15 off-axis paraboloid
reflectors, each of which illuminates a single
Schottky-diode detector. Part of the beam

from the reference laser is mixed first in
a reference detector with a portion of the
probing laser beam, which is split off before
passing through the beam expansion optics.
The remainder of the reference beam is
also expanded and is guided to the signal
detectors to mix with the probing beam. The
detector signals are filtered, amplified, and
fed into a digital phase detection circuit to
extract the phase shift between the output of
the signal detector and the reference signal,
which is proportional to the line-integrated
electron density. The outputs of the phase
detectors are displayed on oscilloscopes for
photographic recording and are digitized for
computer storage and processing.

A plasma density measurement has been
made successfully along one chord of the
system. The multichannel system is being
tested.

A study has also been carried out to
determine the optimum design of an FIR
scattering system for measuring spatial and
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temporal electron density fluctuations in the
ATF plasma. The proposed system may be
operated at wavelengths from 447 um to
119 pm. Lasers operated at these wave-
lengths have been designed, constructed,
and tested.  Output power levels from
100 to 500 mW have been achieved. A
pair of crystal quartz windows, 38 mm by
300 mm, located next to the multichannel
FIR interferometer windows, will allow
scattering angles of +£15° from the incident
beam. A single FIR laser beam will be
split to provide both the scattering beam
and the local oscillator beam in a three- to
five-channel detector array. The detector is
designed to observe scattering from a single
point at three to five different angles or from
several points at the same angle. . torage
of the scattered signals will be accomplished
by a PC-based CAMAC data acquisition
system.
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2.4.3 Feasibility Studies of a Two-Color
Interferometer/Polarimeter for the
Compact Ignition Tokamak

C. H. Ma, D. P. Hutchinson, C. A. Bennett,
and K. L. Vander Sluis

Feasibility studies of a two-color infrared
interferometer/polarimeter system for mea-
surements of electron density and plasma
current profiles in the Compact Ignition
Tokamak (CIT) were continued. During the
past year, the proposed 28-um system was
investigated both theoretically and experi-
mentally. A prototype water vapor laser
was successfully designed, constructed, and
tested. The maximum output power of
30 mW was achieved at a wavelength of
27972 ym. A photograph of the laser
is shown in Fig. 2.13. The laser is of
the waveguide type and is operated in the

ORNL PHOTO 603-89

Fig. 2.13. Photograph of

the continuous wave 28-pm waler vapor laser.



TEM,, mode. The total length of the laser
tube is 2 m, and the inside diameter of
the tube is 0.9 cm. A cooling jacket is
provided outside the tube for ethylene glycol
cooling at 5°C. Two cathodes are located
at the center of the tube, and the anodes
are at either end. The distance between the
anodes and the cathodes is approximately
74 c¢cm. The laser operates with the ends at
ground potential and only the center section
at high voltage. This configuration makes
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
a concave mirror with radius of curvature
of 3 m. The concave mirror is mounted
in a piezoelectric translator. The concave
mirror has a 0.75-mm-diam coupling hole at
the center. The position of the flat mirror
can be adjusted manually by a micrometer.
The mirror mounts and the tube supports
are connected by Invar rods for temperature
stability. A KRS-5 window is used to
transmit both the 28-um beam and the HeNe
laser beam for alignment. Water vapor in
the water reservoir and gas additive are
continuously pumped out through the Pyrex
glass tube. The flow rate and the pressure are
controlled by needle valves. A typical cavity
detuning curve obtained by changing the
piezoelectric voltage is shown in Fig. 2.14.
The operating conditions are water vapor
pressure of 1.5 torr, helium pressure of 0.5
torr, H, pressure of 0.5 torr, and discharge
current of 250 mA. Figure 2.15 illustrates
the dependence of the output power as the
discharg > current is varied.

The feasibility of a 28-um polarimeter
using both the electro-optic and photoelas-
tic polarization-modulation techniques was
investigated. A cadmium telluride (CdTe)
crystal is used in the electro-optic polariza-
tion modulator. The electro-optic modula-
tion technique has an important advantage
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over the photoelastic technique in fast time
response. A modulation frequency of 1 MHz
can be easily achieved. The drawback of



electro-optic modulation is the high loss
in beam transmission. Even with perfect
antireflective coating, the transmission of the
28-um laser beam through a 3-cm-long CdTe
crystal is only 19%. On the other hand, the
photoelastic modulation technique offers the
advantage of high beam transmission, but
the time response is limited by the natural
standing wave frequency of the crystal.
A rectangular silicon bar is used in the
photoelastic modulator.  The silicon bar
vibrates at its lowest frequency of standing
compression waves; thus, a time-varying
birefringence is obtained. To sustain these
vibrations in the bar, the bar is bonded to
a quartz transducer tuned to the same fre-
quency. The amplitude of the vibrations and
therefore the magnitude of the birefringence
are controlled by the signal generator driving
the transducer. The transmission of the water
vapor laser beam through a 1-cm-long silicon
bar has been measured. A transmission of
45% is observed without any antireflective
coating. With perfect coating, transmission
of 92% 1s expected. For a 5 x 5 X
1-cm silicon bar, the modulation frequency
is approximately 42 kHz.

2.4.4 Optics Damage and Irradiation
Studies (ODIS)

H. T. Hunter, R. K. Richards, and
D. P. Hutchinson

Optics Damage and Irradiation Studies
(ODIS) have as their main goal the screening
of high-quality infrared mirrors, windows,
and coatings in support of the Advanced Op-
tical Materials and Components Technology
Development Program at Martin Marietta
Energy Systems, Inc.

Initiated in 1985, the screening was
performed by irradiating window samples
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with microsecond bursts of fast neutrons
from the Health Physics Research Reactor
(HPRR) facility at ORNL. Transmission
effects at three different laser wavelengths
were recorded during and after the irradia-
tions.

Currently, the work effort has shifted to
pulsed CO; laser damage of both infrared
mirrors and windows. For the last two
years, we have been measuring the laser-
induced damage thresholds (LIDTs) of these
optics and their coatings to screen samples
for improving manufacturing techniques and
developing new coatings with high infrared
transmission or reflectance.  This work
is sponsored by the U.S. Army Strategic
Defense Command (USASDC).

To date many types of mirrors, windows,
and other optical materials have been suc-
cessfully tested for their damage threshold.
The equipment allows the selection of CO,
laser pulse widths from 30 ns to 100 ns and
spot sizes from approximately 1 mm? to 10
mm?. Further sample analysis is provided by
other groups at ORNL both before and after
ODIS damage testing.

All the test samples are carefully cleaned
before damage testing, and all damage
tests are conducted in high vacuum. Our
capabilities allow for testing all sizes and
shapes of test samples from 5 mm? to 8-in.-
diam optics. A HeNe laser illuminates the
target site on the test optic, and the scattered
radiation is collected. Damage of an optic
surface, after a pulsed CO, laser shot, will
be indicated by a change in scattered signal
from the HeNe laser. A schematic of the
ODIS facility is shown in Fig. 2.16.

Currently, we are capable of damage
testing up to ten optics per day with the
ability to scan over the surface of a test optic
for multiple LIDT measurements. Work is
performed under a contract with USASDC.

TS N
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