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SUMMARY

The Fusion Program of Oak Ridge National Laboratory (ORNL), a major com-
ponent of the national fusicn program, encompasses nearly all aspects of magnetic fusion
research. Collaboration among staff from ORNL, Martin Marietta Energy Systems, Inc,,
private industry, the academic community, and other fusion laboratories is aimed at the
development of fusion energy for the future. The results of this collaboration during 1984
are documented in this report, which is issued as the annual progress report of the ORNL
Fusion Energy Division and also contains information from those Fusion Program com-
ponents external to the division (approximately 15% of the program effort).

The Fusion Program comprises work in a number of areas:

*  experimental and theoretical resecarch on three magnetic confinement concepts—the
tokamak, the stellarator, and the ELMO Bumpy Torus (EBT);

*  engineering and physics of existing and planned fusion devices;

¢ development and testing of diagnostic tools and technigques;

* assembly and distribution to the fusion community of data bases on atomic physics
and radiation effects;

e development and testing of materials for fusion devices;

e development and testing of the technologies needed to heat and fuel fusion plasmas;

* development and testing of superconducting magnets to contain fusion plasmas;

e design of future devices;

e assessment of the environmental impact of fusion energy; and

e assessment of the economics of fusion power.

The interactions between these activities and their integration into a unified program
are major factors in the success of each activity. The task of maintaining 2 balance among
these activities was a challenging one for the Fusion Program in 1984, as some programs
were completed and others underwent significant changes.

Toroidal Confinement Experiments

The Impurity Study Experiment (ISX-B) was shut down in August 1984 after eight
years of operation. The program funded by the Department of Energy was successfully
completed in April, and from Jjune through August an additional program was carried out
to test a beryllium limiter for the Joint European Torus (JET). Following completion of
this experiment, efforts began to prepare the ISX-B facility and many of the diagunostics
for use on the Advanced Toroidal Facility (ATF).

Work on ATF proceeded smoothly. An increasingly detailed understanding of the
physics issues is emerging and confirms our initial estimates of device performance. The
construction project continued on schedule and at cost, with most major contracts let by
year’s end. Detailed planning for the required facility modifications was initiated.

A great deal of effort was devoted to advanced projects. These included an extension
of the performance of ATF into the long-pulse/steady-state regime; the definition of a
next-generation ATF, ATF-II; and a proposal for the Spherical Torus Experiment, a low-
aspect-ratio tokamak.
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Divisicn staff collaborated with pearsonnel from the Junta de Encrgia Nuclear of Spain
in defining a toroidal confinement experiment, TJ-II, and were assigned to Princeton
Plasma Physics Laboratory to work on the Tokamak Fusion Test Reactor (TETR).

EBT Research and Development

The EBT research program in 1984 strongly reinforced the conclusions reached in
1982 rcgarding the limits on porformance of the circular bumpy iorus configuration.
However, investigation of the ELMO Bumpy Sauarc (EBS) configuration led to predic-
ticns of much better confinement conditions, and the ERBS was shown to have high poten-
tia! for development into a competitive fusion reactor. It was determined that the existing
EBT device could be converted to an EBS in 18 months at a cost of less than $5 million.
However, these developments were not sufficient to sustain 1985 funding for the EBS pro-
gram in the face of ieductions in the national fusion program. As a result, the program
was phased down; the EBT-Scale (EBT-S) device was decommissioned, and staff members
were reassigned {o other activities. Studies of ERS will continue into 1985 with the aim of
obiaining 1986 funding.

Atemics Physics and Plasma Diagnostics Development

The activities of the Atomic Physics and Plasma Diagrnostics Development Program,
which is supported by the Fusion Program within the ORNL Physics Division, are divided
between atomic collisions research and develepment of plasma diagnestics,

Expsrimenial atomic collisions research concenirates on  improving the basie

understanding of the complex collision processes involving partially ionized atoms at the
relatively low kinctic ciergies characteristic of fusicr plasmas. During 1984, significait
progress was made in the understanding of clectron-impact ionization. A new electron
cvclotron resonance sonrce of low-cnergy, highly charged ions was impleinented and has
considerably expanded the range of highly icnized systems available to imvestigators. The
Controlled Fusicn Atemic Data Center continued o provide bibliographies and comi-
pilaticns of atomic data to the fusion community.
The plasma diagnostics pregram concentrated on developing steady-state, optically
pumped laser systeras in the far infrared. A {ive-channel iaterfercmeter/polarimeter was
successfully operated on ISX-B. The feasibility of pulsed CO, laser Thomson scattering as
a diagnostic for fusion-produced alpha particles was studied, and development of this diag-
nostic began. The Diagnostics Development Center awarded a subcoantract to the Georgia
Institnte of Technology for the development of a diagrostic to measure static and time-
varying clectric ficlds in plasmas.

Plasma Theory

The goals of the plasma theory effori, which concentrates on toroidal cenfinement
theory, are to understand, improve, and optimize the confinement of plasmas for fusion
reactors. The approach is to identify critical probleins and then to integrate the necessary
plasma physics disciplines to selve them. Collaboration with ORNL experimental groups,
university groups, and the international fusion community is strongly emphasized.
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Key results during 1984 include definition of ways to increase the {lexibility and im-
prove the confinement of ATF, invention of the [lexible heliac concept, improvement in
understanding of confinement in ISX-B and of electron cyclotron heating and confinement
in EBT-S, development of ERS, and successtul application of pellet models to TFTR and
Doublet [T

Plasma-Materials Inferactions

The Plasma-Materials Interactions Program addresses the interaction of fusion plas-
mas with surmounding material surfaces, with the goals of (1) understanding the funda-
mental phenomena related to impurity control, erosion and redeposition of wall and limiter
materials, recycling and retention of hydrogen, and particle handling and {2) developing
techniques and components for impurity control and particle handling. The program com-
bines laboratory studics with applications in fusion devices.

Laboratory studics in 1984 concentrated on the influence of impurities on the high-
temperature sputtering vield of graphite and on wall conditioning. Techniques were
developed to reduce impurity radiation and improve plasma performance.

Studies of impurity fluxes in the edge plasma of the TEXTOR tokamak continued;
time-resolved and im sire crosion studics were performed on a reference limiter in ISX-B,
using laser fluorescence; and particle handling with pumped limiters in beanm-heated plas-
mas was demonstrated in ISX-B. The test of the JET beryllium limiter on ISX-B afforded
opportunitics for intensive studics of beryliium gettering, transport of wall material to the
limiter, erosion and redeposition of limiter material, and deuterium retention in beryllium.

Plasma Technology

The technology for heating and fueling fusion plasmas is developed by the Plasma
Technology Section. Areas of work are neutral beamns, peliet fueling, radio-frequency (rf)
heating, and gyrotrons.

In 1984, development and testing of the Advanced Positive Ton Source were success-
fully completed, demonstrating a high atomic ion fraction and low beam divergence. Optics
codes were developed and used to design accelerator structures for both positive- and
negative-ion beams.

A mechanical centrifuge-type pellet injector was operated on Doublet 111. The repeat-
ing pneumatic injector was modified to produce 4-mm-diam, high-velocity pellets and will
be used on THFTR in 1985. The preliminary design of a tritium pellet injector for use on
TFTR in 1986 was concluded.

Development progressed on a single-tube rf power source that will deliver over 2 MW
of power at 40-80 GHz. Antennas for heating plasmas at the ion cyclotron resonant fre-
quency have been built and tested. Faraday shields to protect these antennas were
designed, and shield materials were tested. Improved current feedthroughs were developed
to couple of power through the wall of a fusion device. Construction has started on the Ra-
dio Frequency Test Facility, which will provide the plasma environment needed to test rf
heating components.

Contracts to develop 60-GHz gyrotrons were successfully concluded. Another contract

was let for a 140-GHz gyrotron power source,
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Superconducting Mageaet idevelopment

The Magnetics and Superconductivity Section and the Large Coil Program carry out
the development of superconducting coils needed to confine fusion plasmas through the
Large Coil Task (LCT), an international collaboration betweesn the United States, Japan,
Switzerland, and the European Atomic Eancrgy Commission. During 1984, three more coils
were delivered to the International Fusion Superconducting Magnet Test Facility; shake-
down of the facility was accomplished; and preliminary opcrational tests werc performed
on three coils. In these tests, the U.S. General Dynamics coil and the Japanese coil were
operated at full current, and the Swiss coil was successfully cooled. Numerous research
and development tasks were accomplished in support of the LCT, and weork on advanced
conductors and magnet technology also progressed.

Advanced System Stadies

The Fusion Engincering Design Center and the Fusion Environmental Assessment
Program carry out advanced system studies for the Fusion Program. The activities of the
Design Center during 1984 included work on the Tokamak Fusion Core Experiment, the
Fusion Power Demonstration tandem-mirror reactor studies, and the Ignition Spherical
Torus. The Design Center also developed a tandeni-mirror systems code, centributed to the
International Tokamak Reactor effort, developed a data base and mecthodology for evaluat-
ing fusion costs, and assessed the availability of fusion reactors.

The Environmental Assessment Program focused on developing the gencric environ-
mental impact statement for fusion. A revised preliminary draft prepared in 1984 ad-
dressed issues related to the place of fusion power plants in the U.S. energy sconomy.

Materials Research and Development

Materials research and development are carried out in three major task arcas: Alloy
Development for Irradiation Performance (ADIP), Damage Analysis and Fundamenia!
Studies (DAFS), and Special-Purpose Materials (SPM). The ADIP and DAFS programs
are concerned with understanding the mechanisms involved in radiation damage and corro-
sion, providing the information on materials needed to design near-term fusion devices and
to study fusion power reactors, and developing a sound basis for development of materials
for fusion.

In the ADIP program, rescarch on austenitic stainless steels has focused on develop-
ment of micrestructures that are stable at high temperatures to high irradiation damage
levels. Exploratory rescarch began in 1984 on manganese-stabilized austenitic stainless
stecls. Research on vanadium alloys showed that the resistance of these alloys to helium
embrittlement can be improved through further alloy development. Studies of the effects of
doping ferritic steels with small concentrations of nickel show that the basic metaliurgical
response of the tempered martensitic structure is retained. Corrosion studies address the
compatibility of materials used for structure, coolant, and breeders and the mechanisms of
corrosion and mass transfer.
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The DAFS research has focused on understanding the effects of helium on micro-
structural evolution, swelling, and mechanical properties. The program includes theory,
modeling, and experiments.

The SPM program has focused on providing facilities at the National Low-
Temperature Neutron Irradiation Facility for research into the effects of radiation on
magnet materials. This facility will produce temperatures and irradiation conditions similar
to those at the magnets of a fusion reactor.

Neutron Transport

The neutron transport program carries out both experiments and analyses. The experi-
ments are designed to provide the data needed for verifying the analytic method and the
cross-section data used for fusion reactor neutronics design calculations. The analytic pro-
gram supports the design of the experiments and compares calculated and experimental
data. Work is also performed in the areas of nuclear data evaluation and cross-section pro-
cessing. The Radiation Shielding {nformation Center supplies a broad range of services to
the fusion community.

Generic Magnetic Fusion Reactor Analysis

A rew activity within the Fusion Program during 1984 was the study of a “generic”
magnetic fusion reactor model. The model, which incorporates the elements common to a
number of configurations, is used to evaluate the self-consistent requirements for a fusion
reactor and to determine whether fusion power can be a cost-competitive source of energy.
This study has led to the conclusion that the cost of fusion power will be close to that of
fossil and fission energy if certain physics and technology requirements, which represent
only a moderate advance over present achievements, are met.

The many achicvements summarized in this report clearly illustrate the diversity of
these activities and the strengths of the Fusion Program. These contributions were formally
acknowledged with the presentation to the Fusion Energy Division of the ORNL Director’s
Award in recognition of outstanding accomplishments in 1984.

0. B. Morgan
Director, Fusion Energy Division

L. A. Berry
Associate Director for Development and Technology,
Fusion Energy Division

J. Sheffield
Associate Director for Confinement,
Fusion Energy Division

Xix






Chapter 1

Toroidal Confinement Experiments 6

10

11

1-1

12



J. L. Dunlap, Toroidal Confinement Physics Section Head

M. J. Saltmarsh, Confinement Projects Section Head

. J. Strickler'®
. Stott!®
N Sv1atoslavsky

Tanga®

J Taylor®
. E. Thoias
. K. Thomas®'

. B. Thompson!
. B Thompson8
. C. Tsai®

. Tschersich?®

. A. Uckan

.M. meard8
. von Seggern®

. A. Vornehm'
. E. Warwick®
. Watkins?

a%c-z~rzwowznoc>~“o

8

PRTmEEyEOE oL

D. L. Akers' G. R. Dyer J. W. Holliwell" M. M. Menon®
J. L. Alvarez Rivas’>  P. H. Edmonds W. A. Houlberg’ P. K. Mioduszewski
H. Ataya® 0. C. Eldridge H. C. Howe™ J. F. Monday®
T.D. Bagwen‘* L. C. Emerson'® D. P. Hutchinson®  J. A. Moore®
F. W. Baity’ R. Engelstad® R. C. Isler P. Morgan®
E. L. Bartlett® A. C. England W. C. Jennings'® R. N. Morris!®
D. B. Batchelor’ J. W. Forseman® T. C. Jernigan J. K. Muaro, Jr.10
L. R. Baylor® R. A. Fortner! 0. V. Jett! M. Murakami
K. Behringer® R. H. Fowler'? R. L. Johnson® G. H. Neilson
J. D. Bell™® R. D. Foskett® L. M. Jordan®' B. E. Nelson®
R. D. Benson® W. A. Gabbard E. Killne® V. K. Paré??
E.T. Blair'” M. D. Galloway'®*  S.S. Kalsi'! N. Peacock'®
S. K. Borowski'! W. L. Gardner® K. L. Kanpan'® Y-K. M. Peng!!
1. Botija’ J. C. Glowienka R. R. Kindsfather A. Perea?
D. E. Brasheals R. C. Goldfinger'®  P. W. King A. Perez Navarro?
C. Bridgman!? D. Gooda11'9 J. Lacatski' J. L. Ping®
A. Y. Broverman® J. E. Goyer!® R. A. Langley L. A. Pollard!
R. L. Brown!? D. E. Greenwood'® V. D. Latham* A. Pueblas®
W. E. Bryan® J. Guasp? E. A. Lazarus D. A. Rasmussen
C. E. Bush’ A. D. Guttery! V. D. Lee!! T. F. Rayburn
W. D. Cain® G. A. Hallock'® B. 1. Leinart'* W. J. Redmond
J. L. Cantrel]'® E. L. Halstead® U. P. Lickliter® R. K. Richards
A. Carnevali'? W. R. Hamilton!"  A. Lopez? J. A. Rome’
B. A. Carreras’ J. H. Harris D. C. Lousteau'! S. D. Scott??
W. H. Casson!? D. E. Hastings’ J. N. Luton, Jr."? J. J. Schmidt?
K. K. Chipley® D. 1. Hatch* V. E. Lynch!® J. Sheffield?*
R. E. Clausing L. Heathcrly15 J. F. Lyon W. D. Shipley®
R. J. Colchin T. C. Hender’ C. H. Ma® D. J. Sigmar’
M. J. Cole® G. H. Henkel R. Martin? J. E. Simpkins
K. A. Connor'® R. L. Hickok'¢ L. A. Massengill M. L. Simpson'4
T. B. Cook!’ R. E. Hill® J. B. Mathew!® K. Sonnenberg’®
W. K. Cooper® D. L. Hillis 1. A Mayhal® C. R. Stewart!?
D. L. Coppenger? 1. T. Hogan’ T. J. McManamy?® K. A. Stewart’
1. Section secretary. 14, The University of Tennessce, Knoxville.
2. Junta de Energia Nuclear, Madrid, Spain. 15, Metals and Ceramics Division.
3. Nuclear Engineering Departinent, University 16. Renssclaer Polytechnic Institute, Troy, N.Y.
of Wisconsin, Madison. 17. Solid State Division.
4. Y-12 Maintenance Division. 18.  Auburn University, Auburn, Ala.
5. Plasma Technology Section. 19.  Culham Laboratory, Abingdon, Oxfordshire,
6. Purchasing Division, Martin Marietta Energy England.

Systems, Inc,

7. Plasma Theory Section.

8. Engineering
Energy Systems, Inc.

9. JET Joint Undertaking, Abingdon, Oxford-

shire, England.

10. Computing and Telecommunications Divi-

Division,

Martin

sion, Martin Marietta Energy Systems, Inc.
11. Fusion Engineering Design Center.

12. Grumman Aerospace Corporation, Bethpage,

NY.

13, Magnetics and Superconductivity Section.

Marietta

20.  Physics Division.
21. Management Services Section,

22. Instrumentation and Controls Division.

23. Now at Princeton Plasma Physics Labora-

tory, Princeton, N.I.

24.  Associate division director.
25. Kernforschungsanlage Jliilich GmbH, IJiilich,
Federal Republic of Germany.
26. Sandia National Laboratories, Albuquerque,

N.Mex.

27. Now at TRW, Inc., Redondo Beach, Calif.

1-2



SUMMARY OF ACTIVITIES

1.1

1.2

CONTENTS

THE ISX-B EXPERIMENTAL PROGRAM .. ... ... ... ... .. ... .. ..
1.1.1 Confinement Stadies . ... ... ... ...
[.1.1.1  Abstract of “Balanced Beam Injection on ISX-B”
1.1.1.2  Abstract of “Confinement of Beam-Heated
Plasmas in ISX-B”. ... ...
1.1.1.3  Abstract of “Confinement in Beam-Heated Plasmas:
The Effects of Low-Z lmpurities™ .. ... ... . ... . ... ..
1.1.1.4 Abstract of “The Effects of Varying Wall Conditions,
Minor and Major Radius on Confinement
Properties in ISX-B” .. .. .. ...
1.1.1.5 MHD fluctuations in ISX-B .. ... ... ... .. ... .. ...,
1.1.2 Measurements of Plasma Potential-—Abstracts. .. .. .. ... ... ...
1.1.2.1 [Investigation of the Electric Field Structure
in Newutrgl Beam Heated ISX-B Plasmas
1.1.2.2 “The Space Potential Distribution
in ISX-B” o
1.1.3 Particle and Impurity Control ... ... .. ... .. .. ... ... . ... ...,
1.1.3.1 Particle and impurity contro! with pump limiters
1.1.3.2 Impurity control and hydrogen pumping with
chromium gettering in ISX-B . ... ... ...
1.1.4 Abstract of “An Experimental Investigation of the Plasma
Properties of the Edge Region of the ISX-B Tokamak
Using Multiple Langmuir Probes” ... ... ... ... ... ... ... .....
1.1.5 The Joint JET-ISX Beryllium Limiter Experiment—Physics

Results .. . .
1.1.6 1SX-B Operations and Technology .. ........ ... ... ... ... ... .. ..
1.1.7 ISX-B Data System . .......... ... .. ... ... .

THE ATF PROGRAM
121 Introduction .. ... ... . i
1.2.2 Physics Studies
1.2.3 Construction . . ... ... .. .
1.2.3.1 Coils. .. ..o
1.2.3.2 Vacuoum vessel . ... .. ... .. .. .. ...
1.2.3.3 Supportstructure . ... ... ...
1.2.3.4 Assembly sequence
1.2.4 Facility Preparation . ... .. ... .. .. ... ... ... .. .. ... .. ... .. ...
1.2.4.1 Project management
1.2.4.2 Site preparation . ... .
1.2.4.3 Magnetic field power supplies
1.2.4.4 Heating systems

1-5
1-5
1-5
1-5

1-6

1-7



1.3 ADVANCED PROJECIS 1-41

1.3.1 ATF Extended Performance . ... .. ... ... ... ... .. . 1-41
1.3.2 The ATVE-IL . 1-43
1.3.2.1 ATESR studies. .. ... ... ... . ... 1-43

1.3.2.2 Low-aspect-ratio torsatron studies .. ... ... ... .. ... 1-43

1.3.2.3 Engincering assessments of Symimotron coils. .. ... ... 1-46

1.3.3 The Spherical Torus Experiment. ... ... ... ... ... ... ... .. ... 1-48

1.4 THE ORNL-JEN COLLABORATION ON TJ-I1.. ... .. ... .. ... .. .. 1-50
1.4.1 Low-Aspect-Ratio Torsatronis . . ... .. ... .. ... ... .. ... ..... ... 1-51

1.4.2 Helical-Axis Configurations . . ... ... ... .. .. .. ... L. 1-51

1.4.3  Engincering Design Studies . ... ... .. . oo 1-57

1.5 THE ORNL-PPPL COLLABOQRATION ON TFIR ... ... .. ... ... .. ... 1-57
REFERENCES i 1-59

1-4



1. TOROIDAL CONFINEMENT EXPERIMENTS

SUMMARY OF ACTIVITIES

The Impurity Study Experiment (ISX-B) operated through August 1984, The pro-
gram funded by the Department of Epergy was pursued through March and concentrated
on several studies of confinement, on measurements of plasma potential (in collaboration
with Rensselaer Polytechunic Institute), and on tests of pump Hmiters and chromium getter-
ing. (Studies with pellet injection fueling in {SX-B are described in Chap. 6 of this report.)
The remainder of the operating time was devoted to a test of a beryllium limiter, done
under a work-for-others arrangement with the Joint European Torus Undertaking. These
efforts are described in Sect. 1.1,

The program directed toward operation of the Advanced Toroidal Facility {ATF) tor-
satron in October 1986 continued to move smoothly, as described in Sect. 1.2. The physics
issues are better defined and still encouraging, the construction project is on schedule and
at cost with most major contracts let, and much detailing of the required facility prepara-
tions has besn done.

Considerable work has been done on advanced projects. The rationale for extending
the performance of ATF into the long-pulse/steady-state regime has been developed, and
the additional work required to acbieve this extended performance has been scoped. Stud-
ies have alse been made toward definition of a nexi-generation ATF, the ATF-{{, a factor
of 2 to 3 scaleup of the current project. Work on conceptual design of a Spherical Torus
Experiment has also been initiated. Section 1.3 contains details of these efforts.

Section personnel have participated in two other significant collaborations. The work
to define a toroidal confinement experiment for the Juuta de Energia MNuclear (JEN) in
Madnd, performed jointly by ORNL and JEN, has focused on a flexible heliac. This work
is described in Sect. 1.4, Staff members from ORNL whe are collaborating with Princeton
Plasma Physics Laboratory ou the Tokamak Fusion Test Reactor are making significant
coniributions te the research efforis there, as described in Sect. 1.5,

1.1 THE ISX-B EXPERIMENTAL PROGRAM
1.1.1 Confinement Studies
1.1.1.1  Abstract of “Balanced Beam Injection on ISX-B»!

AL J. Wootton, J. D. Bell, C. E. Bush, A. Carnevali, B. A. Carreras, J. L. Dunlap,
P. H. Edmonds, O. C. Eldridge, A. C. England, W. L. Gardner, G. A. Hallock,
R. L. Hickok, H. . Howe, D. P. Hutchinson, R. C. Isler, W, C. Jennings,

K. L. Kannan, R. R. Kindsfather, R. A. Langiey, E. A. Lazarus, C. H. Ma,
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J. Mathew, M. Murakami, J. K. Munro, Jr., G. H. Ncilson, V. X. Paié,
S. D. Scott, . J. Sigmar, C. E. Thomas, R. M. Wieland, W. R. Wing,
and K. i. Yokoyama

Opposed-beam injection experiments, in which the momentim and power inputs are
controlled independently, are described. This has facilitated a study of the cffect of
momentum sources on piasma piroperties. The momentum input is distinguished by a toroi-
dal rotation velocity and a radial clectric field. The global confinement properties of
momentum, particles, and energy have been determined as the beam direction (with
respect to the plasma current) is changed from co-injection through balanced injection to
counter-injection. Global energy confinement times arec unaffected by changing the
momentum source, and thus by both torcidal rotation velocity and radial electric fields, in
a gettered vacuum vessel. The detetioration of confinement with increasing beam power,
previcusly observed with co-injection, is still present with balanced injection. An ¢xamina-
tion of radial profiles of plasma paramecters shows the dominant loss to be electron conduc-
tion with both co-injection and balanced injection. Although global energy confinement is
unchanged, large differences in particle behavior, for both working gas and impurities,
have been observed as the momentum is changed. These obscrvations suggest a link
between rotation, electric fields, and particle confinement.

1.1.1.2  Abstract of “Confincment of Beam-Heated Plasmas in ISX-B*?

M. Murakami, P. H. Edmonds, G. A. Hallock, R. C. Isler, E. A. l.azarus, G. H. Neilson,
A. J. Wootton, I. D. Bell, C. E. Bush, A. Carnevali, B. A. Carreras, J. I.. Dunlap,

A. C. England, W. L. Gardoer, R. L. Hickok, H. C. Howe, D. P. Hutchinson,

W. C. Jennings, R. R. Kindsfather, R. A. Langley, C. H. Ma, J. Mathew,

P. K. Mioduszewski, J. K. Munro, Jr., V. K. Paré, M. J. Saltmarsh,

S. D. Scott, D. J. Sigmar, M. L. Simpson, C. E. Thomas, R. M. Wieland,

W. R. Wing, and K. E. Yokoyama

Coniinement studies on the Impurity Study Experiment {ISX-B) have been directed
at understanding the mechanisms governing the confinement in neutral-beam-heated plas-
mas. These studies have focused on two main areas: (1) the effects of toroidal plasma rota-
tion and electric field on confinerment and (2) confinement improvement with deliberate
introduction of some low-Z impurities (*Z-mode”). In the first studies, the momentum
input was controlled independently of the energy input using opposing injection systems.
Measurements of the space potential using a hcavy-ion beam probe {(HIBP) showed that,
as the injection direction is changed from counter-injection to balanced injecticn to co-
injection, the negative potential well becomes shallower, as expected from the momentum
balance, based on the chserved changes in toroidal plasma rotation. The particle confine-
ment of both bulk ions and impuritics is correlated with beam directivity, potential, and
rotation velocity. However, both global and electron energy confinement are unaffected by
changing the raomentum input. The Z-mode studies have shewn that the deliberate intro-
duction of recycling low-Z impuritics (whether externally injected or intrinsic) improves
global energyv confinement times (7g) by a factor of up to 1.8 over those predicted by the
standard ISX-R scaling, which was developed from and accurately represents 7y in clean,
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gettered discharges. Additional benefits of the impurity injection are improved particle
conflinement, increased ion heating efficiency, and reduced limiter heat flux. The improve-
ment in 1z is correlated with a reduction of the high-frequency (50- to 250-kHz) magnetic
fluctuation B,/B, without changing the fluctuations #./n,. The confinement time irmprove-
ment, which increases linearly with 7., results primarily from reduction of the electron
thermal diffusivity (x.). The reduction of x, is consistent with the prediction of a resistive
ballooning mode theory, which includes diamagnetic effects.

1.1.1.3 Abstract of “Confinement in Beam-Heated Plasmas: The Effecis of
Low-Z Impurities”’

. A. Lazarus, J. D, Bell, C. E. Bush, A. Carnevali, B. A. Carreras, W. H. Casson,
. L. Dunlap, P. H. Edmonds, A. C. England, W. L. Gardner, G. A. Hallock,
. T. Hogan, H. C. Howe, D. P. Hutchinson, R. R. Kindsfather, R. C. Isler,

. A. Langley, C. H. Ma, J. Mathew, P. K. Mioduszewski, M. Murakami, G. H. Neilson,
. K. Paré, D. J. Sigmar, C. E. Thomas, R. M. Wieland, J. B. Wilgen, W. R. Wing,

. J. Wootton, and K. E. Yokoyama

Confinement studies on ISX-B in beam-heated plasmas contaminated with small
quantities of low-Z impurities are reported. Experimental results on the correlation of par-
ticle and energy confinement are presented. A linear relationship of energy confinement
and plasma density is observed. As density is increased further, this effect saturates and
energy confinement becomes independent of electron density. The experiments have been
extended to higher beam power, resulting in an expansion of the ISX-B operating space.
Impurities other than neon {carbon and silicon) have been tried and do not produce an
enhancement in confinement. Edge cooling by the introduction of impurities has been
demonstrated. The change in confinement has been shown to be correlated with changes in
the normalized poloidal field fluctuation level (B;/Bg) but not with the density fluctuation
level (7 /n.). The experimental results are compared with models of drift-wave and resis-
tive ballooning turbulence, and an explanation is offered for the difference between the
results with recycling and nonrecycling impurities.

1.1.1.4 Abstract of “The Effects of Varying Wall Conditions, Major and Minor Radius
on Confinement Properties in ISX-B”

A. J. Wootton, C. E. Bush, P. H. Edmonds, E. A. Lazarus, C. H. Ma, M. Murakami,
and G. H. Neilson

The ISX-B data base from which the energy confinement time scaling rp oc
I S/ZP; %3 was derived for npeutral-beam-heated discharges has been enlarged. Now
included are results obtained using a nongettered vacuum vessel and different minor and
major radii. Energy confinement times improve, and a density dependence is introduced, if
gettering is not employed. There is an associated increase in impurity radiation. A compar-
ison of confinement properties obtained using two minor radii (~19 cm and the usual ~26
cm) has been made. The correlation between radiation level and confinement is always
found. No dependence of energy confinement on minor radius is found. The confinement
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changes asscciated with wall conditions and radiation levels can be reproduced using a get-
tered vessel and small plasma position displacements. In particular, outward radial dis-
placemenis toward a limiter at the outer equator improve cenfinement. In this case, any
radiation increase is small.

1.1.1.5 MHD fincinations in ISX-B
J. D. Bell, J. L. Dunlap, V. K. Paré, and A. J. Wootton

Studies of magnetohydrodynamic {MIHD) fluctuations in beam-heated plasmas have
been continued, using an array of 12 high-frequeacy Mirnov coils disiributed polcidally
and toroidally on the outside wall. Previous cbservations have shown that the amplitudes of
the (0 = 1, n = 1) mode and its harmonics are not correlated with confinement.’
However, the frequency spectrum of signals from the high-frequency coils alse iacludes, in
addition to the peaks from the low-m, low-# modes, a continuous componeit that extends
at least to onr maximum analysis frequency of 250 kHz. We find that the amplitude of
this componcnt does appear to be correlated with confinement.

As an example, Fig. 1.1 shows the frequency spectrum of By/8y for otherwise similar
beam-heated plasmas with and without neon injection. In ISX-B, peon injeciion has been
found to enhance confinement significantly;® as can be seen in Fig. 1.1, it also reduces the
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amplitude of the continuous spectrum. It may alse be noted that confinement improves
even though the power spectral density of the (i = 1, n == 1) mode and its harmonics
increases.

The shape of the continuous spectrum is quite similar for most plasmas; thus, the level
of the fluctvations producing it can he characterized by integrating the spectrum over g
suitably chosen fixed frequency range. This operation has been done in two ways: (1) by
recording the signal amplitude from a band-pass filter with a center frequency of 150 ke,
and {2) by wumerically integrating from 100 to 250 kHz the spectra obtained by Fourier
transform analysis of digitized waveforms. The two methods give similar correlations with
confineraent. The corrclation obtained with method 1 is illustrated in Figs. 1.2 and 1.3,
which are “scatter plots” of the fluctuation level against magnetically measured energy
confinement time 7, in scans of plasma current and of neutral beam injection power.

For a global rotating mode such as the (m = 1, n = 1), the mode structure can be
determined from the phase shifts between signals from poloidally and toroidally displaced
detectors, and one expects the signals from all detectors to be highly coherent. For the con-
tinuous part of the spectrum observed in the Mirnov coil signals, the phase shift is always
nearly zero when there is enough coherence to permit measuring it, and the coherence falls
rapidly with increasing detector separation, The decrease of coherence with poloidal
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separation is especially fast and leads to the conclusion that the observed magnetic fluctua-
tions must occur in the outermost few centimeters of the plasma.

1.1.2 Measurements of Plasma Potential—Abstracts

1.1.2.1  Investigation of the Electric Field Structure in Neutral Beam Heated ISX-B
Plasmas’

J. Mathew

Plasma potentials have been measured for the first time in neutral-beam-heated
tokamak discharges. Radial potential profiles have been obtained for co-injection, counter-
injection, and balanced-injection discharges as well as for ohmically heated plasmas in the
ISX-B tokamak. Within experimental uncertainties, the measured values of potential are
consistent with calculations based on radial momentum balance using experimental values
of rotation velocities, density, and ion temperature.

The measurements were made using an HIBP, with typical plasma conditions of J, =

150 kA, By == 12.3 kG, A, = 4 X 10" cm™3, and P, = 0.9 MW. A negative potential



1-ii

well depth of about 1.0 kV was observed in ohmically heated plasmas and increased some-
what for balanced injection. Counter-injection resnlted in a significantly larger well depth
of approximately 3-4 k¥, while co-injection showed an outward-pointing slectric field in
the plasma interior. In oluwically hested plasmas the potential was constani in time, but
significant time variations in potential were observed in neutral-beam-heated discharges.
Potentials in chmic plasmas showed both a density and a plasma current dependence.

There was an observed improvement in the particle confinement times of both ions
and impurities with counter-injection as compared with co-injection. Inclusion of momen~
tum sources and drags in the momentum equation leads to 2 component of the radial par-
ticle flux proportional to the radial electric field that is qualitatively capable of explaining
the observed improvement.

1.1.2.2 “The Space Potential Distribution in ISX-B”®
G. A. Hallock, J. Mathew, W, C. Jennings, R. L. Hickok, A. I. Wootton, and B. C. Isler

Plasma potentials have been measured for the first time in neutral-heam-heated
tokamak discharges. Radial profiles hdve been obtained for co-injection, counter-injection,
and balanced injection and for plasmas with ohmic heating only. The measured potentials
are consistent with that inferred from radial momentum balance using the measured
toroidal rotation velocities. They are also qualitatively consistent with the strong depea-
dence of impurity transport on the direction of beam injection.

1.1.3 Particle and Impurity Conirol
1.1.3.1 Particle and impurity contrel with pump lmiters

P. K. Mioduszewski, C. E. Bush, L. C. Emerson, P. H. Edmonds, H. C. Howe,
R. C. Isler, R. A. Langley, E. A. Lazarus, C. H. Ma, M. Murakami, G. H. Neilson,
J. E. Simpkins, A. J. Wootton, and K. £. Yokoyama

The pump limiter experiments on 1SX-B were primarily designed to demonstrate par-
ticle exhaust and density control with mechanical limiters. The experimental arrangement
was described in detail in the 1982 annual report.” Two modules were installed in ISX-B,
one in the top and ope in the bottore of one toreidal sector of the tokamak. The limiter
heads consisted of graphite coated with titanium carbide (TiC); the rest of the structure
was made of stainless steel. Both limiters had a “pill-box” shape with a mushroom-shaped
top. For the March 1984 run, the bottom limiter design was changed by extending the
limiter throat length from 4 to 10 cm and by collecting particles only from the ion drift
side. The twe limiter designs are shown in Fig. 1.4. Experiments were performed in ohmi-
cally heated plasmas and in beam-heated plasmas. The pressure buildup in the limiter
cavities is shown in Fig. 1.5 as a function of line density in the scrapeoff layer. The non-
lincar pressure rise in the long-throat limiter indicates plasma effects that scem to be
strongly dependent on the limiter geometry.

When the Zr-Al getters in the pump limiter cavities were activated, the limiter pres-
sures dropped by a factor of 2-3 due to the pumping. At the same time, the line-averaged
plasma density decreased if the gas flow rate was held constant. A maximum density
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decrease of a factor of 2 was observed in ohmically heated discharges with elongated plas-
mas. Typical density traces with and without pumping, with plasma parameters of I, =
116 kA, By = 14 T, and A, = | MW, are shown in Fig. 1.6. Exhaust rates up to
4 torr-L/s were observed, and the exhausted flux over the total flux in the scrapeoff layer
was determined to be 5-8%.

Preliminary experiments on impurity {nitrogen) injection indicated that the total
radiation was slightly reduced when the pump limiters were activated. Spectroscopy data
show that the central nitrogen radiation is not much affected, but the edge radiation is
strongly reduced by the pump limiters.
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1.1.3.2 Impurity contro! and hydrogen pumping with chromium gettering in ISX-B!0

P. K. Mioduszewski, I. E. Simpkins, P. H. Edmonds, W. A. Gabbard, R. C. Isler,
E. A. Lazarus, C. H. Ma, M. Murakami, and A. J. Wootton

Chromium gettering allows impurity control without increased hydrogen flow rates
and hydrogen retention in the wall. This makes it compatible with tritium operation.

To test chromium gettering in ISX-B, two getter sources, separated toroidally by
about 180°, were installed in the torus. The sublimation rate was chosen to be 0.1 g/h for
cach source. A typical getter cycle lasted for 30 min. This procedure was identical to the
usual titanium getter cycle in ISX-B to facilitate comparison between chromium and
titanium. The gettered area in the torus is estimated to be 70% with a film thickness of
1-10 monolayers and about 5% with a coverage of 10-100 monolayers. From an opera-
tional viewpoint, chromium gettering was very convenient. While titanium sources must be
outgassed and conditioned, sometimes for several hours, outgassing of the chromium balls
was negligible. Only 5 min into the getter cycle, all impurity gases (H,0, N,, CO, etc.) in
the residual gas were reduced by factors of 3--5, and after a full getter cycle of 30 min, all
such impurities were reduced by almost an order of magnitude.

After chromium gettering, the total radiation from the plasma was strongly reduced.
The content of individual impurities--as measured spectroscopically-—was reduced by fac-
tors of 3-5. Figure 1.7 shows the total radiated power from the plasma, normalized to
lingc-averaged density, before and after chromium gettering. In addition to a reduction of
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the total radiated power from the plasma, the discharges display high reproducibility after
gettering. The normalized radiated power was monitored for up to 50 discharges after the
getter cycle, and no exhaustion of the impurity pumping capability was observed.

Titanium gettering entails large pumping speeds and capacities for hydrogen species.
To obtain reproducible discharges without tedious adjustments of the gas puff between
shots, a procedure called “ungettering” has been established in ISX-B. It involves puffing a
large amount of hydrogen into the forus to saturate the titanium, thus reducing the hydro-
gen pumping speed to a tolerably small value. This procedure does not affect the impurity
pumping capability, because hydrogen on the getter surface is continually replaced by the
more reactive gases like oxygen. In contrast to this behavior, chromium gettering does not
significantly change the pumping speed or capacity of the walls for hydrogen isotopes. To
demonstrate this, Fig. 1.8 shows the line-averaged deusity, normalized to the gas flow rate,
as a function of shot number before and after gettering. It appears that the required gas
flow rate for a given density is affected for only two shots after the getter cycle, and in
subsequent discharges the effect becomes negligible. The same effect is observed if we
merely interrupt tokamak operation for about 30 min. It is assumed that this increased gas
flow rate is necessary to establish an equilibrium wall loading. In comparing individual
shots before and after chromium gettering, the same line-averaged density is obtained for a
given gas flow rate. After titanium gettering, on the other hand, gas flow rates must be
increased by factors of 2--3 to maintain a given density.

Finally, it is worth mentioning that the operating space increased significantly after
chromium gettering. A maximum line-averaged density of 1.6 X 10'* ¢cm ™3 was achieved.
As indicated in the Hugill diagram in Fig. 1.9, this is the highest density observed in
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ISX-B. It corresponds to a Murakami parameter of 11 at gy = 3. Thus, the expansion of
the operating space after chromium gettering is similar to that after titanium gettering
without the disadvantage of increased gas flow.

Chromium gettering has been proved to be an efficient method of surface pumping in
tokamaks. The impurity control capabilitics are excellent and comparable to those of
titaniwm. The hydrogen uptake is reduced to monolayer quantities on the surface. The
expansion of the operating space is similar to that seen with titanium without the disad-
vantage of strongly increased hydregen fluxes. Possible applications of chromium gettering
include impurity control in contecmporary tokamaks, surface pumping in short-pulse devices
that burn deuterium-tritinra {D-T) to minimize tritium inventory, and wall conditioning of
future large machines before operation,

1.1.4 Abstract of “An Experimental Investigation of the Plasma Properties of the Kdge
Region of the ISX-B Tokamak Using Langmuir Probes”!!

K. E. Yokoyama

The method of decomposing the Fouricr componciits of the double-probe characteris-
tic has been exiended to include higher-order terims in the expansion parameter Vg piea/7e
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and finite circuit resistance. The system uses a 10-kHz driving voltage, which, together
with analog filtering of the current, allows measurements of electron temperature (2 eV <
T, < 40 eV) and electron density (3 X 16° em™? < n, < 2 X 10" cm™?). Electron den-
sity calculations include corrections for magnetic field effects, probe potential, and finite
sheath thickness. Fluctuation levels can be deduced from the frequency structure between
the harmonics of the driving frequency. It has proven necessary to correct for these fluc-
tuation levels in the calculation of both 7, and s, Diffusion coefficients are estimated
from the decay lengths measured behind the limiter face, taking into account fluxes per-
pendicular to the wall and fluxes parallel to the limiter.

Experimental results obtained on iSX-B show that there are no significant tempera-
ture gradients along the field lines. However, variations of up to 50% are seen in the elec-
tron density, which may be due to the local recycling effects. Changes in local edge param-
eters when neutral beam heating is initiated are evident. In particular, the results show
that the density decay lengths increase dramatically during the beam-heated phase of the
discharge, implying an increase in particle diffusion. The direction of beam injection plays
a minor role in determining particle confinement, especially if the recycling at the limiter
surface changes with beam direction. Parameters in the scrapeoff vary linearly with the
central ling-averaged electron density, showing some evidence of saturation in the parallel
particle flux at high densities. Parameters measured at the limiter demonstrate the effects
of plasma plugging. Differences between high and fow energy confinement regimes are also
gvident at the plasma edge. Measurements made doring fueling studies with the pumped
limiter are used to determine qualitatively the exhaust efficiency of the limiter. Finally,
data taken during pellet injection experiments help to determine the role of fast-ion abla-
tion in the scrapeoff Jayer in beam-heated discharges.

1.1.5 The Joint JET-1SX Beryilium Limiter Experiment—Physics Results

P. K. Mioduszewski, P. H. Edmonds, K. Behringer, C. E. Bush, A. Carnevalj,
R. E. Clausing, T. B. Cook, A. C. England, L. C. Emerson, D. Goodall,

L. Heatherly, D. P. Hutchinson, R. €. Isler, E. Killne, P. W, King,

R. R. Kindsfather, B. A. Langley, E. A. Lazarus, C. H. Ma,

P. Morgan, M. Murakami, G. H. Neilson, N. Peacock,

J. E. Simpkins, J. von Seggern, P. Stott, K. Sonnenberg,

A. Tanga, C. E. Thomas, K. Tschersich, J. Watkins,

J. B. Whitley, A. J. Wootton, K. E. Yokoyama, and R. A. Zuhr

The beryllium limiter experiment, a collaboration between the Joint European Torus
(JET) and ORNL, was performed under contract with the JET Undertaking. The objec-
tives of the experiment were (1) to study the performance of beryllium as a limiter
material, (2) to investigate the plasma characteristics with a beryllium limiter, and (3) to
gain experience with handling beryllium in a tokamak environment.

The experiment was specified for a deuterium fluence of about 10°? jons/cm? to the
limiter, This corresponded to 3000 beam-heated discharges with a single beam line at
0.8 MW. The limiter test was designed for a power flux of 2.5 kW/cm? for 0.2 s of
neutral beam injection (NBI). The corresponding surface temperature rise was 600°C per
discharge. The base temperature of the limiter was kept between 200 and 300°C at all
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times to improve the ductility of the beryllium, which is very low at rocm temperature and
improves strongly at elevated temperatures.

The experimental arrangement of the beryllium limiter in the tokamak is shown in
Fig. 1.10. The top rail limiter consisted of a movable stainless steel structure with 12 indi-
vidual beryllium tiles. The inset of Fig. 1.10 shows a diagonal view of a single tile; every
other tile was slotted to relicve surface stresses. The figure also shows the visible spectrom-
eter viewing the limiter. A photograph of the limiter after installation in the tokamak is
shown in Fig. 1.11.

To evaluate the performance of the limiter, we distinguish three different regimes of
operation:

1. No melting of the limiter surface. This was the case for ohmically heated discharges
and for discharges with NBI at low currents.

2. Strong limiter melting with melt layer formation and material loss by melted droplets.
This happened during discharges with NBI at high currents.

3. Limiter melting and evaporation only at hot spots, which were due to the surface
roughness. This happened during discharges with NBI at low current after the surface
morphology was drastically changed by heavy melting.

The power deposition at the limiter turned out to be a sensitive function of the plasma
current. For ohmically heated plasmas this was expected, because the total input power
increased with plasma current. For beam-heated discharges, however, the input power was
dominated by the beam power, and a change in plasma current by 50% affected the total

ORNL-DWG 84 - 2743R FED

INSET

VISIBLE

- MIRROR ‘="=’=‘[L
Sy

\\\\ H
T%E%RROR

Fig. 1.10. Experimental arrangement of the beryjlinm limiter in ISX-B.
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ORNL-PHOTO 6908-85

Fig. 1.11. The beryllium limiter installed in ISX-B.

input power by less than 10%. Even for beam-heated discharges with approximately con-
stant input power, the limiter power increased strongly with plasma current. This effect
allowed us to control the limiter power using only the plasma current and to keep the total
input power constant.

Energy deposition at the limiter and decay lengths of the power flux in the scrapeoff
layer were measured with a thermocouple array installed in the beryllium tiles. Typical
temperature distributions across the limiter under various plasma conditions are shown in
Fig. 1.12. A bulk temperature rise of 10°C corresponded to a peak power flux of about
2.5 kW/cm? and a surface temperature rise of 600°C. The labels “ug” and “g” refer to
data obtained during “ungettered” and “gettered” discharges, respectively. The gettering
here is self-gettering by evaporated and redeposited beryllium.

The decay length of the power flux was a function of plasma current. For 115 kA, it
was about 1.2 cm for ohmically heated discharges and 1.5 cm for beam-heated discharges.
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As illustrated in Fig. 1.12, the heat flux to the limiter increcased strongly with plasma
current. At I, = 153 kA in beam-heated plasmas, the peak power flux was 4.5 kW/cmz.
At this heat flux, the surface temperature rise was 1000°C. After extended operation, the
bulk temperature was around 300°C, so that a peak surface temperature of 1300°C was
reached, excecding the melting point of 1283°C. The limiter was intentionally operated at

these high heat fluxes for several hundred shots to induce melting and subsequent gettering
of the vacuum vessel with limiter material.
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After characterization of the operating space and the impurity content under various
conditions, an extended test was conducted to expose the limiter to a deuterium fluence of
10?2 jons/cm?. About 2500 shots were fired at low plasma current (116 kA), an injected
neutral beam power of 0.8 MW, and a nominal power flux of about 2.5 kW/cm? to the
limiter. Due to the high surface roughness induced by melting during high-current opera-
tion, melting and evaporation still occurred at protrusions and solidified droplets. This
caused enough evaporation to continuously getter the vacuum vessel with limiter material
throughout the fluence test. Figure 1.13 is a photograph of the limiter surface after the
experiment. Although the surface was heavily damaged, the performance was as good as
with the new limiter, with the added feature that the surface roughness caused the irrever-
sible getter effect.

In the premelting phase the plasma was dominated by the light impurities oxygen,
carbon, and nitrogen, at concentrations of about 1% each. The value of Z.; under these
conditions was about 3. The beryllium content in the plasma was 0.1%. With high-current
operation and limiter evaporation, the beryllium content in the plasma increased to about
6%. The light impurities were effectively gettered, and the total radiation decreased by
more than 50%. Figure 1.14 shows the oxygen and beryllium radiation before and after
gettering. In the third phase of operation (i.c., evaporation at hot spots only), the beryllium
content decreased by a factor of about 2, but the impurities were still effectively gettered.

The plasma performance in ohmically heated discharges was comparable .to the per-
formance with TiC-coated limiters in ISX-B. For beam-heated plasmas, the three phases

ORNL-PHOTO 6536-85

Fig. 1.13. The limiter surface after the experiment.
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of operation must be distinguished again. With injected power to 0.82 MW and low
plasma current (117 kA), the power to the limiter was about 2.2 kW/cm? At this power
flux the plasma performance was comparable to previous data obtained with TiC limiters.
The plasma radiation was dominated by light impurities from the wall.

At high plasma currents (150 kA), power fluxes of 4-5 kW /cm? were measured at
the limiter, leading to surface melting. With limiter melting during every shot, plasma
operation was possible but pot very reproducible. The radiated power decreased from
about 300 kW to 150 kW at a constant input power of 1 MW, Maximum densities were
9 X 10" cm™3, and energy confinement agreed with the phenomenological ISX scaling
found for gettered discharges: 725X = 0.005/7 g/sz" 8,

In the third phase of operation, with average power fluxes below 2.5 kW /cm? but
with beryllinm gettering by evaporation at hot spots, plasma operation was quite repro-
ducible. The bervllium content was still about 2%, and low radiation indicated gettering.
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Under these conditions about 2500 reproducible shots were fired (fluence test). At a
plasma current of 116 kA, with well-gettered walls, a maximum density of 1.3 X 10
cm ™3 was achieved. Confinement was according to ISX scaling with gettering. Cooling of
the plasma edge by impurity injection was demonstrated by puffing about 1% neon into
gettered discharges. This reduced the energy to the limiter from 86 to 56 kJ, as shown in
Fig. 1.15. The beryllium flux from the limiter was reduced correspondingly.

The beryllium limiter test has shown that beryllium is a suitable limiter material. The
extremely low Z makes contributions to the plasma radiation negligible, even at high con-
centrations. The thermomechanical properties are good. A potential disadvantage is
beryllium’s low melting point (compared to graphite), because power excursions, for
example in disruptions, cannot be totally avoided. However, the fluence test on ISX-B has

shown that even with a heavily damaged limiter, thousands of reproducible discharges can
be performed.
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1.1.6 ISX-B Qperations and Technology

P. H. Edmonds, G. R. Dyer, A. C. England, W. A, Gabbard, W. L. Gardner,
M. M. Menon, J. A. Moore, C. C. Tsai, T. F. Rayburn, W. J. Redmond,

J. L. Yarber, L. A. Massengill, V. D. Latham, D. Hatch, T. D. Bagwell,

D. L. Coppenger, E. T. Blair, D. E. Greenwood, W. R. Wing,

C. R. Stewart, D. J. Webster, R, B. Wysor, J. E. Warwick,

U. P. Lickliter, J. J. Schinidt, and J. 1. Ping

The first three months of ISX-B operation in 1984 were devoted to the Department of
Fnergy (DOE) program. The tokamak was then shut down for two months while the
modifications and installation necessary for the beryllium limiter experiment were com-
pleted. This experiment was completed in three months, and in August 1984 the tokamak
was shut down for decontamination and disassembly.

The major emphasis of the year, and the final experiment on ISX-B, was the beryl-
lium limiter experimeunt, which consisted of the design and construction of a beryllium lim-
iter and the operation of the facility to evaluate the limiter’s effects. These are described in
refs. 12-14. Figure 1.16 shows the time history of the beryllium limiter experiment in the
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form of a histogram of the aumber of beam-heated shots. It includes an estimate of the
accumulated hvdrogen fluence to the limiter. The fluence is calculated from Thomson
scattering measurements of the edge plasma, using the relationship

nv = 0.4n,JkT Jm,

where the symbols have the comventiona! meanings.!” Because of the health and environ-
mental hazards associated with the use of beryllium, a safety analysis report, including
operating safety requirements, was written.'®

On completion of the experiment, the device was progressively disassembled and tested
for beryliium contamination. Components were classified into one of three categories.

The first category consisted of material that was known or suspecied to be heavily
contaminated, such as the main vacuum vessel, the pumpiag manifold, and certain diag-
nostics. Also included were components that showed some contamination or were suspected
of being contaminated and that were not identified as having any future use, such as the
Thomson scattering ducts and the liner ventilation system with its instrumentation. All
components in this category were disposed of by burial in the Y-12 toxic waste site.

The second category consisted of items that showed contamination or were expected fo
be contaminated but were of considerable value and might be reusable. Typical members
of this category were the isolation gate valves for the beam lines and diagnostics. These
were donble bagged, identified as contaminated, and stored. If they are proposed for reuse,
the cost of decontamination will be compared with replacement cost and schedule.

The third category consisted of items that showed no sign of beryllium contamination
and were not in line of sight of the discharge. For this category, “no sign of contamina-
tion” implies less than 0.01 ug of beryllium per sample wipe, taken over as large an
exposed area as practical. These items will be carefully rechecked for beryilium contamina-
tion using damp or acidic wipes and, if no contamination is observed, thoroughly flushed
with distilled water and returned to open storage for reuse. This category includes all the
turbopumps and associated vacuum plumbing, the beam lines, and external diagnostics
such as charge exchange and spectroscopy.

1.1.7 The ISX-B Data System
W. R. Wing, J. D. Bell, E. T. Blair, D. E. Greenwood, K. L. Kannan, and K. A. Stewart
Data system highlights from 1984 include the following:

*  Complete conversion of the remaining parts of the PDP-11-based data system to the
VAX-based system (including a VAX implementation of the lightpen-driven opera-
tions display). .

*  Implementation of an on-line data compression system that reduces the volume of
data transmitted to the PDP-10 (and the time required to transmit it) by a factor of
24,

®  Routine use of the VAX-based waveform generation system to drive the gas feed and
plasma position control.
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¢ Installation of network access port (NAP) hardware cn VAXI1 to allow this machine
to function as a User Service Center host on the National Magnetic Fusion Energy
Computing Center actwork (MFEnet).

e  Installation of a QMS laser printer with software to support printing of integrated
text and graphics.

s  Installation of an HSC-50 disk-cluster controller. This forms the beginning of the disk
farm necessary to support data handling for ATF.

Since it was clear at the beginning of the year that 1984 was going to be the last year
for ISX operation, new development was minimized. However, a number of ongoing proj-
ects were completed, allowing the conversion of the data system from PDP-11s to a VAX-
based system. The result was that the data system was able to support the beryllium lim-
iter experiment in a unified, self-consistent way with a very low level of attention and a
very high level of reliability.

The largest single conversion project was rewriting the operations display system. The
operations display consists of a Sension display driver (a high-resolution, refreshed-vector,
display system that interacts with users through a lightpen) and the associated software.
This system was originally implemented on the PDP-i1s in FORTRAN. In order to pro-
vide better support for the elaborate data structures necessary, it was decided to rewrite
the software in PASCAL for the VAX implementation. This task was completed in early
1984 and shelved to await the rest of the conversion.

In early spring, the conversion was complete except for onc key element: on-line data
compression software to reduce the data transmission time to the PDP-10. Without this
reduction, it would have required more than one shot-cycle time to transmit a data set for
a normal shot, and data transmission would not have been able to keep up with machine
operation. Just as this data compression software was completed, but before there was time
for proper testing, the PDP-11 system failed. A week’s efforts by Y-12 and Digital Equip-
ment Corporation (DEC) field service failed to repair the problem (which was located in
the dual-access disk controller). In an effort to minimize lost operating time, a decision
was made to proceed immediately with the VAX conversion. The complete switchover was
made in less than a day. No data werg lost, operation continued, and the PDP-11 system
was decommissioned. With this change, the data system became completely VAX-based,
and the problems associated with trying to provide maintenance for two operating systems
disappeared.

A system developed in 1983, the waveform generating system, which received some
use in 1983 for driving the gas feed, was expanded in 1984 and becamc central to routine
operation. The system consisted of a set of CAMAC arbitrary-waveform generators and
software to drive them. The software provides “waveform editing” (with both graphical
and numerical user input), a waveform “data base” of previously used waveforms, and the
ability to scale the waveform generator’s output range. The number of channels of output
was expanded in 1984 from one to four. These channels were used for driving the gas feed,
an impurity feed, and the plasma position and plasma current power supplics. The net
result of all this work was that the operations group was able to support the beryllium lim-
iter experiments with a smaller operating staff (two people) than had ever run ISX before.
The VAX system allowed automated operation to an extent never previously possible.
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Three final items of interest concern the installation of hardware. First, NAP hard-
ware was installed on VAX]1. This hardware allows the VAX to function as an MFEnet
host (its node name is ATF); in addition, it provides a parallel path between Oak Ridge
and the MFEnet and allows the Oak Ridge personnel on temporary assignment in Prince-
ton to have much better access to the Fusion Energy Division VAX systems, where many
of the codes and data they need are located. Second, late in the year a QMS 1200 laser
printer was installed with software to support production of high-quality integrated text
and graphics. Third, an HSC-50 (disk-cluster controller) was installed along with the [irst
2.5 gigabytes of disk storage. This forms the first installment of the disk farm that wiil
represent the ultimate storage point for ATF data.

1.2 THE ATF PROGRAM
1.2.1 Introduction

The long-term goal ¢f the Advanced Toroidal Facility (ATF) program at ORNL i o
improve the toroidal confinement concept by demonstrating the principles of high-beta,
steady-state operation in toroidal geometry and by searching for an optimum toroidal mag-
netic confinement systerm. In the near term (1987-1988), the ATF experiment will study
access to the high-beta, second stability region and transport at low collisionality in the
presence of large field ripple and electric fields. These studies will cover a wide range of
magnetic configurations, including a variety of plasma cross sections, nonplanar (helical)
magnetic axis, and stellarator features for stellarator-tokamak hybridization. The activities
described in this section are all aimed at preparing for ATF operation in October 1986.

Collaborative activitics with other stellarator groups increased in preparation for ATF
operation. This year ORNL hosted a U.S.-Japan Stellarator/Heliotron Workshop on
experimental planning, actively participated in the research programs at the Kyoto Univer-
sity Plasma Physics Laboratory!” and the Max-Planck-Institut fiir Plasmaphysik by means
of extended foreign research assignments, and supported torsatron research at the Univer-
sity of Wisconsin.

2.2 Physics Studies

1.2.2
D. B. Batchelor, B. A. Carreras, K. A. Connor, R. H. Fowler, 1. C. Glowienka,
R. C. Goldfinger, J. E. Goyer, J. H. Harris, D. E. Hastings, T. C. Hender,
R. L. Hickok, W. A. Houlberg, J. F. Lyon, R. N. Morris, J. K. Munro, Jr,
J. A. Rome, and T. L. White

ATF physics studies in 1984 concentrated on those arcas needed to prepare for ATF
operation rather than on development of the ATF concept.

Magnetic field calculations emphasized determination of allowable error fields and
field line following for pump limiter/divertor studies. Low-order resonant field perturba-
tions of ~1073 and random field perturbations of ~1072 can cause magnetic island
formation and serious deterioration of vacuum magnetic surfaces; thus, potential field per-
turbations due to magnetic shielding on diagnostics and ion sources, beam-bending mag-
nets, high-current bus bars, and magnetic permeability {(x) variations in the helical field
(HF) coil T-sections and in the structural shell were evaluated.
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Magnetic field linc calculations were donc to cstimate the conmection length and
characteristic dscay length in the scrapeoff layer that are needed for pump limiter/divertor
design. The connecticn length is the total path length of a field linc between the last closed
flux surface and the wall. This parameter determines the number of limiters or divertor
targets. In tckamaks, the magnetic field structure outside the last closed flux surface is
such that the connecticn length corresponds to many toreidal revolutions. Hence, it is suffi-
cien: to have a limiter at onc torcidal or poloida! location to intercept the total diffusive
particle and energy flux crossing the plasma boundary. For ATF, calculations of field lines
indicate connection lengths of several toroidal revelutions within the first few centimeters
outside the last closed fiux surface. This is illustrated in Fig. 1.17, where the length of a
field linc before it intersects the wall is plotted vs distance 2 above the plasma magnetic
center at a toroidal location with vertical ports. The last closed flux surface is at Z =
0.39 . The length at Z = 0.47 m, 8 cm into the scrapeoff layer, is ~40 m, correspond-
ing to three toroidal revolutions. Thus, within a few centimeters ontside the plasma
boundary, the scrapeoff layer in ATYF is similar to that in a tokamak. If this proves to be
the case, it will be possible to use pump limiter configurations that are very similar to
those tested in tokamaks.
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A geometrical optics code was used to caloulate ordinary-mode {O-mode) fundamental
clectron cyclotron ray propagation and absorption in ATF. Rays are propagated in a beam
simulating the anticipated antenpa design with the trajectories displayed in real space. A
histogram is caleulated for zach beam showing fractional power absorption, via fundamen-
tal electron cyclotron heating (HECH), as a function of the toroidal magnetic flux. A
simple, analytical model for magnetic field and flux is asee‘* to siulate the vacuum condi-
tion expecied in ATF. We trace U-mode rays (polarization E | B for perpendicular propa-
gatmn) with plasma and wave parameters assumed (o H typical for ATE operation (fecy

= 532 GHz, 7, = 500 ¢V, n, = 107 cm ™3, By ~ 1.9 T). Calculations are also done for
a range of Vxﬂud‘l of By to test the sensitivity to changes in the coil currents. Significant
absorption {up to 100% of incident wave power) occurs with an optimally placed and
oriented beam (FWHM == 37). This siiuation occurs when the resonance is at the saddle
point of the rmagnetic field and the beam passes through this region. However, these results
are quile sensitive to antenna placement, orientation, and magnetic field {or, equivalently,
wave frequency). Based on these calculations, it 5 argued that an Ommum strategy is to
launch the O-mode waves from the high-field side in the ¢ == 0° plane. This should be
done using a gyrotron with a frequency lower than that associated with the maximuwm anti-
cipated field at the saddic peint.

Monte Carlo calculations of neuiral beam power deposition in the plasma, on the
vacuum vessel walls, and on apertures akmw the beam path have ‘been made for different
beam line positions. For a beam divergence of 1.3° and 2 peak plasma density of
4 X 10V cm ™3, F == 82% of the power is dpp@ﬁiﬁed inside the plasma. A sroall amount
(=6%) bhits outside the large horizontal pum and ==8% hits the helical coil trough just
inside the port, where local wall power densities can exceed 200 W/cm?® The remainder
(==4%) is shincthrough. If larger ap&rtmm are used v stop beam impscis on the wall
inside the port, then the power deposited in the plasma drops to =70%. Reducing the
beam divergence to 1° compictely stops the heam from hitting the inside wall or port.

Calculations of HIBP orbits are being done for ATE to determine whether a2 beam
can be brought from a distance {~35 m)} through a spatially varying magnetic field so that
a useful grid map of the plasma potential can be formed. A number of primary beam
injection conditions, when injecting vertically upward through a port, have been found to
yield useful secondary beamm detoction grids. None of the injection conditions are fully
optimized in terms of exit port utihization and maximum plasma profile scanned. Even
without optimization, it appears that most of the plasma can be scanned along a
single detector line during one shot. Future work might focus on the use of two detectors,
rather than one. The two-detector system would add redundancy and flexibility and would
relax the requirement that one detector be capable of scanping the entire plasma cross sec-
tion. Calculations were made of primary beam atfenuation by electron-impact ionization
atong the trajectory inside the plasma, assuming 2 30-cm-radius plasma that was radially
and toroidally uniform. The plasma had an electron temperature that varied from 600 eV
to 5 keV and a constant density of 6 > 10'3 cm ™. The probing beam is a 200-keV cesium
beam. The primary beam attenuation varied from 1077 to 107% as a function of path
length in the plasma and as a function of plasma conditions. These are worst-case numbers
because of the crude assumptions made for the plasma geometry. The numbers would yield
secondary signal levels of around 20 nA. This signal level was found to be adequate for
HIBP measursments in I8X-8.
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1.2.3 Censiruciion

L. E. Barilett, L. R. Baylor, R. D. Benson, D. E. Brashears, C. Bridgman,
A. Y Broverman, R. L. Brown, W. E. Bryan, W. D. Cain, K. K. Chipley,
M. J. Cole, W. K. Cooper, D. L. Coppenger, P. H. Edmonds,

J. W. Forseman, W. A. Gabbard, E. 1.. Halstead, J. H. Harris,

G. H. Henkel, T. C. Jernigan, R. L. Johnsoa, L. M. Jordan,

V. E. Lynch, J. F. Lyon, J. A. Mayhall, J. F. Monday,

G. H. Neilson, B. E. Nelson, J. A. Rome, M. J. Saltmarsh,

W. D. Shipley, D. J. Taylor, C. K. Thomas, P. B. Thompsoii,

L. M. Vinyard, J. E. Warwick, J. A. White, I. C. Whiison,

D. E. Williamson, W. L. Wright, and R. B. Wysor

As shown in Fig. 1.18, the ATF device consists of a set of HI coils, a set of poloidal
field (PF) coils, an exterior shell structure to support the coils, and a thin, helically con-
toured vacuum vessel inside the coils. The ATF will use the existing facilities of the ISX-B
tokamak: power supply, cooling, diagnosiic, data acquisition, control, and heating systems.
The ATF device parameters are listed in Table 1.1.
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Table 1.1. ATF device parameters

Major radius Ry, m 2.10
Average plasma minor radius <a>, m  0.30
Average HF coil minor radius a., m 0.46
Toroidal field on axis 8y, T 2.0 (for 5s)

1.0 (continuous)
Ton and electron temperature

(1; = T.), keV 1-2
Plasma density <n>, cm 3 (1-10) X 1013
Average plasma beta 8, % 4-8

1.2.3.1 Coils

The electrical characteristics of the different coil sets are summarized in Table 1.2.
The HF set consists of a pair of coils that forms an (8 = 2, m = 12) torsatron helix.
The coils must be constructed so that the current winding law is within 1 mm of the
theoretical winding law. In other stellarators, similar accuracies have been achieved by
winding the HF conductor into an accurately machined groove on a toroidal vacuum
vessel. Such a procedure requires serial production of the vessel and coils. In ATF, the HF
coil will be made in 24 segments with joints in the equatorial plane of the machine. This
permits parailel production of the coils and vacuum vessel. Each coil segment consists of
14 insulated copper conductors mounted on a structural steel brace with a T-shaped cross
section (see Fig. 1.19). Each conductor is made from plate and contains a cooling-water
tube brazed into a milled groove. The conductors are rough-formed to shape; then a com-
plete set of conductors is clamped into a precision die and stress-relieved to achieve the
final form tolerance. The stainless steel T-piece is cast to shape to fit in its tolerance win-
dow and is then machined to provide accurate location points for mounting the conductors

Table 1.2. Major coil characteristics

Current Current  Current Voltage per
per coil per turn density coil set (V)

Coil set  (MA -turns) (kA) (A/cmz) Peak  Flattop

HrY 1.750 125.0 3350 1250 500
YE inner 0.263 16.4 2540 650 i21
VF outer

Main 0.375 125.0 2600 1250 63

Trim 0.159 15.9 2420 650 166
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and assemibling the coil. These components arc tested to see that they fit within the toler-
ance windows using a coordinate measuring machine with an accuracy of ~0.01 mm. This
machine is also used to check the completed segment. Following assembly, the segment is
potted in epoxy resin. Componenis for a full-scale prototype segment have been built by
the Chicago Bridge and Iron Company (CB!) in Birmingham, Alabama. Fabrication of
parts for the helical coil segmenis has begun at TBIL. The structural T-picces were cast by
Esco Corporation in Portland, Oregon. Final delivery is scheduled for May 1986.

A critical design issue is the demountablc joint. Many designs were tested, and a few
met all the initial requirements for both pulsed and steady-state operation. The selected
joint concept is a simple lap geometry for each turn with bolts through the entire segment
stack, which is made up during HF coil assembly (sce Fig. 1.20).

The lap configuration is composed of a half-lap machined tab at the end of cach turn
of a coil segment that mates with corresponding haif-laps when upper and lower segmients
arc joined during the HF coil assembly process. The tabs cn gach turn are machined while
the copper is still in a flat development stage. A typical joint end is shown in Fig. 1.21.
Precise contiol of each tab’s position in the segment stack, including the holes for the
through-bolts, 1s accomplished using tooling fixiures at the initial forming stage and again
during segment assembly.

Iield assembly of these HI coil joints is based on optical alignment to a particular
joint control hole on each segment end. Tab misalignmenis (nonparallel surfaces) are
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corrected by assembly forces as the upper and lower segmenis are engaged. Tests of actual
joint ends have been conducted and verify this characteristic. Ounce aligned, tapered G-10
insulating wedges are installed between turns to fill the gap and provide a solid block for
through-bolt load transfer to each turn.

The through-bolts are a sliding fit to match honed G-10 bushings in each joint tab
hole. The bolis are actually studs that engage a floating nut plate located at the innermost
turn joint. The studs are tensioned and the load is secured by a out applied to the outer
end of the stack to provide joint contact pressure. Freliminary teste of joint resistances
through the stack showed that ail joints had a measured resistance less than the required
1 pfl.

Thermal-clectric tests have also been made on joint specimens to verify cooling capa-
bility and margins relative to the hot spot temperature limit of 150°C. These specirmens
were half-width turns to match the required current density to available power supply lim-
its. Actual tests were possible up to about 0.7 of the rated joint current density. Extrapola-
tion, verified by tests of an appropriate copper specimen, was then used to analytically
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predict peak temperatures for the joint configurations. Two joints were evaluated since the
inner and outer turns differ slightly. The results of these tests, summarized in Fig. 1.22,
show that adequate cooling can be provided for all joint configurations.

The major joint parameters are summarized in Tables 1.3 and 1.4, where the differ-
ences between the inner and outer turns can be seen. Geometry constraints required the
inner turns to be slightly thicker, narrower, and clamped by only three bolts.

The PF coils are of a more conventional design and use a wound, squarc-secticn, hol-
low copper conductor that is insulated with glass cloth and epoxy impregnated. They are
being manufactured by the Princeton Plasma Physics Laboratory. Final delivery of the
vertical field (VF) coils is scheduled for August 1985,

1.2.3.2 Vacuum vessel

The vacuum vessel is a stainless steel shell that fits closely to the inner bore and side
walls of the HF coil, as shown in Fig. 1.23. The vessel is relieved in the area ahove and
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Table 1.3. ATF coil joint design limits

OFHC copper 11,000 psi = endurance limit
25,000 psi = 100,000 cycles

G-10 bushing 20,000 psi = 1/3S,,

G-10 insulation 20,000 psi = 1/38;

A286 bolts 200,000 psi- = Sy,
100,600 + 30,000 = 100,000 cycles
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Tabic 1.4, ATFK coil joiz

parameters

Outer  Inner

— . b}
Lhimeasions, cin”
Joint cross sections

Full copper turn 39.0 41.0
Full tab 19.6 18.07
Tear-out 54.2 51.7
Tab tension 10.2 149
Contact area 53.6 46.0
Current density, A/cm2 {at 125 kA)
Turns 3205 3048
Joint tab 6378 218
Contact area 1965 2717

Current per bolt, kA 31 43

below the HF coil joint to allow clearance for installation and assembly of the segments.
Twelve large ports on the outside (0.9 by 0.60 ), inside (0.15-m diam), top (0.4 by
0.4 ), and bottom (0.4 by 0.4 m) provide access for diagnostics, fueling, and heating sys-
tems. The wall thickness is 6.4 mm. Metallic seals on the port flanges permit the vessel to
operate at 150°C for cleaining. For sieady-state operation, cooling pancls will be mcunted
on the inside of the vacuum vesse!l to reiiove heat from the plasma. Fabrication of the
vacuum vessel has begun at Pittsburgh-es Moines Steel Cosapany in Pittsburgh. Delivery
is scheduled for December 1985.

1.2.3.3 Suopport structiss

The principal loads on the HI coils are due to thermal and maguctic forces that lead
to radially outward hoop loads and overturning loads. The principal loads on the PF coils
include a radial hoop force and the vertical force of interaction with the other coils. The
structure consists of a toroidal shell, coimposed of identical upper and lower shell panels
made from stainless sieel castings and intermediate panels machined from rolled stainless
steel plate. The panels are joined by bolts, and the entire shell is tied to the HF coil seg-
ments by additional special bolted fasteners. Westinghouse tlectric Corporation in Pen-
sacola, I'lorida, is fabricating the structural shell. Delivery is scheduled for August 1985.

1.2.3.4  Assemibly sequence

The assembly sequence is shown in Fig. 1.24. First, the lower shell is assembled and
aligned. Next, the lower halves of the HF segiments are installed and positioned accurately
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Fig. 1.23. Top view of the ATF vacoum vessel, showing diagnestic ports and grooves for
the helical coils.

with an optical alignment system. The vacuum vessel is then lowered into place. Next, the
upper HF segments are attached. The intermediate shell panels and the upper panels are
mounted. Finally, the PF coils are mounted and aligned.

Assembly of ATF will begin in August 1985 after delivery of the lower half of the
structural shell and the lower VF coils. Completion of ATF will be paced by delivery of
componenis for the 24th helical coil segment in May 1986. Assembly is scheduled to be
complete in September 1986, and initial operation should begin in October 1986 after pre-
operational testing.
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Fig. 1.24. Assemwbly concept.

1.2.4 Facility Preparations

F. W. Baity, G. R. Dyer, P. H. Edmonds, R. D. Foskett, W. A. Gabbard, M. M. Mencn,
G. H. Neilson, M. J. Saltmarsh, T. L. White, W. R. Wing, and W. 1. Wright

Facility preparations for ATF include removal of the ISX-B tokamak, clearance of
the site, and any necessary modification, upgrading, or replacement of facility subsystems,
including the magnetic ficld power supplies, the vacuum system, the neutral beam lines,
the instrumentation and controls, the data acquisition system, the diagnostics, the dis-
charge cleaning system, and the site itself. They also include work required to adapt and
implement ECH and ion cyclotron range of frequencies (ICRF) heating systems originally
planned for use in the ELMO Bumpy Torus (EBT) program.
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1.2.4.1 Project management

Organization and planning of the facility modification project was undertaken and
completed. A project teamn was assembled, and a work breakdown structure was developad.
The major task areas are:

1. magnetic field power supplies (HF, VF);

2. vacuum vessel support systems (vacuum, discharge cleaning, gas puff, bakeout sys-
tems, etc.);

3. site preparation (removal of ISX-B, facility layout, utilities, etc.);

4. instrumentation and controls (status monitors, shot sequencing, interlocks, grounding,
cabling, subsystem interfaces, etc.);

5. data handling (computers, computer peripherals, CAMAC equipment, etc., for sup-
port of diagnostics, analysis, and operations);

6. machine diagnostics {coil voltage and current sensors, 2-mm interferometer, magnetic
sensors, electron beam, television camera, survey spectrometer, bolometric monitor,
etc.);

7. physics diagnostics [Thomson scattering, HIBP, charge exchange, spectroscopy, soft
X-ray arrays, far-infrared (FIR) interferometer, etc.]; and

8. heating systems (ECH, ICRF, NBI).

Significant progress was made in some of these areas.

1.2.4.2 Site preparation

The ISX-B tokamak was removed from its enclosure. Diagnostics, neutral beam lines,
instrumentation, controls, and some ISX-B components [e.g., the toroidal field (TF) coils]
were removed, crated, and stored for future use. The device enclosure and control room are
being completely cleared; other areas are being or will be cleared as required.

1.2.4.3 Magnetic field power supplies

Power supply requirements for ATF were assessed and compared with the capabilities
of existing equipment. The HF power supply, formerly used with the ISX-B TF coils, wiil
need a major upgrade because of the higher voltages and pulse lengths required for ATF.
This supply consists of eight transformer-rectifier modules, housed in a separate building
adjacent to the main confinement research facility. The transformers will be replaced with
units having ~5 times the continuous power rating and ~1.25 times the voltage of the
existing units; the silicon-controlled rectifiers (SCRs) will be replaced with higher-capacity
components as well. The upgraded supply will also be compatible, with modest reconfig-
uration, with eventual steady-state operation of ATF at half field (1 T). The steady-state
and pulsed configurations are illustrated in Fig. 1.25. The modularity, building, primary
power system, and output buswork of the existing supply will be retained.

The power supply assessment indicated no need for major modifications to the
transformer-rectifier supplies to be used with the VF windings. Some testing and modifica-
tion of the low-power circuitry, instrumentation, controls, and interlocks are required.
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1.2.4.4 Heating systems

The three 1.5-MW, 0.3-s neuiral beam lines from ISX-B were cvaluated for use on
ATF. Some modifications will be necessary; these include the addition of magnetic shield-
ing in the ion source and ncutralizer arcas, the installation of limiting apertures to protect
the ATE vessel walls, and the fabrication of new support stands. Major preventive mainte-
nance of the high-voltage power supplies was also determined (0 be necessary.

The ECH gyrotron powsr supply was installed, and all the relevant qualification tests
required for ATF gyrotron operation were performed, using a resistive high-voltage dummy
load. In cvery case, the supply Imeets or exceeds those specifications that are important for
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ATF operation. Procurement of 53.2-GHz gyrotrons and a superconducting gyrotron mag-
net system for ATE was inititated. A theoretical ray tracing study of ECH wave propaga-
tion in ATF showed that a narrowly directed, linearly polarized, O-mode launch is
required to deposit most of the ECH power near the magnetic axis and thereby to couple
to the best-confined elecirons. A quasi-optical, mode-controlled ECH transmission system
was chosen as the most cost-effective and lowest-risk approach to mesting these requirg-
ments, in both pulsed and sicady-state operation of ATYF. Cold testing of ECH components
requires a source of 53.2-0GHgz signal with high mode purity. Such capability has been
established in a laboratory setup, in which more than 95% of the power is produced in the
TES, mode.

The cmphasis in the ICRF area was on the preparation of the three 1S, Navy
surplus AN/TFRT-86 HF band transmiiters. One is fully operational at 100 kW cow,
requiring only routine maintenance. A second unit has been modified from the standard
Class AB operation to Class C, in order to boost its power cutpul Lo 200 kW cw, This
anit was operated at a power level of 130 kW and frequencies up to 16 MHz, with some
oscillation problems. However, the work is proceeding satisfactorily toward the targeted
April 1985 completion date. The third transmitter is in need of compiete refurbishment. A
full parts inventory was conducted, and replacement parts were ordered.

1.3 ADVANCED PROJECTS
1.3, ATY Extended Performance

F. W. Baity, B. A, Carreras, K. K. Chipley, R. L. Johnson, J. F. Lyon, M. M. Menon,
P, K. Mioduszewski, I. ¥, Monday, . H. Neilson, M. I. Saltmarsh, J. Sheffield,
P. B. Thompson, and T. L. White

The long-term goal of the ATE program is to improve the torcidal confinement con-
cept by demonstrating the principles of high-beta, steady-state operation in toroidal geom-
etry and by searching for an optitmum toroidal magnetic confinement system. The base
A'TF program, covering the first two to three years, will make significant contributions in
these areas, but further essential contributions will be possible only when the full potential
of ATF is realized.

The high-beta capability of ATF derives from its direct access to the second stability
region with <> > 8%. To realize this full capability requires high power (> 5 MW) for
long pulses (several skin times or ==15-30 s). The base ATF will have three ISX-B beam
lines (4.5-MW, 40-kV H° neutral beam injectors for 0.3-s pulses) and power supplics for
5-5 pulsed fields.

The steady-state capability of ATF arises from the steady-state coil systems and from
the fact that no plasma current is required to maintain the magnetic confinement geom-
etry. However, the ATF vacuum vessel is uncooled, so the wall energy deposition is limited
to 1.5 MJ per pulse every 5 min or to 150 MJ per day before the 150°C vacuum vessel
temperature limit is exceeded. The study of long-pulse physics issues and of ultra-long-
pulse plasma-wall interactions and the development of necessary plasma techunology com-
ponents {limiters, targets, fueling, heating sysiems) require, at a minimum, cooled panels
inside the vacuum vessel and cooled limiters and targets. This operation requires sdge
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power densities of ~20 W/cm? (average) and ~400 W /cm? (peak) for times (many
minutes) that make inertial cooling uatenable, so active cooling must be employed. This
requires a continuous cooling capability of 1-5 MW for hours (roughly half on the
vacuum vesse! and the remainder on limiters).

The flexibility that allows the study of a wide range of toroidal magnetic configura-
ticns in ATF arises from versatile coil sets (three PF coil sets and two helical windings)
that can be independently powered and from the ability to accommodate (at a later time)
TF coils for stellarator-tokamak hybrid studies. The base ATF can drive a modest plasma
current (I, < 40 kA) using a small fraction of the 12 V.s in the ATF coil sets before an
t — | condition e¢xists in the main part of the plasma. However, a definitive test of
stellarator-tokamak hybrid issues would require the addition of 0.5-T TF coils and lower
hybrid current drive (LHCD) for high-current (<200-kA), long-pulse capability. The
other requiremenis for a stellarator-tokamak hybrid demonstration are the same as for
stellarator high-beta operation (high heating power for long pulses and the ability to
reimove this high average power from the vacuum vessel and limiters).

All future ATF missions require, at a minimum, longer-pulse operation at moderate
duty factor with adequate heating and cooling. Since ATF has been designed for steady-
state cperation and some componenis of the base program are already steady state, it is
cost-cffective to go directly to full steady-state capability at moderate power levels
(<1 MW) in the next phase of the program, rather than to an intermediate (5- to 15-s)
pulse length. This approach makes the most effective use of ATF in the short term and
maximizes flexibility for future missions in the longer term.

Long-pulse to steady-staie operation is needed for a number of reasons. An adequate
test of high beta and possibly the demonstration of access to the second stability regime
require long-pulse operation. Centrolled access to the sccond stability region may require
pulses long enough to permit detailed contrel of plasma profiles and shaping and relaxation
of induced plasma currents. Pulses on the order of a few skin times may be necessary to
demonstrate the achievernent of a high-beta equilibrium. On ATF these times are
~15--30 s.

Tokamak experiments show that the bulk plasma behavior is affected by edge condi-
tions {e.g., H-mode, Z-mode, and ELMs). Thus, equilibrium may not be reached unatil the
entire system equilibrates. The time scale for plasma-wall interactions to come into equilib-
rium is measured in minutes rather than in seconds, as observed in laboratory simulations,
in a wide range of analyses, from tokamak experience, and from observations on EBT-
Scale (EBT-S).

There are additional important benefits from true steady-state operation. Steady fields
reduce the thermal and imechanical stress associated with pulsed operation and greatly
extend the integrated lifetime of the ATF coils (80 h pulsed vs 8000 h steady state). The
long integrated exposure of walls and in-vessel componenis allows effective collection of a
data base for plasma-materials interactions and permits component lifetime tests.

Five major items are nceded to extend the performance of ATF: {1) in-vesse!l cooling
panels to handle (eventually) 2.5 MW of steady-state power (the present limit is 1.5 MW
every 5 min or 7.5 kW average); (2) additional steady-state rf heating capability at
21 MW and actively cooled antennas; (3) actively cooled pump limiters/divertors and
steady-state pumping; (4) power supply upgrades for steady-state operation at 1 T; and (5)
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upgrade of the cooling water facility from 33 to 40 MW. It is planned to implement these
improvements as time and budgets permit. The most critical item is the addition of
actively cooled panels inside the vacuum vessel, which would remove the constraint of
1.5 MJ per 5 min but requires about six months of downtime for installation.

1.3.2 The ATF-Ii

H. Attaya, J. L. Cantrell, B. A. Carreras, R, Eagelstad, §. H. Harris, T. . Hender,
W. A. Houlberg, J. T. Lacatski, J. F. Lyon, J. A. Rome, 1. N. Sviatoslavsky,
and N. A. Uckan

The stellarator magnetic configuration has a number of distinct advantages for an
eventual fusion reactor: (1) it is the only reactor concept that can maintain an ignited,
steady-state fusion plasma without external power input to the plasma; (2) it does not
require driven currents in the plasma and does not suffer from plasma disruptions;
(3) plasma startup is on existing “vacuum” magaetic surfaces; (4) it does not have pulsed
thermal or magnetic loads; and (5) it allows access 10 a high-beta, second stability regime
at moderate aspect ratio.

A necessary prerequisite for a reactor would be the physics and technology demonsira-
tion of stellarator reactor feasibility-—a steady-state, high-beta plasma with good confine-
ment and particle/impurily control properties at reactor-relevant parameters (density, tem-
perature, beta, etc.) in hydrogen or deuterium. Extension to full D-T operation would be a
further step. This would be the mission of ATF-II, a large, next-generation stellarator
facility. ATF-1I would be a factor of 2 to 3 scaleup of ATF (R = 4-6 m,a = 0.6-1.0 m,
and B = 3-5 T). It would use superconducting coils and high-power f or neutral beam
heating and would operate steady state at high beta in the mid-1990s. The optimum mag-
netic configuration for high beta with good confinement will be based on results from the
base and extended-performance ATF programs and from foreign stellarators (Heliotron-E,
Wendelstein VII-AS, and TJ-11).

Present studies aimed at better defining the ATF-I1 include studies of a compact stel-
larator reactor based on ATF, the ATF Stellarator Reactor (ATFSR); further reduction of
the aspect ratio for torsatrons; and the engineering feasibility of symmetric modular torsa-
tron {Symmotron} coils and torsatron coils with joints,

1.3.2.1 ATFSR studies

In principle, steady-state operation should lead to a smaller, economical reactor con-
cept. The key issues addressed by the ATFSR study'® were the adequacy of confinement
in a torsatron for a small reactor, the parameters governing confinement, and the extent to
which these parameters can be addressed in ATFEF. For this study, the ATF machine
parameters were scaled up to give a 1-m plasma radius. The parameters of the ATFSR
and ATF, with a possible range for ATF-T1, are given in Table 1.5.

Confinement analyses were carried out using the one-dimensional (1-D) WHIST trans-
port code assuming D-T plasmas and a Gaussian power deposition profile appropriate to
ion cyclotron heating {ICH) or neutral beam injection. The effects of a radial electric
field on confinement were studied using the Shaing-Houlberg model'®?° for the dominant
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Table 1.5. Paramsters of ATF-based torsatrons
t(0) == 0.35, t(a) = 0.9

ATEF  ATESR  ATFP-1I

Major radius, m 2.1 7 4.6
Average minor radius, m 0.3 1 0.6-1
Ficld cn axis, T 2 5 3-5

Number of field periods 12 12 10-12

particle and heat fluxes due to helically trapped paiticles in the presence of a radial elec-
tric field, The model joins the 1/¢ transport scaling in the intermediate collisionality
regime to the p transport scaling in the low collisionality regime through a resonant transi-
tion regime where the £ X B and B X VB peloidal drifts cancel. Axisymmetric neoclassi-
cal (Hinton-Hazeltine) tokamak transport is also added to this stellarator ripple-produced
neoclassical transport.

Figure 1.26(a) shows the results obtained with neoclassical losses for a fixed value of
£ = ep/T = 2. Here ignition does not occur, but a high-{, driven plasma {(Q ~ 15) is
pioduced. For example, 20-MW auxiliary heating at <n,> = 6.5 X 10" m ™3 produces
300 MW of fusion power at <> = 55% and <7> = 22 keV, and 40-MW auxiliary
heating at <a> = 9.5 X 10 m ™3 produces 600 MW of fusion power at <g> = 8%
and <T> = 22 keV. Increasing & above 3 does produce ignition. Figure 1.26(b) shows
the results obtained with neoclassical losses for a fixed value of { = e¢p/T = 4. Here igni-
tion (the zero input power contour) occurs at a ncarly comstant value of <7> =
21.5-23 keV over a wide range of densities and, in particular, can occur at very low values
of density and beta. The ignited power output is 300 MW at <n.> = 7 X 10! m ™ and
<B> = 6% and is 600 MW at <a.> = 1 X 1020 m 3 and <> = 9%.

The addition of anoinalous (Alcator scaling) losses prevents ignition at very low values
of density and beta. At higher densities, the neoclassical stellarator losses still dominate.
This is shown in Fig. 1.26(c) for a fixed value of £ = e¢/T = 4. Ignition occurs for <n.>
= 6.5 X 10" m3 at <T> > 25 keV and an output power of =300 MW. Operation at
<> = 1 X 109 m 3 yields 600 MW of output power and <> = 8%.

Calculations were also made of iransport due to a self-consistent radial electric field,
determined by equating the electron and ion particle fiuxes from the Shaing-Houlberg
transport model. The net result is a large (~5-8) increase in losses in the transition
region, where the £ X B and B X V5B poloida! drifts cancel and the potential changes sign
from ¢ < 0 at high collisionality to ¢ > 0 at lower coilisionality. This transition region
approximately follows the locus of minima in the constant input power curves on the
right-hand side of Fig. 1.26(c). Reactor operation will generally be in the ¢ > 0 regime, 50
efficient means (ECH, control of direct particle losses) must be found for forcing this tran-
sition. In addition, neoclassical impurity fluxes in the ¢ > 0 regime are outward and
should provide a natural means of cleansing the plasma. The radial electric ficld is
expected to play a similar role in ATF, where experiments to mecasure and control the
potential and to develop an understanding of stellarator transport in the low-collisionality
regime will be imiportant.
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Fig. 1.26. Constant heating power (MW), solid curves; constani fusion power pro-
duced (MW), long-dashed curves; and volume-averaged beta (%), short-dashed curves, in the
<n>-<T> plane. (Here <n,> and <T> are the volume-averaged density and tempera-
ture, respectively.) (a) Neoclassical trassport with fixed £ == e¢p/T = 2. (b} Neoclassical
transport with fixed & == e¢/T = 4. {c} Neoclassical and anomalous transport with fixed
= ed/T = 4.

1.3.2.2 Low-aspect-ratio torsatron studies

The ATFSR discussed in Sect. 1.3.2.1 s based on ATF with a plasma aspect ratio
of 7. Further gains could be made if the plasma aspect ratio could be reduced to < 5. The
advantages would be a more compact reactor and a cost reduction in the ATF-II. The dif-
ficulty in finding a good torsatron configuration at low aspect ratio {4 = R/a) arises from
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the scaling B(equilibrinm) - tz/A and ¢ ~ A; hence 8 — A Also, as A decreases, the
high-beta, second stability region disappears and ¢(0) drops to the point where the mag-
nctic axis becomes bifurcated and central confinement is expected to deteriorate.

An interesting magnetic configuration was found in the TJ-II studies (Sect. 1.4.1) by
increasing the triangularity of the torus for the ® = 2 winding law as the aspect ratio was
decreased. An £ = 2 winding on a torus with a triangular cross section and R/a < 5 had
the same gross magnetic configuration properties as an € == 2 winding on a torus with a
circular cross section and R/fa = 7 (ATF). It is difficult to have the ¢ == 0.5 suiface fall
within the magnetic well in this case, but inclusion of higher-order terms in the stellarator
expansion indicates that this configuration may have good high-bota properties.

1.3.2.3 Esgincering assessiients of Symmatron coils

The superconducting HE coils for a torsatron reactor or for ATF-IT are too large to be
single units. Practical coils would have to be modular—either jointed segments of a helical
coil spanning 360° toroidally or separate, toroidally localized coils in a toroidal set that
forms the desired magnetic configuration. The engincering feasibility of the latter modular
(Svmmotroit) coil approach is being investigated through a subconiract with I. N. Sviato-
slavsky and co-workers at the University of Wisconsin. The study entails determination of
the engineering limits of such Symmotron coil aspects as stress, coil deflection, current
density, bend radii, degree of twist, and ratio of field on axis to that on the conductor. The
results will feed back into the next iteration in the evolution of Symmotron coils for
ATF-II. Study of the feasibility of demountable joints in superconducting HF coils for
ATF-II is planned at a later time.

The magnetic code EFFIL is used to determine forces, moments, and magnetic fields.
This information is then used in the NASTRAN finite-elemnent stress analysis code to
determine the stresses in the conductor and in the coil casing. Coil paramecters and the
location and extent of coil supports are iterated until acceptable stress levels are obtained
with practical bend radii and twist in the coils. In the structural analysis, no credit is taken
for the load-carrying capability cof the conductor, so that forces and moments are reacted
by the coil case alone. The maximum stress allowed is 500 MPa for 300-serics stainless
steel at 4.2 K.

A side view of the Symmotron reactor case studied is shown in Fig. 1.27, and the
relevaint parameters are given in Table 1.6, Figure 1.28 shows the results of a NASTRAN
stress calculation using 104 clemenis along the coil length for a Symmotron example with
a coil cress-sectional area of 1 m” and a 0.3-m-thick coil case. Acceptable stress levels
were ootained with a current density of 1.5 kA/cmz. Similar calculations for a 2-T, ATF-
sized Symmotron with a coil cross section of 0.18 by 0.18 i and a 0.13-m-thick coil casing
gave acceptable stress levels for a current demsity of 5.5 kA/sz. In the ATF case, the
toroidally directed windbacks were on the inside, instead of on the outside as in the reactor
case.

Although these studies are preliminary, soimic design guidelines can be inferred. Return
legs on the outside appear to be better from a structural point of view, and convex seg-
ments are better than straight or concave ones. A larger number of coils reduces the cir-
cumferential span in the unsupported region and reduces the stress in that region. Bends in
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Fig. 1.27. Side view of Symmotron reactor with 24 identical,
nonrotated twisted coils and 2 compensation (VF) coils fo cancel the
effect of the torsidal windbacks in the Symmotron coils.

Table 1.6. Coil parameters for Symmotron
reactor study

Major radius, m 16
Minor radius, m 4
Mumber of Symmotron coils 24
Current in Symmotron coils, MA 15
Field on axis, T 4.5
Radius of VF coils, m 20.7
Vertical location of VF coils, m +5.6
Number of VF coils 2

Current in VF cotls, MA 6
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the return legs are limited by the need to fit a coil case around the bend. The proximity of
a compensating coil to the return leg is limited by coil case thickness and not by forces.

1.3.3  'The Spherical Torus Experiment

E. A. Lazarus, T. J. McManamy, W. L. Wright, S. K. Borowski, R. L. Brown,
R. H. Fowler, W. R. Hamilton, R. E. Hill, S. S. Kalsi, V. 2. Lee, D. C. Lousteau,
J. N. Luton, Ir., G. H. Neilson, Y-K. M. Peng, D. J. Strickler, and C. C. Tsai

Conceptual design studies have started for a proposed new tokamak, the Spherical
Torus Experiment (STX).?! The design parameters are listed in Table 1.7.

The mission of STX will be to test beta limits and confineraent in a tokamak with very
low aspect ratio in the regime where auxiliary heating power dominates ohmic power. A
significant aspect of this exploration will be the achievement of high plasma current den-
sity at low toroidal field. The device will study high-beta plasmas, which are highly para-
magnetic (8y ~ 1.7B§™). The high fraction of trapped particles allows a test of neo-
classical ion transport in a new regimc. Eventually, the device will offer the opportunity to
study current mainienance by flux pumping and transition between the highly para-
magnetic spherical torus plasma and the reversed-field pinch {(RFP) and spheromak plas-
mas.

The critical issues in tekamak research include plasma beta, energy confinement, and
steady-state operation, which are crucial to the feasibility of an ignition experiment at a
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Table 1.7. STX design parameters

Aspect ratio A 1.67
Major radius Ky, m 0.45
Minor radius ap, m .27
Elongation « 2
Toroidal field By, T 0.5
Plasma current 7,, MA 4.9
Beam power £, MW 1
Impurity control Limiter or
system expanded-
boundary
divertor

viable cost and to the economy of future {usion reactors. The spherical torus offers a
potential solution to these challenges by virtue of its very low aspect ratic (A4 < 2), natural
elongation (x ~ 2), strong paramagnetism (B/85" ~ 1.7), modest fields {8, ~ Bt), and
a number of other attractive features in comparison with a conventional tokamak (A4 > 3).
Several conventional cxperiments (ISX-B, the Princeton Large Torus, the Poloidal
Divertor Experiment, Doublet-1{l, ASDEX) have studied energy confinement and beta
limits over the past several years, achieving relatively good consensus. The energy confine-
ment is found to increase with increasing plasma current and plasma size, to decrease with
increasing auxiliary heating power, and to decrease as the beta limit is approached. The
uncertainty in confinement scaling as depicted by neo-Alcator and Mirnov scaling repre-
sents only a factor of 2--3 difference in confinement time in coanvenlional tokamaks. In

900 kA), the two scaling laws give very different predictions {5 ms vs 125 ms, respec-
tively). Thus, STX will serve to resolve these confinement uncertainties.

The limit to achievable beta is experimentally found to scale as [/aB, and theoretical
stability analysis demonstrates this same scaling. This beta scaling predicts a beta above
20% in the STX when BY" is used. However, the strong paramagnetism in the spherical
torus, which gives B/B%" == 1.7 at the plasma axis in STX, introduces an uncertainty of
the same factor in the beta limit and the achievable plasma pressure (ocB/BS"). The
STX with significant neutral beam heating will be effective in clarifying this issue.

Assuming neo-Alcator confinement scaling, the Murakami density limit, and beta-
limited pressure and using the total By value (including paramagnetism), the aspect ratio
scaling of nr7 for 1.5 < 4 < 3.3 is approximately {1 + 133/4*"). If there are no shaping
field coils, the benefits of low aspect ratio will be even more extreme. A test of such a
dramatically beneficial scaling is needed.

The modest toroidal field, which is comparable to the poleidal field in STX, makes it
an effective vehicle for testing oscillating-flux current drive, which has been recently pro-
posed in the highly paramagnetic RFP and spheromak plasmas. Initial assessments have
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indicated that a 10% oscillation of Bt and B, at about 100 Hz would be required to test
this process in the STX. The power supply required for this test is estimated to be modest
over time scales of about 200 ms, although detailed assessments are needed to determine
the best approach.

The strong paramagnetism makes the spherical torus similar to an RFP or a sphero-
mak in that the By and B, distributions are similar in the plasma core. Because of the
relatively modest B in STX, it is feasible to rapidly decrease BS* after the spherical
torus configuration is established, without dramatically disturbing the plasma core. The
linked conductor (inner TEF coil legs) will contribute to stabilizing the resulting RFP- or
spheromak-like plasma. This will afford an opportunity to study the tramsition betwcen
these two regimes of plasma configuration.

1.4 THE ORNL-JEN COLLABORATION ON TJ-IX

J. L. Alvarez Rivas, J. Botija, J. L. Canirell, B. A. Carreras, K. K. Chipley, J. P. Guasp,
J. H. Harris, T. C. Hender, T. C. Jernigan, A. Lopez, V. E. Lynch, J. F. Lyon,

R. Martin, R. N. Morris, B. E. Nelson, A. Perca, A. Perez Navarro,

A. Pueblas, and J. A. Rome

The Junta de Energia Nuclear (JEN) and ORNL are collaborating on the design of an
advanced toroidal experiment, TJ-II,2? to be built at the JEN laboratory in Madrid, Spain.
The joint design study is funded by a grant from the U.S.-Spain Committee on Coopera-
tion in Science and Technology. Funds for construction of TIJ-II itself ($15 million) are
detailed in the National Fusion Plan for Spain.

TJ-II is intended to serve as the focal point of the Spanish fusion program and to have
strong participation from Spanish industry. TJ-II should have fusion-relevant plasma
parameters and contribute to the search for an optimum magnetic configuration for an
eventual fusion reactor. Experimental flexibility and the ability to make a significant con-
tribution to the physics understanding of toroidally confined plasmas are important factors
in selection of the TJ-II design concept. In addition, TJ-II should be a significant element
in the European program and should complement the existing world fusion program. These
considerations led to the choice of the stellarator area as that most appropriate for the
TJ-1I device.

A wide range of stellarator configurations has been studied in the search for the best
magnetic configuration for TJ-II. Three ncw configurations that are interesting in them-
selves are also potential candidates for TJ-II: a low-aspect-ratio torsatron with a triangular
toroidal cross section, a modular (Symmotron) version of this configuration, and a new
flexible helical-axis configuration (“flexible heliac”). These configurations are discussed in
this section.

The timetable for the TJ-II project calls for selection of the TJ-II configuration in May
1985, completion of the preconceptual design studies by Angust 1985, programmatic
review of the TJ-II proposal in September 1985, final engineering design during 1986, con-
struction during 1987 and 1988, and start of operation by December 1988.



i.4.1 Low-Aspect-Ratio Torsatrons

Low-aspect-ratio torsatrons (R/e < 5) offer a larger plasma radius for a given facility
cost and eventually may lead to a more compact stellarator reactor. {MHerc R is the major
radius and @ is the average plasma radius.) Present stellarators are characterized by aspect
ratios considerably larger than those of their tokamak relatives: in ATF, Rfg = 7; in
Heliotroo-E, R/a = 11; and in Wendelstein VII-A, R/a = 20.

The TI-If studics of low-aspect-ratio torsatrons examined the offeccts of coil aspect
ratio, number of field periods, shape of the toroidal cross section for the windings, poloidal
modulation of the winding law, and additional poleidal coils. The configurations studied
were those with windings characterized by £ = 1, € == 2,8 = 3 (¢ = 1} + (2 = 2), and
(R == 2) + (& = 3). The criteria used in the optimization process were Bfla < 5, ¢(a)
close to 1, moderate shear {{¢(0) — #(a)]/e{a) < 0.3}, a magnetic well, and low-order
rational surfaces within the well.

An interesting magnetic configuration was found by increasing the triangularity of the
toroidal cross section for the £ = 2 winding law as the aspect ratio was decreased. The
best configuration had a 2-field-period, £ = 2 winding on a torus with a triangular cross
section and R/a < 5 but with the same magnetic confliguration properties as an £ = 2
winding on a torus with circular cross section and R/a == 7 (ATF). Figure 1.29 shows the
vacuum field caleulations for this case.

A modular version of this configuration was also found using Symmaetron coils. This
technique features a single modular coil for each field period that incorporates the torsa-
tron helical arcs and toroidally directed windbacks to form a modular coil plus an opposing
toroidal coil to compensate for the windbacks.

Other torsatron configurations studied were not as interesting. Although the £ = 1
configurations had a large radius for the last closed flux surface, they had a low ¢(a) and a
marginal magnetic well with several low-order resonant surfaces outside the magnetic well.

The § = 3 couofigurations had low ¢ values that produced doublet-type magnetic surfaces
(bifurcated magnetic axis). An & = 2 component was added to these configurations to
increase the ¢ value and to produce a magnetic well, However, the combinations (£ = 1)

+ (£ = 2)and (2 = 2) + (L == 3) produced no better results than the single-f-number
configurations because the mixed symmetry of the combined systems caused a major
deterioration of the outer magnetic surfaces, resulting in a drastically reduced average
plasma radius.

1.4.2 Helical-Axis Configurations

Toroidal magnetic configurations with a helical magunetic axis offer the possibility of
broad magnetic wells, which lead to increased MHD stability, and higher rotational
transform, which leads to a smaller magnetic axis shift with increasing beta and hence a
higher equilibrium beta limit. The ATF can produce helical-axis configurations by reduced
current in one of its two helical windings, but these configurations are not optimized since
ATF was designed to access the high-beta, second stability region in circular-axis config-
urations. Several approaches?? to optimization of helical-axis configurations were investi-
gated, including cycloidal stellarators, geodesic stellarators, the helicon, and the heliac.
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The most interesting of the helical-axis configurations is the heliac®*-?® coil arrange-
ment, which features a set of TF coils with centers that follow a helical path around a
large, linked circular coil. This configuration is very attractive, at least in the straight heli-
cally symmetric limit, in that it offers the potential for very high beta operation (<8> ~
25%). At finite aspect ratio, the main theoretical concern is a possible equilibrium beta
limitation due to island formation and breakup of magnetic surfaces caused by low-m
rational surfaces either inside or not far outside the plasma boundary. Flux surfaces for
low-aspect-ratio heliacs are destroyed via the generation of resonant harmonics by non-
linear beating of the toroidal shift and the vacuum helical field. The amplitude of these
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resonant components increases as beta increases. It is difficult to find a heliac configura-
tion that has no dangerous low-m rational surfaces in or near the plasma because of the
small but nonzero shear in the rotational transform profile. Even if the vacuum magnetic
configuration is optimized, the modifications produced by plasma pressure effects move the
configuration away from the optimum. A better approach is to build flexibility into the
magnetic configuration, permiiting a broad experimental optimization rather than a point
theoretical optimization.

A good configuration has been found? that has high versatility, low plasma aspect
ratio (R/a ~ 6.5), and good control of the magnetic configuration properties through the
addition of an £ = 1 helical winding to the central, linked circular coil. The coil currents
can be chosen to give an ¢/m profile that is nearly constant at a value of 0.38, thereby
avoiding the most dangerous low-m rational surfaces. The resulting coil configuration is
shown in Fig. 1.30. It has four field periods with eight TF coils per period and two cen-
tral conducters. The TF coil aspect ratic (R/r.) is 4, where R == | m, and the radius of
the helical path of the TF coil centers is 0.7¢,. The ceatral £ = 1 helical winding is in
phase with the helical path followed by the centers of the encircling TF coils. The bean-
shaped magnetic surfaces produced rotate around the central conductors as the magnetic
axis follows a path similar to that of the TF coil centers. The indentation of the bean is
always close to the £ = 1 winding. The role of the & = 1 conductor in shaping the

ORNL--DWG 84-3803A FED

Fig. 1.30. Coil set for a flexible heliac showing the £ = 1 helical winding (shaded)
around the circular central conductor and the helically encircling TF coils.
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predominantly helically symimetric plasma is similar to that played by the circular VI coil
ets in shaping the predominantly axisvmmetric ATE plasma.

This “fiexible heliac” configuration has a number of significant advantages over the
usual heliac configuration. First, similar magnetic configurations can be produced with less
total current in the two central conductors than is required with a single circular conduc-
tor. Second, a deeper magnetic well can be achieved. Third, the shear can be easily con-
trolled, and a nearly shearless configuration can be obtained, as shown in Fig. 1.31.
Finally, the rotational transforin can be varied over a wide range, as shown in Fig. 1.32.

ORNL-DWG 84-3343R FED

2.0 T | | u R T 0.50
Ro=t m /0.7 0.7
N S R/a. = 4 e/ Ape ® 3.3_3
M:=a I1/(RgHg)=0.33
1.8 — — 0.45
I,4/17=0.48
1.7 b
e
—
1.6 | T — 0.40
» z
0.42 N

1.5 —

La b 0.06 - — 0.35
13—

0
1.2 [ i — 0.30
.—-'-”/‘f
-v—"""’"‘
i I
y 1 | ! ! 1 1 1
0 0.04 0.08 042 046

T, AVERAGE RADIUS (m)

Fig. 1.31. Variable shear introduced in the rotational transform pro-
file by changing the fraction of the helical current component in the total
current of the two central conductors.



1-55

ORNL-DWG 84-3344R FED

I | | 1 ] l T 0.70
RO=1 m few/9c" 0.7
R/ac = 4 0c/0pc= 6 1065
| M:4 I1/(RgHp)=0.63
2.3 BR/Ro=0.0125
Iyy/17:0.75 - — 0.60
069 - 0.55
20 = 04 1 OSO 2
A ~
»
0.3 —{ 0.45
0.2 //
0.4 ——-/’/ — 0.40
15 b . ’:j;//
-0 -~ 0.35
-0. _._______,/
3 -~ 0.30
) 0.04 0.08 0.42 046

¥, AVERAGE RADIUS (m)

Fig. 1.32. Variation of rotationsl transform value for nearly shear-
less profiles, caused by changes in the fraction of the helical current com-
ponent in the total current of the two central conductors. The total central
current is a factor of ~2 larger with respect to the TF coil currents than
that in Fig. 1.31.

Examples of the bean-shaped flux surfaces produced are shown in Fig. 1.33. The varia-
tions shown in Figs. 1.31-1.33 were produced by changing the ratio of the currents in the
circular and ® = 1 conductors. Additional flexibility can be introduced by varying the
ratio of the total current in the central conductors to the current in the encircling TF coils.
In principle, additional improvements to the configuration can be made, such as
toroidally modulating the current in the TF coils to reduce the toroidal shift and hence the
breakup of the magnetic surfaces. Current modulation of the form It = Il + C
cos M¢) has been studied, where ¢ is the toroidal angle, M is the number of field periods,
and C is a measure of the amplitude of the spatial current modulation. The dominant
effect is to alter the (m = 0, n = M) component of the magnetic field. The nonlinear
beating of this component with the (m = 1, n = M) component in turn modifies the (m
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= 1, n = ) component on which the toroidal shift strongly depends. However, at the low
coil aspect ratio (R/fr, — 4) appropriate to an experimental device, this nonlinear effect is
small compared with the dominant toroidal effect due to the 1/R dependence of the
toroidal field. It requires much higher coil aspect ratio (Rfr, ~ 20) before a significant
reduction of the toroidal shift cccurs. Nevertheless, such 2 current modulstion would per-
mit modification of the magnetic field ripple and study of its effect on confinement.

1.4.3 Enginecering Design Studies

Of the magnetic configurations discussed above, the flexible heliac seems the most
appropriate for further design studies. Despite its promise, the heliac configuration has not
been cxplored experimentally, since it is a relatively new configuration. A small-scale test,
the SHEILA experiment, is being pursued at Australian National University in Canberra.
In addition, the design problems associated with low-aspect-ratio torsatrons are better
understood through the ATF design process.

The reference case chosen for the TJ-II engineering design studies has four ficld
periods with eight TE coils per period. The relevant device parameters are: major radius
R == 1.5 m; average plasma radius @ = 0.23 m for the sominal current setting, magnetic
field = 1 T, pulse length = 0.5 5 TF coil radius = 040 m; swing radius of TF coil
centers about the central circular conductor == 0,26 m; distance between the centers of the
central circular conductor and the ¥ = 1 belical winding = 0.07 m; TF coil current ==

The magnetic forces on the TF coils are in a direction to reduce the swing radius of the
TF coil centers. In the reference design, these forces are transmitted to an outside cylindri-
cal vacuum vessel with a rectangular cross section. The VF coils are mounted outside the
vacuum vessel. Design studies in progress are concentrating on details of the central con-
ductor geometry, support of the TF coil forces, and geometry of the vacuum vessel.

J. D. Bell, C. E. Bush, R. J. Colchin, J. L. Dunlap, L. C. Emerson, A. C. England,
W. A. Gabbard, D. L. Hillis, D. P. Hutchinson, R. R. Kindsfather, R. A. Langley,
C

1.5 THE ORNL-PPPL COLLABORATION ON TFIR
J.

H. Ma, M. Murakami, V. K. Paré, D. A. Rasmussen, R. X, Richards,
E. Simpkins, and 8. D, Scott

The working visits of ORNL staff to Princeton Plasma Physics Laboratory (PPPL),
described in the previous annual report,’” were continued as a means of jntegrating these
persons into the research activities of the Tokamak Fusion Test Reactor (TFTR). Reloca-
tion to the Princeton area began in the summer as the operation of ISX-B drew to a close.
By the end of the year, 12 ORDML staff members were on assignment to Princeton, Others
were involved essentially full-time on TFTR activities but divided their time between
ORNIL and PPPL. Still others were making short visits to PPPL in response to specific
needs for their assistance.

The involvement of ORNL staff includes detailed analyses and program planning,
MHD instability studies, radiated power measurements, data base development, neutron
diagnostics, spectroscopy and spectroscopic instrumentation, soft X-ray instrumentation,
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electron cyclotron emission (ECE) diagnostics, Thomson scattering diagnostics, charge-
exchange diagnostics, cleanup studies, chromium gettering, FIR diagnostics, 1-mm inter-
ferometry, and surface materials analyses. Positive contributions have been made in all of
these areas. Particularly significant contributions have been made to confinement studies
for full-bore, neutral-beam-heated plasmas; to chromium gettering experiments; and to
development and implementation of the multichannel FIR interferometer/polarimeter.
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2. EBT RESEARCH AND DEVELOPMENT

SUMMARY OF ACTIVITIES

During the latter part of 1983, our understandiag of experimental results from ELMO
Bumpy Torus-Scale (EBT-S) suggested that the performance of the circular bumpy torus
configuration was probably limited by three separate but related effects: (1) the velocity-
space region where particles are best heated is close to the region where confinement is
poorest, resuiting in poor electron cyclotron heating efficiency; (2) the sirong dispersion in
drift orbits from asymmetric ambipolar drift surfaces further degrades confinement; and
(3) the resulting ring beating efficiency is low, thus preventing the formation of high-beta
rings that should provide strong stabilization from reversed j‘dQ/B, The 1984 rescarch pro-
gram substantially increased our conflidence in these conclusions.

in paraliel with the physics program, a preliminary design and associated costs and
schedules were developed for converting EBT-5 to a square configuration called ELMO
Bumpy Sguare (EBS). This conversion could be accomplished in 18 months at a cost of
less than 35 million. Based on the understanding gained from EBT, physics evaluation of
the square predicts an order of magnitude increase in ar to over 10'® cm 7.5, In addition,
an cvaluation of this configuration using the criteria established by the generic reactor
study (see Chap. 11 of this report) suggests that EBS could be developed into a reactor
having a2 mass utilization competitive with optimistic estimates for other fusion reactor
candidates.

These favorable technical developments were not sufficient to sustain 1985 funding of
the EBS program in the face of the reductions in the national program. As a result, the
program was phased down. Staff members were reassigned to minimize the disruption
associated with program termination. An effort to reduce proposed construction and
operating costs of EBS and to continue examining the physics and reactor rationale of the
program will continue into 1985 with the intent of obtaining 1986 funding.

2.1 EBY RESEARCH

2.1.1 The Electron Distribution Function in EBT

D. W. Swain, J. A. Cobble, D. 1. Hillis, R. K. Richards, and T. Uckan
2.1,1.1  Introduction

Results from new and improved diagnostics and theoretical models have indicated a
new meodel for the electron behavior in the ELMO Bumpy Torus (EBT)."? The diagnostics
include a significantly improved Thomson scattering apparatus, which has radial scanning

2-5
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capability, and a new measurement of electron temperature using the spectroscopic ratio
between two aluminum ion lines observed in the plasma. In addition, diagnostics that can
observe the high-magnetic-field throat region of the plasma have allowed us to measure the
density and temperature in that region for the first time. In conjunction with midplane
measurements, thesc measurements provide information on the isotropy (or lack thereof) of
the clectron distribution function. We discuss the characteristics of the electron distribution
function insidc the rings (near the center of the plasma) for energics < 2 keV. The rings,
which have energies of several hundred kiloelectron volts, are relatively decoupled from the
power balance of the bulk electrons; results from recent ring experiments are reported else-
where.

Amnalysis of the new results indicates that the structure of the electron distribution
function is as follows. (1) The distribution is non-Maxwellian and consists of a two-
component plasma. There is a cold component (n, < 0.7 X 10'2 cm ™3, 7, < 100 ¢V) and
a warm component with 2 density 10% to 30% of the total electron density and a tempera-
ture in the range of 200 to 800 ¢V. (2) The cold component is collisional and relatively iso-
tropic, while the warm component is collisionless and anisotropic. The majority of the
warm compenent is mirror trapped, and only a small percentage passes through the coil
throat region. We believe that the non-Maxwellian natire is caused by the electron cyclo-
tron heating (ECH) and will be present to some extent in other ECH plasmas.

2.1.1.2 Measurements in the cavity midplane

The results of temperature measurements by the three T, diagnostics are shown in
Fig. 2.1 as a function of neutral gas pressure py under typical operating counditions for a
nominal 28-GHz microwave power of P, = 150 kW. The characteristics of the measure-
ments indicated in this exampie are those generslly observed; the soft X-ray T, determina-
tion is substantially higher than that of the Thomson scattering, with the aluminum line
ratio technique yielding an intermediate value. The difference among the techniques can-
not be reconciled by accounting for statistical or known possible systematic errors (i.c., the
errors bars of the measuremients do nct overlap).

The soft X-ray technique® is the one in usc for the longest time on EBT. Due to the
response of the detector, photons with energies < 400 eV are not detected, so that the
dominant contribution to the analyzed bremssirahlung is from electrons with energies in
the 400- to 2000-eV range. Thus, the “temperature” measured by this diagnostic is deter-
mined by the characteristics of relatively high energy clectrons in the plasma.

In contrast, measuremeints of electron temperature using the Thomson scattering
technigues* are done by fitting a Gaussian function to the spectrum of the scattered pho-
tons and determining the electron temperature from the width of that function. In this
case, the determined electron temperature is dominated by the low-energy electrons,
because more photons are scattered from the low-encrgy clectrons (so the statistical
uncertainties in these numbers are smaller) than from the high-energy electrons.

The aluminum line ratio diagnostic® is a method of measuring the electron tempera-
ture that uses radiation resulting from inner-shell ionization of aluminum ions. Due to the
cnergy dependence of the two cross sections involved, the response of this technique to dif-
ferent electron energy compenents is fairly uniform (i.e., the weighting function for 77
determination is relatively constant regardless of energy for this diagnostic).
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This is illustrated in Fig. 2.2, which plots the calculated intensity ratio of the two ion
lines vs average electron temperature. The solid line shows the intensity ratio expected for
a standard single-component (i.e., Maxwellian) plasma. The dashed line indicates the
expected intensity ratio for a two-component plasma distribution function of the form

SE) ~ (ngTI)exp(—E/To) + (ny/TY Jexp(—E/T,) | (1.1)

where n. and T are the density and temperature of the cold component and ny and T, are
the density and temperature of the warm component, respectively. The average electron
temperature for this case is defined as

T;wg = (nyTy + ncTc)/ne ’ (12)

where n, = n,, + n, is the total electron density. For the two-component case shown, the
ratio of warm to cold density has been chosen to equal one and T,/T. = 2. As can be
seen from the figure, a given value of intensity ratio will yield approximately the same
average temperature for both cases.
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From thesc results, it appears that the Thomson scaticring measuremecnts will be dom-
inated by the relatively cold electrons, the soft X-ray bremsstrahlung measurement will be
dominated by the high-cnergy electrons, and the aluminum line ratio measurement will
indicate the “average temperature” of almost the entirc distribution function. It is clear
that the assumption of a non-Maxwellian distribution, with a cold bulk component and a
higher-energy warm tail component, could qualitatively explain the difierence in the “tem-
perature” measurements illustrated in Fig. 2.1. Since it has long been knewn that the
entire distribution function in EBT is non-Maxwellian, as indicated by the presence of the
high-energy ring elcctrons, it is not very surprising that the distribution function at ener-
gies below 2 keV would be non-Maxweliian in the presence of ECH.

Recent improvements in the Thomson scattering system sensitivity, data analysis capa-
bilities, and radial scanning ability have been described elsewhere.* Results from the
improved system indicate the possibility of the presence of a high-energy warm tail com-
ponent on the relatively cold bulk plasma. A typical spectrum of number of photons per
channe! vs AN? (which is proportional to the energy of the scattering clectron) is shown in
Fig. 2.3. The ordinate is the total number of photons scattered in cach channel summed
over ten laser shots. Background plasima light has already been subtracted. The dashed line
indicates the best fit for a single-component Maxwellian distribution function. For this case
(F,, = 0), the calculated electron temperature is 7, = 93 eV, and the normalized value of

x? = 7.5. The solid linc is a weighted least-squares fit to the same data point using a
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two-component distribution function in which the three parameters n,, 7., and n, are
treated as independent variables and varied to minimize x2. The value of T, is specified to
equal the measured soft X-ray temperature {~500 eV) for this case. For this case, the
“best fit” of the parameters is T, = 66 eV and F, = 0.21, resulting in a normalized x> =
1.8. Wz conclude from the Thomson scattering analysis that the presence of a two-
component distribution function with F, € 0.3 is easily consistent with the Thomson
scattering data. However, comparable cold and warm density components appear to be
unlikely, since F,, = 0.5 results in x° values larger than the single-component assumption.

In addition to temperature information, density measurements may be obtained from
the soft X-ray results. As with Thomson scattering, density measurements are more uncer-
tain, since they require an absolute calibration of the detection and collimation system and
a measurement of impurity species concentration in the plasma, whereas the temperature
measurements depend only on the relative shape of the measured spectrum. Using the
theory of free-free bremsstrahlung from a hydrogenic plasma,® the direct analysis of the
soft X-ray data provides a chord-integrated measurement of the quantity

I, = | 2200n00m(x) dx

where Z is the average ionization of the ions, n, is the density of the electrons observed by
the soft X-ray diagnostic, and n; is the ion density. For EBT, impurity measurements®’
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indicate that Z is very close to unity (i.e., there are few impurities in the plasma). Dividing
I, by the intcrferometer measurement yields a quantity (Z%,,) = J Zznwnﬁdx/ [ n, dx.
Dividing by the central electron density (ebtained from radial scanning microwave inter-
ferometer data) yields an approximate measurement of the ratie of warm to total electron
density. The result is shown by the solid curve in Fig. 2.4. Thesc results indicate a warm
density that is <30% the cold density from mid-T-mode {corresponding to a pressure of
1.0 X 1073 torr) and higher pressures. For low T-mode, the calculated data points indi-
cate that the fractional warm component increases dramatically and (according to the
measurement) ¢xceeds unity. The explanation of this physically unterable result is not
clear. Two possible explanations are that (1) the impurity levels are increasing as the T-M
transition is approached, thereby causing the soft X-ray bremsstratilung signal to increase,
of (2) the effects of increased {luctuations, ring dumps, and intermittent high-energy ions
observed at lower neutral gas pressures invalidate the basic assumption used in the analysis
of the soft X-ray data of a steady-state time-independent plasma.

A second, relatively simple estimate of the ratio of warm to total electron density can
be made using only the temperature measurements of the three diagnostics nuder certain
simplifying assumptions. If we assume that (1) the simple twe-component plasma model is
valid, (2) the soft X-ray diagnostic measures the warm temperature, (3) the Thomscn
scattering diagnostic measures the cold temperature, and (4) the aluminum line ratio
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measures the density-weighted average temperature, then a simple expression can be
derived for Fy, == ny/(ny, + n) = (Toyy — T)/(Tw — T.). The calculated value of Fy is
shown by the dashed line in Fig. 2.4. We see that there is fairly good agreement between
this estimate and the estimate obtained from the density ratio measurements except at
lowest pg values (near the T-M transition).

2.1.1.3 Throat-midplane comparisons

The installation of new magnetic field coils with diagnostic ports embedded in the
coils allows access to the high-field coil throat region. In this section, we present line-
integrated measurements in the coil throat using a microwave interferometer and a soft
X-ray detector and compare these measurements with comparable midplane results dis-
cussed in the previous section.

Curve A in Fig. 2.5 is the ratio of the average throat and average midplane electron
densities measured by microwave interferometers. A measured density ratio close to unity
is consistent with the assumption of an almost isotropic electron distribution function and
the assumption (commonly made in EBT theoretical analysis) that the electrostatic poten-
tial does not vary along a magnetic field line.
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In contrast, the ratio (Z2%i,)m/{Z%1y)ma measured by the soft X-ray diagnostic is
subsiantially less than one, as shown by curve B in Fig. 2.5. The decrease in this ratio as
the pressure is decreased indicates an increasing anisotrepy of the warm component, with
an increasing fraction of the warim electronis being mirror trapped. This is in qualitative
agreement with ECH calculations by Batchelor et al.8

We have presenied a now piciure of the electron distribution function in EBT. Based
on new and improved diagnostic measurements, recent advances in ECH theory, and 2 new
made! for power balance based on the ECH work, a non-Maxwellian distribution function
with a high-cnergy tail appears to be a plausible and convincing explanation that reconciles
previcusly inconsistent measurements of electron temperature

New mcasnrements of plasma propertics in the coil throat region indicate that the
wafrn component is anisotropic and that the anisotropy increases as the tail becomes less
collisional. This is in gualitative agrecment with the model of clectrons gaining in perpen-
dicular emergy (i.e., v, increasing) due to heating at the fundamental rescnance and

thereby becoming mirror trapped.

D. 1. Hillis, O. &. Hankins, and D. W, Swain

Elecivon temperature T, and eleciron density n, mcasurements on ELMO Bumpy
Terus-Scale (ERT-S) have been possible only on the plasma componenis that could be
viewed through diagnostic poris found on the cavity midplane. New “split mirror” coils
iﬂsfal ed on EBT-S have allowed diagnostic access to the high-field coil throat region.

soft X-ray diagnostic was installed on one of the split mirror diagnostic ports to
provide both T, and 7, incasurements of the plasma component present in the mirror
throat. This diagnostic measured the soft X-rav energy distribution (0.4-6.5 keV) on
EBT-S using an 80-mm? “windowless” Si(Li) detector.

Shown in Fig. 2.6 is a compamon of thc electron temperature, as measured with the
soft X-ray detection systems on EBY, in the cavity midplane and in the mirror throat
region. T'he data of Fig. 2.6 were acquired during typical EBT-S operation with P, =
150 kW at 28 Gilz and a wmidplane magnetic field of 0.72 T. It is alse found xha»
n(throat) = 0.10nmidplanc). At high collisicnality (i.e., higher pressure points) the
throat and midplans temperatures arc about egual. As the pressure is lowered (and the
collisionality decraases), both temperatures increase. However, the temperature of the
trapped particles in the midplane increases more than that of the passing particles in the
coil throat. This is in qualitative agreement with a moedel in which the trapped particles
have absorbed more of the microwave heating energy than the passing particles.

An independent experiment, the three-cavity turnoff experimient, has confirmed that
the warm tail is largely mirror-trapped and is driven by ECH at the fundamental resc-
nance zoncs in the cavity of obscrvation. The experimental setup and soft X-ray spectra
arc shewn in Fig. 2.7. The conventional theory of ECH in EBT, based on ray tracing
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simulations and Monte Carlo calculations, indicates that microwave power injected into 2
cavity in the midplane {as shown in the figure) is absorbed fargely at the four fundamental
resonance zones nearest the cavity. Thus, with cavities 1, 2, 4, and 5 driven and cavity 3
undriven, as in Fig. 2.7(a), the rcsonance zones illustrated by the solid curves will receive
almost 100% of their usual power, whergas those shown by the dashed lines will absorb
about 50% of the power they would normally get if cavity 3 were driven. The resulting raw
soft X-ray spectrum from a detector on the midplane of cavity 3 is shown at the bottom of
Fig. 2.7(a). The spectrum shows the low-energy component (£ < 1200 eV), from which
the temperature is usuaily determined (after normalization); the aluminum X, line at & ==
1500 ¢V; and the high-energy continuum (& > 2000 e¢V) generated by the weak remnant
of the relativistic electron ring in cavity 3. If cavily 3 is driven by ECH, the ring signal
increases by about a factor of 10, making analysis of the resulting soft X-ray spectrum
very difficuit.

Figure 2.7(b) iilustrates the results of the three-cavily turnoff experiment, in which
cavitics 2, 3, and 4 are not heated. In this case, almost no power gets to the fundamental
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resonance zones in cavity 3, and the resulting soft X-ray spectrum is shown. Although the
low number of counts and large statistical uncertainty make detailed quantitative compari-
sons between the two spectra difficult, the number of counts in the 300- to 1200-¢V range
for case {b) is down by a facter of 3.7 from case (a), while the counts in the K, peak
(which requires an electron energy of 13500 eV for excitation) are down by a factor of 13.

Plasma properties {density, temperature, and potential profile) generally change less
than 10% during this experiment in cavities that remain heated, and the Thomson scatter-
ing 7, mecasurement and the neutral aluminum deosity (inferred from spectroscopy) in
cavity 3 are relatively unchanged. This indicates that the warm tail component has
decreased significantly and that the mechanism for creating the tail is most likely heating
at the fundamental resonance zones.

2.1.3  Abstract of Thomson Scattering on ELMO Bumpy Torus®
J. A. Cobble

Below 10'%-cm ™7 density, a Thomson scattering experiment is an exacting task. Aside
from the low signal level, the core plasma in this instance is bathed in high-energy X rays,
surrounded by a glowing wmolecular surface plasma, and heated steady state by
microwaves. This means that the noise level from radiation is high, and the eavironment is
extremely harsh—so harsh that much effort is required to overcome system damage. In
spite of this, the EBT system has proven itself capable of providing reliable n, and 7,
measurements at densities as low as 2 X 10" ¢m™> Radial scans across 20 cm of the
plasma diameter have been obtained on a routine basis, and the resulting information has
been a great help in understanding confinement in the EBT plasma. The bulk electron
properties are revealed as flat profiles of n, and T, with density ranging from 0.5 to 2.0 X
1012 cm ™3 and temperature decreasing from 100 to 20 eV as pressure in the discharge is
increased at constant power. Evidence is presented for a suprathermal tail, which amounts
to about 10% of the electron distribution at low pressures. The validity of this conclusion is
supported by two independent sensitivity calibrations.

2.1.4 Abstract of “Electron Temperature Measurements from Induced Toroidal Current in
ELMO Bumpy Torus-Scaie”!?

T. Uckan

We have carried out measurements on EBT-S to estimate the electron temperature of
the toroidal plasma by inducing a small (~2-A), fluctuating (5-Hz) ac toroidal current.
The modulating frequency used is low enough to minimize the effects of cavity skin time
(~100 ms) and plasma inductance. We have calculated the temperature from the mea-
sured values of the current obtained by use of the Rogowski loop at various fill pressures
at 100 kW with 28-GHz operation. The electron temperature has been estimated to be
around 80-90 eV with an error of about 10% to 25% in the low T-mode, which is in good
agreement with the Thomson scattericg measurements (Fig. 2.8).
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2.1.5 Abstract of Electvon Confinement in the ELMO Bumpy Torus Without the
Influence of Hot Electron Rings—The Ring Killer Experiment'!

D. L. Hillis, J. B, Wilgen, J. A. Cobble, W. A. Davis, S. Hiree, D. A. Rasmussen,
R. K. Richards, T. Uckan, E. F. Jaeger, O. . Hankins, J. R. Gover, and L. Solensten

The EBT normally has an energetic electron ring in each of its 24 mirror sectors. The
original intention of using this hot ¢lectron population was to provide an average local
minimum in the magnetic field {through its diamagnetism) to stabilize the simple inter-
change and flute modes, which otherwise are theoretically inherent in a closed-field-line
bumpy torus. To study the confinement properties of a bumpy torus without the influence
of hot electron rings, a water-cooled stainless steel limiter in each mirror sector was
extended into the plasma to the ring location, and this climinated the hot electron ring
population. These limiters were aptly named “ring killers.” Electron temperature, density,
space potential, and plasma fluctuaticns have been measured during the ring killer experi-
ment and are compared to standard EBT operation. The results of these experiments indi-
cate that the hot electron rings in EBT do enhance the core plasma properties of EBT and
do, in fact, reduce plasma fluctuations; however, these improvements are not large in mag-
nitude. These measurements and recent thcoretical models suggest that simple inter-
change/flute modes are stabilized, or fluctuation levels reduced, well before that condition
is obtained for average minimum-8 stabilization. Several possible mechanisms for this sta-
bilization are discussed.
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2.8.6  Abstract of An Experimental Desesminaiion of the Hoi Electy
EBT-5 and its Implications for Bumpy Torus Srabilisy’
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D. L. Hillis, Y. B, Wilgen,T. 5. Bigelow, B, F. Jagger, . E. Hankins, and B, Juhala

The hot electron rings of the ERT are formed by microway
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es resonant al the second-
wiron temperature of 350 to
provide {through their diamagne-

tism} a local minimun in the magootic feld and, thereby, stabilize the simple interchange
and flute medes, which are mhmmt in a closed-field-line bumpy forus. To evaluate the

clectron encrgy density of the EBT rings and determine if encugh stored energy is present
to provide a local misimum in the m ficld, o detatied m;deméfﬂdm@: of the spatial
distribation of the rings is imperative. The purpose of this paper is fo measure for the first
time the ring thickness for ‘i‘y;mm& ERT operating conditions and 1 fawyﬁ;w te its implica-
tions for bumpy torag stability, The spatial location and i file of the hot eleciron
ring are measured with a unigque ballistic roetal-ball pelle i injector, which injects small
3.2-mm-diam stainless steel halis wnto the BEBT ring plasma. To obtain the hot clectron ring
profile, the thick-target bremssirahlung, synchrotron radiation, and ring stored energy are
measured during passage of the ;mmi ball thropgh the hot electron ring. From these mea-
surements, the radial extent {or o 8 thickness) is about 5 to 7 cm full width at haif-
maximumn for typical ERT-S operation, which 15 much larger than previously expected.
These measurements and recent theoretical modehing of the EBT plasma indicate that the
hot electron ring’s stored snergy may not be suflicient to produce a local winimum in the
maguetic field

2.1.77 Diamsgnetic Messurements and Dats Analysis
- . . E
K. H. Carpenter and B. ¥. Steimle

Theoretical and sxperimental studies of the diamagnetisto of the EBT clectron rings
have contributed io a better understanding of ring energy and geometry. The primary
experimental effort during 1984 was the taking of data using the UMR Hall effect
diamagnetic diagnostic instrument with the probes m@uﬂt@f" along the horizontal midplane
at the large major radius position of an ERT cavity.!? Analysis of these data has confirmed
earlier indications of an electron ring component near the cavity wall.

A “vacuum field model” for the clectron rings has been formulated. It 15 based on the
magnetohydrodynamic (MHD) equilibrium code pressure function but uses the vacuum
field rather than the self-consistent field as the wdependent variabie, This medel produces
a ring of more realistic geometry than the current sheet model in previous use. The
diamagnetic ficlds produced by the model agree with those produced by the current sheet
model {or locations oufside the EBT cavity, but the vacuum ficld model also produces
ficlds that should be usable as ring simulations for locations inside the cavity.

The diamagnetic diagnostics, along with the other ring diagnostic cxperiments on
EBT, have led 10 a consistent description of ring geometry. In EBT-E operation, a typical
ring wouid be about 15 cm in mean radius with a thickness in the radial direction of 6 or
7 cm. It would have a toroidal extent of 1D to 12 cm and be centered in the EBT cavity
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except for an offset of 1 to 2 cm toward the smail major radius location. The ring would
also have a small component of diamagnetism extending to ncar the cavity wall,

e . .
University of Missouri, Rolla.

Z.1.8  Abstvact of High-Field Laxack Eleciron Cyclotrosz Heaiing Experiments in
the ELMO Bumpy Torus'

D. A. Rasmussen, D. B. Batchelor, D. W. Swain, T. L. White, H. D. Kimrey,
1. S. Bigelow, J. A. Cobble, R. C. Golidfinger, D. I.. Hillis, R. K. Richards,
T. Uckan, J. B. Wilgen, and O. E. Hankins

The midplane microwave hLicating sysiemn in EBT was supplemented with power
launched from the high-ficld side of the fundamental resonance by an antenna in the mag-
net coil throat (Figs. 2.9 and 2.10). Up to 42 kW of polarized [extraordinary {X) mode],
28-GHz power was successfully launched with one antenina. Measurements were made of
changes in the core and hot cleciron ring plasma parameters when throat-launch power
was added. In sharp contrast to initial expectations, the bulk core plasma parameters were
degraded while the ring parameters in the launch cavity were improved. These results are
explained in light of a modified picture of ECH in EBT. A picture of localized microwave
absorption and particie losses is supported by additional measurements.

ORNL-DWE 84-2C83

m
(&)

Fig. 2.9. Throat-lavaching antenna stvucture with rectaogular pelaxizing grid.

)
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Fig. 2.10. High-field, polarized X-mode launcher spaked through
the fundamental resonaice.

2.1.9 Summary of “Fundamental and 2nd Harmonic Resonance Polarized Microwave
Absorption and Heating Measurements on EBT”'S

T. &, Bigelow, D. A. Rasmussen, and D. B. Batchelor

Absorption measurements were made with a lower-power polarized microwave test
wave that was set up to travel through the fundamental electron cyclotron resonance zone
in the initial EBT configuration (EBT-1). The polarization generated and received could be
varied to any sense of linear or elliptical, which enabled the absorption to be measured vs
polarization. The wave was launched from the high-magnetic-field side of the resonance
zone and would cross the resonance layer at an angle of 140° (line of sight) to the local
magnetic field By, as shown in Fig. 2.11. Since a fairly large receiving antenna was used,
the effects of wall reflections and multipath were minimized due to the high directivity.

Results of the measurements indicate that the polarization of maximum absorption (X
mode) is a left-hand elliptical wave with an axial ration (Epae/Emin) of 5 dB. Absorption
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of 25 dB was typical at normal machine operating parameters. Absorption of the other
characteristic wave [ordinary (O) mode] was typically 1 dB or less (compared to the no-
plasma reference). Rotation of the angle of the polarization cllipse relative to By produccs
a mcasurable change in the X-mode absorption. If the plasma density is varied by chang-
ing the 18-GHz ECH power from off to 40 kW, the X-mode absorption incrcases rapidly
up to around 10 kW and then levels off, as shown in Fig. 2.12.

These measuremients can be compared with simple ray tracieg calculations to check
for agreemcat. Calculations were performed for standard EBT-1 plasma density and tem-
perature and show that an X-mode ray emanating from the source location that intersects
the receiving antenna would actually cross the resorance zene slightly below the EBT
centerline shown in fig. 2.11. The angle between the ray and By at the interszction is
125°. Using the Appleton-Hartree dispersion relation to cbtain the X-mode wave polariza-
tion for this angle gives an axial ration of 5.1 dB, which agrees well with the 5 dB mea-
sured for the maximum abscrption. (The lne-of-sight angle of 140° gives 2.5 dB.) These
results are very encouraging both for the accuracy of the test setup and for the ray tracing
theory.

The transmitting waveguide antenna used in the polsrized absorption study was modi-
fied to operate at high power by adding extra cooling lines and changing the phase shifter.
The antenna could handle up to 3 kW ¢w at 18 GHz, except for the two vacuum windows,
which caused problems. It was ")ossﬂole to operate at 1 kW iito the plasma for extended
periods, and some data were collected. The 18-GHz HCH power was obtained by borrow-
ing power from another cavity on EBT. The power could be swiiched between throat
launch and normal feed using a ferrite switch.
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As before, any sense of polarization could be generated, and the system could be
operated while scanning polarization. Ian this experiment, the tauncher was mounted facing
into a cavity on EBT where an aluminum line ratio temperature diagnostic was located
(M3}, Also, W coils were available to look for changes in hot electron ring energy. With
this launch point, the angle between the wave & vector and By was 40°, so X mode is
RHEP,

Data for 1-kW throat launch operation with 40-kW normal ECH power indicate that,
although most of the power is absorbed by the core plasma fundamental resonance, with
the proper polarization, a significant portion of the power stili is lost to the ring in the
launch cavity. Presumably, this occurs due to poorly confined medium-energy electrons
feeding straight into the ring. These higher-energy clectrons are heated preferentially due
to Doppler shift in their resonance frequency.

Thus effect is supported by observing that the ring stored energy W) for the launch
cavity does not change significantly when the polarization is scanned between highly
absorbed X mode and poorly absorbed O mode. The experiment would have been more
meaningful at higher launch power.
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2.1.10 Abstract of “IMVinltiple-Freguency Electron Cyclotron Heating of Het Electren Rings
in the ELMO Bumpy Torus”

D. A. Rasmussen, T. S. Bigelow, D. B. Batchclor, B. L. Hillis, G. R. Haste, B. H. Quon,
and O. E. Hankins

The use of multiple-frequency microwave power for ECH significantly increased the
ring stored energy in the SM-1 simple mirror device. Multiple-frequency ECH (MFECH)
was used on EBT in an effort to increase its hot clectron beta. No substantial improvement
in the ring parameters was observed in a series of two-frequency ECH experiments, with
frequency separations up to 90 MHz, in contrast to the dramatic improvement found in
the axisymmetric SM-1 experiment. The toroidal canting of the EBT mirror sectors intro-
duces asymimetries that destroy the superadiabatic behavior of the energetic electrons,
reduce microwave heating efficiency, and produce additional ring losses. These effects
qualitatively explain the different multiple-frequency heating results obtained in EBT and
SM-1.

2.1.11  Abstract of "The EBT-S 28-GHz 200-5xW, cw Mixed-Mode (uasi-Optical
Plasma Heating System”!7

T. .. White, H. D. Kimrey, T. S. Bigelow, D. D. Bates, and H. O. Eason®

The EBT-S 28-GHz, 200-kW, cw, plasma heating system consists of a gyrotron oscil-
lator, an oversized waveguide two-bend transmission system, and a quasi-optical, mixed-
mode microwave distribution manifold that feeds microwave power to the 24 plasma loads
of the EBT-S fusion experiment. Balancing power to the 24 loads was achieved by adjust-
ing the areas at 24 coupling irises. System performance is easily measured using system
calorimetry. The distribution manifold mixed-mode power transmission, reflection, and loss
coefficients are 89%, 6%, and 5%, respectively. The overall system efficiency (plasma
power /gyrotron power) is 80%, but with some modifications to the distribution manifold,
we believe the ultimate efficiency can approach 90%. The system reliability is outstanding,
with a world’s record of 1 X 10°> kWh of 28-GHz energy delivered to the EBT-S device
with well over 1 X 10° operating hours.

.
Deceased.

2.1.12  Abstract of “Mixed-Mede Distribntion Systems for High Average Power
Electron Cyclotron Heating”!®

T. L. White, H. D. Kimrey, and T. S. Bigelow

The EBT-S experiment consists of 24 simple magnetic mirrors joined end-to-end to
forra a torus of closed magnetic field lines. In this paper, we first describe an 80% effi-
cient, mixed-mode, unpolarized heating system that couples 28-GHz microwave power to
the midplane of the 24 EBT-S cavities. The system consists of two radiused bends feeding
a quasi-optical, mixed-mode toroidal distribution manifold. Balancing power to the 24 cavi-
ties is determined by detailed computer ray tracing. A second 28-GHz ECH systemn using



2-23

a polarized grid high-field launcher is described. The launcher penetrates the fundamental
ECH resonant surface without a vacuum window with no observable breakdown up to
1 kW/cm? (source limited) with 24 kW delivered to the plasma. This system uses the
same mixed-mode outputl as the first sysiem but polarizes the launcher power by using a
grid of WR 42 apertures. The efficiency of this system is 32% but can be improved by
feeding multiple launchers from a separate distribution manifold.

2.1.13  Summary of “Performance of 28 GHz, 200 kW, cw, Gyrotron Oscillators
on the ELMO Bumpy Torus-Scale (EBT-S) Experiments”?

H. D. Kimrey, T. 1.. White, and T. S. Bigelow

VGA-8000 28-GHz, 200 kW, cw gyrotrons have becn heating the EBT-S experiment
for the past five years. During this time techniques have been developed for accessing the
gyrotron high-efficiency regime. A world’s record, 54% total efficiency, has been achieved.
Details of the operating space are presented, including experimentally determined limits of
the TES mode caused v competition from neighboring modes. We have found that the
simple cavity oscillator can cperate stably in the “hysteresis” region, where operating space
is theoretically shared by more than one mode. Access to this regime has oaly been
achieved by first initiating oscillation in the proper mode and then lowering the cavity
magnetic field. Technigues have been developed for pulsing at high average power neces-
sary for studying various EBT-S plasma formation and decay times. A technigue has also
been successfully tested for operating two gyrotrons from common beam and gun supplies,
thereby making possible substantial cost savings in designing cw ECH power systems.
Finally, second-harmonic gyrotron emission from commercially available pulse gyrotrons,
first identified at Massachusetts Institute of Technology (MTT) in the TEJ mode, has
been verified at ORNI. on the cw model and operated to 30 kW cw.

2.1.14 EBT fon Cyclotron Heating
F. W, Baity and T. L. Owens

Large increases in the plasma density on the Nagoya Bumpy Torus (NBT-1M) at the
Institute for Plasma Physics, Nagoya, Japan, were observed during pulsed ion cyclotron
heating (ICH) using a so-called “Nagoya Type 111”7 antenna in conjunction with gas puff-
ing. With about 200 kW of 1CH power, average density values of 1.0 X 10" em™3 were
measured. Several attempts were made to reproduce these results on EBT-S with an
antenna of similar design. No reproducible density increase was ever observed on EBT.

A Type 111 antenna differs from the normal loop antennas used for fasi-wave and
slow-wave ICH in that it is oriented such that the loop is parallel to the toroidal magnetic
field lines. Two different designs were tried on EBT-5: one that was completely unshielded
and passed through the throat of one of the toroidal field (TF) magnets, the other with the
same shape and orientation but with solid shields between the feedthroughs and the mirror
throat region, so that the only exposed portion of the antenna radiating element was the
portion located in the magnet bore. A full parameter scan was made of magnetic field,
ambient neutral pressure (operating mode), gas puff timing, and ICH frequency in trying
to find the proper operating conditions.
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The antenna loading resistaiice on LBI-S was about oiie order of magnitude greater
than that on NBT-1M, even {or the anienna with the surface shields. For the compietely
unshiclded antenna, the loading was several times greater still. This difference in loading is
probabiy the key to undersianding the discrepancy. One major difference between EBT-S
and NBT-1M is the voluime occupied by the surface plasma. NBT-1M was designed with a
slightly lower magnetic mirror ratio and with a vacuum wall much closer to the toroidal

plasima, thus reducing the volunic available for the surface plasimna. It is suspected that the

X

“

higher loading measured on EBT-S is die, al least in part, to increased surface plasma
loading.

A second difference betwees the two macliines is the vacuum wall material. The
NBT-IM vacuum vesg 1 is catirely stainless ste /1, and the HEBT-S vacuwn vessel is con-
structed of aluminum. These two materials presumably exhibit significanily different par-
ticle recycling, which may also account for the disparate results.

The twe antennas used on EBT-S were constructed of copper and suffered sufficient
damage from sputtcfmg to result in a less of coolant into the vacuum vessel. The copper
sputiering probably accounts {or the irreproducible results on EBT.

The results on NEBT-1M, while speciacular in the magnitude of the observed density

Py

increase, did not indicate any increase in energy confinement time, however, as no increase
in ion or election tempcratures was observed upon application of the ICH using the type
[ antennas. On EBT, no change in core plasma temperaturcs was observed, either. Thus,
it is suspected that most of the [CH on EBT went directly to poorly cenfined or com-
pletely unconfined surface plasina.

2.1.15  Abstract of “len Heating in the Mange

=]

‘.J

High Ien Cyclotros Har
Br«v‘)ﬂ

bE

T. L. Owens, F. W. Baity, and W. A. Davis

©

Wave heating of ions is obiained in EBT experimenis when 18 GHz =2 Q) 2
3 GHz. Absorption of wave energy in the plasma center is demonsirated. The fast magne-
tosonic wave is observed on ¢lectrostatically shicided loop probes placed at thic edge of the
plasma, but it is shown that the fast wave cannot directly heat the ions in BT, The exper-
iments suggest, however, that the waves that do produce the ion heating arc coupled to the
fast wave. The possibility that the heating is due to excitation of electrostatic waves is
investigated theorctically.

2.1.16 FIK Scatterirg Men

Iom Waves

SUFeTE of Deusity Kl

W. H. Cassen and J. B. Wilgen

A considerable portion of the final experimental effort on EBT was directed toward
measuring the density fluctuations and ion wave characterisiics by the scattering of far-
infrared (FIR) radiation. The FIR scurce laser operated at 447 pm and was supplemented
with a 2-mm klystron ontion. Scattered signals werc observed using a homodyne receiver
with an anteuna beam that scanned the plasma spatially along the central horizontal diam-

eter of cavity W6. The fluctuation level could be recorded for three different angles for
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each spatial location. Measurements were made of the frequency spectrum, spatial depen-
dence, angular distribution, and integrated scattered power for a wide range of machine
operations.*!

In order to evaluate the scattered signal amplitude, a measurement of the sysiem
losses and detection efficiency was made using a plastic Bragg cell to simulate the nlasma.
The scattering of laser radiation from acoustic waves in plastic is rcasonably well
understood. Simultaneous measurement of the scattered and transmitted power of Hede
laser radiation and of the FIR scattered signal allowed calculation of the scattered FIR
power, which could be compared with the signal detected by the receiver system. The ratio
of the scattered intensity to the incident intensity is given by

Lyir

= sin®(K/2N)

inc

where A is the wavelength and X is a constant that depends on the acoustic intensity, the
interaction volume, and the physical characteristics of the plastic. This constant is assumed
to be independent of the wavelength and intensity of the incident radiation. A typical
measurement of the scattering of HeNe laser radiation is shown in Fig. 2.13. The central
peak is the transmitted beam, and the sidebands are the scattered signals corresponding to
Stokes and anti-Stokes light. Calibration measurements were made at both 447 um and
2 mm,

Measurements with the 2-mm klystron were the most successful, although spatial and
wave number resolution were not as good as with the shorter wavelength, Figure 2.14
shows the change in scattered signal at the cavity center vs gage pressure during the opers-
tion of EBT-l. The same basic trend was observed at all spatial locations, although the
level of fluctuations differed considerably and depended strongly on the scattering angle.
The change in {luctuation level vs the central magnetic field strength is shown in Fig. 2.15.

Measuremenis were also made during pulsed operation of the machine and during
ICH. In Fig. 2.16 the recorded signal is shown vs spatial position for ICH-driven waves
observed with the shorter wavelength beam probe. The signal was processed by a high-
frequency lock-in amplifier in sync with the source signal for the ICH tramsmitter. Dif-
ferent ICH frequencies were used, as were various machine conditions. Although signals
were recorded, they were small and usually could not be reproduced. The scanning of the
magnetic field during otherwise steady-state conditions showed marked changes in the
scattered signal (Fig. 2.17) that could be reliably reproduced for a given set of machine
conditions. This could be a sign that the signals are dependent upon the location of the
ICH resonance zones,

Comparison of these data with information obtained using Langmuir probes and mag-
netic probes should provide information about how well measurements with the mechanical
probe method on this type of plasma device relate to plasma core properties. A complete
analysis of the information obtained is in progress.
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2.1.17  Abstract of “EBT Plasmz Pote
L. Seclensten, J. R, Goyer, K. A. Connor, and R. 1.. Hickok

The HBT heavy-ion beam probe has been used to imeasure the two-dimensional (2-D)
structure of the steady-state potential in EBT. Data have been acquired in the cavity mid-
planc between adjacent mirror coils for a wide range of machinc conditions. For example,
a scan of potential vs pressure in EBT-I1 (8 = 0.5 T, ECH at 18 GiHz) revealed two dis-
tinct topologies. At low pressures (T-inode) the potential is characterized by a central
region of nested closed contcurs indicative of good confinement. The potential at high pres-
surc is deminated by roughly diagonal contours [cading to an E X B drift directed verti-
cally upward and radially outward. The poteotial changes smoothly frem one structure to
the other over a narrow pressure range arovnd the minimuin in the line-integrated electron
density which defines the C-T transition point.?>




2.1.18 Summary of “Fxperimental Study of Egailibrium in the ELMO Bumpy Torus™™

5. Hiree, 1. A, Cobble, B 1 Colchin, G. L. Chen, K. A. Coasor, I. R. Goyer, and
L. Solensten

The equiiibrivm in EBT has been studied. The potential structure in the C-mode
represents a typical nonequilibrium structure, At the T-C transition, closed potential con-
tours start to form. High-energy tail electrons are necessary for the formation of closed
potential contours.

Theory predicts the inward shift of the potential contours from an electrostatic
equilibrium point of view., Experiments seem to be qualitatively in agreement with the
theoretical predictions but disagree guantitatively. The most serious disagresment s that
the bulk plasma parameters do not depend much on whether the nested potential contours
are in the plasma or not. The electrostatic beta limit has been examined. Because of the
reasons given previously, it is very difficult to find the clectrostatic beta limit in the present
EBT. The MHD cquilibrium has alse been discussed, and it was found that the necessary
inward shift to sustain the plasma in equilibrivm s too large, compared with the laward
shift of the experimental pressure profile.

it has been suggested that the electrostatic force balance is necessary to cancel the
toroidal expansion force. When excess charge accumulates inside the plasma, the conduct-
ing wall surrounding the plasma induces an image charge and consequently forms an effec-
tive external electric ficld. This force balances the toroidal expansion force (#7/R). A sim-
ple estimate is in good agreement with observations.

When an mstmd ity with 2 long wavelength penetrates from oulside to imside across
the hot electron ring location, the closed potential contours are deformed. This deformation
is corrected by the stabilization of the long-wavelength instability.

It is worth neting that we have not taken inio account the effects of the hot electrons
because the hot eleciron beta value in present BOH devices is about 5% to 10%, as mea-
sured by Zeeman splitting of a lithium line. This is not strong enough to reverse § 48/%,
but we do not know whether it s reasonable to peglect its effect. The ethbraum ungder
the reverse § 4978 system may not be the same as observed in this paper, and it would be
interesting to study such a new configuration.

2.1.19  Abstract of “Measurements of ’E‘emmramw and Density on the ELMO Bumpy
Torus Using a Heavy Ton Beam Probe”®

J. R, Goyer

Two-dimensional electron temperature and density data have been obtained in the
midplane of EBT through the use of a heavy-ion beam probe. These data have been used
to determine under what conditions an equilibrinm configuration is present. Under those
conditions, the data were averaged, using confidence-weighting, along the equilibrium con-
tours and reduced to one~dimensional (1-D) format.

The 1-D data were then compared to theoretical predictions for stability. 1t was found
that in the stable mode of EBT operations, the T-mode, the acquired data indicated stabil-
ity due to a hollow temperature profile. As the unstable operating mode of ERT was
approached, the temperature profile became less hollow, until the marginal stability profile



2-30

was reached. The agreement between theory and experiment on this peint was very good,
allowing for typical measurement errors.

To understand the significance of this, one must understand the underlying principle
of operation of EBT: that the hot electron rings modify the magnetic geometry to provide
stability. Recent data have indicated that the rings are too weak to provide the necessary
magnetic modification, leaving stability (and the close relation of it to ring formation) an
unanswered question. This thesis attempts to answer that question.

In addition, the data are used to obtain an indirect measure of the energy confinement
time in EBT, and, with the results of other diagnostics, a possible operational scenario is
developed.

2.1.20  Summary of “Effect of Fluctuations on Confisement in ELMO Bumpy Torus”2®

S. Hiroe, 1. A. Cobble, J. C. Glowienka, D. L. Hillis, G. L. Chen, A. M. El Nadi,”
J. R. Goyer, L. Solenstes, W, H. Casson, O. E. Hankins, and B. H. Quon

We have discussed experimentally whether the plasma parameters cbey the neoclassi-
cal transport or the anomalous transport. The experiment indicates that the plasma is
anomalous rather than ncoclassical because plasma parameters do not scale with {£/7,)?
but correlate well with the percentage density fluctuation level. The stability conditicn is
satisfied with the criterion of 6(1In P,U7Y) > 0 for the flute mode.

We found the plasma stored energy density (3/2n.T.) for the cold component to be
restricted between the values

4.5 X 1083 ¢V/em® < 3/2aT <9 X 10 eV/em® .

The lower limit does not depend on the heating power and results from the nonequilib-
rinm or instabilities associated with the low-frequency broadband fluctuations. The upper
limit is phenomenologically related to the hot electron instabilities. However, it is not clear
that it results from the instabilities. The upper limit has a heating power dependence.

We found that there is an attractive pressure region where the electron density
increases with the electron temperature. This implies that the stabilization of the hot ¢lec-
tron modes is an important issue to improve the plasma parameters in this type of the con-
finement system.

“Cairo University, Giza, Egypt.
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2.1.21 Power Flow in ELMO Bumpy Torus
5. Hiroe, J. R. Goyer, L. Solensten, and B, H. Quon

In discussing the power flow in EBT, we note that (60+5)% of the gyrotron output
power is related to plasma transport, and 80% of this power is lost convectively. This con-
vection results from the open potential contours (mainly on the surface plasma), the elimi-
nation of VB and E X B drift near the annulus, and the horizontal electric field. The hor-
izontal electric field is never eliminated in the present experiment and may be related to
the equilibrium. Thus, 20% of the transporl power can travel around the torus. However,
this power correlates well with the percentage fluctuation level. When the error field 38/ 8
becomes larger than 2 X 1074, the energy loss due to the error field is comparable with
the convection, so the effect from the field error is not significant in the present machine.

The global confinement time in the nopequilibrium C-mode is about [0C ws. It is 100
to 200 s in the T-mode. Even if the contribution from the warm part of the eleciron dis-
tributions is counted, the energy confinement time is still less than 300 us.

2.1.22 Abstract of “Inherent Magnetic Field Error Measurements in
ELMO Bumpy Torus”?’

T. Uckan

The inherent magnetic field error and its radial distribution in the closed-field-line de-
vice of EBT have been measured with an electron beam probe. It is found that the field
error is almost radially uniform and is about AB < 4 G at an average ficld of B = 7.2 kG.
This yields AB/B = 5 X 1074, which is large enough to open the confined drift surfaces
of the toroidally circulating eclectrons as a result of field-error-dominated large radial
shifts. By using two pairs of correction coils (loops) around the device, this inherent field
error has been successfully reduced to a level of 1074 or less.

2.1.23 Abstract of “Direct Reading Fast Microwave Interferometer for EBT"%
T. Uckan

A simple and inexpensive 4-mm, direct reading, fast (rise time ~ 100 ) microwave
interferometer is described. The system is particularly useful for density measurements on
EBT during pulsed operation.

2.1.24 Pulsed Experiments in the Collisional Electron Regine

F. M. Bieniosek, J. B. Wilgen, R. K. Richards, J. A. Cobbie, D. L. Hillis, S. Hiroe,
T. Uckan, and 7. L. White

Expeciments have been performed on the EBT-S device to study plasma parameters
and transient response under the collisional electron regime /vy > 1 in the presence of
the slowly decaying hot electron ring. Under these coanditions, the electron distribution
function is more nearly Maxwellian, and the plasma transport may be dominated by
effects different from those in the steady-state T-mode. These experiments are performed



2-32

by varicus combinations of gas puffs lasting several milliseconds and rapid switching of the
28-GHz microwave power between two levels. During these experiments, time evolution of
the clectron encrgy distribution was measured by Thomson scattering, Al III line ratio
techaiques, and soft X-tay measurements. Time evelution of the spatial electron
distribntion was measured by microwave interferometers in the midplane and throat,

The primary goal of these cxperiments was to determine whether, with the existing
ERT-3 device, substantially improved performance could be cbtained by operating in the
collisional regime to reduce direct pariicle losses. Little evidence of improvement was
feund in the experiments. In spite of average ring beta (8) = 8% {the 100-kW experi-
meats), the ratio of stored core encigy (as determined by Thomson scattering) to
miciowave power input is comparable during a gas puff to the stcady-siate C-mode and is
i10 better than before the gas puff. A rapid turndown in power level provides a convenient
method to study the collisional regime; however, the dificrence between performance in the
high-power and in the low-power states is small.?

2.1.25 Dynamic Measwrements of Electron Energy Confimement
J. B. Wilgen, R. K. Richards, D. L. Hillis, J. A. Cobble, and T. L. White

The purpose of these measurements is to determine confinement properties from the
dynamic response of the plasma and thereby to establish a second independent method for
measuring the electron energy confinement time and for investigating mechanisms of elec-
tron ciergy transport in E8T.>® The appeal of this approach is that it does not require
accurate krnewladge of cither the heating rate or the energy content of the plasma, both of
which must be well known for the usual steady-state determination of the energy confine-
mert time.

Twe methods of measurement have been explored. In the first, the ECH power is
puise modulated to examine the plasma responss to a step function in the heating rate. In
the second, a sinusoidal perturbation is superimposed on the ECH power, allowing mea-
surement of the transfer fumction of plasma parameters (i.e., amplitude and phase) as a
function of modulation frequency.

For the step function response, the ECH power is pulse modulated with an amplitude
ranging from 5% for small modulation to 80% for large-amplitude modulation. The plasma
response (primarily the electron energy) is monitored with an array of diagnoestics, includ-
ing Thomson scattering to measure the temperature and density of the bulk clectrons, scft
X-ray measurements to monitor the energetic electron tail, a spectroscopic aluminum
impurity line ratio technique that is sensitive to the mean clectron energy, and a micro-
wave interferometer to measure the line-averaged electron density. Under the assumption
that the profile does not change significantly, the temporal behavior of the total (volume-
inicgrated) electron energy centent of both bulk and tail components can be inferred from
these measurements.

The Thomison seattering and interferometer data show that the electron temperature
dominates the response of the core plasma, tracking changes in the ECH power in a
manner consistent with roughly censtant electron energy coenfinement. Changes in electron
density are smaller by an order of magnitude. The electron temperature, as shown by the
Thomson scattering data (Fig. 2.18), responds very quickly to each step discontinuity in
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Fig. 1.18. Thomson scatiering data showing the response of the
bulk electron tempersture following a step increase in the ECH power
from 90 fo 150 kW,

the heating rate, showing an e-folding equilibration time of roughly 0.3 ms, alter the finite
switching time of the ECH power is taken into account.

The response of the electron tail, as evidenced by the soft X-ray measurements, is guite
different, showing large cxcursions in both the density and the temperature of the tail com-
ponent. For example, a 40% modulation in the heating rate resuits in a factor of four
change in the tail density and a factor of two change in the tail temperature. The time
evolution of the density and temperature waveforms can be quite complex, with the tem-
perature waveform showing a time delay and a tendency to overshoot. However, the
density-temperature product is nearly exponential in shape, and it is consistent with an
e-folding time in the range from 0.6 to 1.4 ms. The aluminum line ratio measurement,
which is sensitive to the mean electron energy, gives a result that is intermediate between
these two cases.

For measurements of the transfer function of the plasma, only the aluminum line ratio
temperature data are available. A 5% sinusoidal amplitude modulation is superimposed on
the ECH power with a frequency in the range from 10 Hz to 2 kHz. Once again, the
dominant plasma response is in the clectron temperature. For T-mode operation, the
amplitude of the electron temperature response is very large, exceeding 30%, and shows
cnly a modest volloff in amplitude for modulation frequencies above 400 Hz (Fig. 2.19).
The phase lag of the temperature waveform, relative to the ECH power waveform, shows
an unexpectedly large phase shift of almost 400° as the modulation frequency is increased
from 10 Hz to | kHz. In comparison, the amplitude of the density response is smaller by
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an order of magnitude. However, the measured phase lag is very similar to the tempera-
ture data. Above 200 Hz, the phase shift data are suggestive of a time delay of ~0.8 ms.
Taking this into account, the transfer function data are consistent with an electron energy
confinement time of <0.5 ms.

When EBT is operated at higher neutral gas pressure ({C-mode), where the clectron
tail is not observed, then the experimental results more nearly correspond to the simple
solutions of the electron energy balance equation expected for a single-comiponent plasma
with constant confinement. For exarple, the amplitude of the temperature waveform is
gicatly reduced and comparable to the 5% amplitude of the ECH power waveform.

2.1.26 A Comparative Measurement of the Particle Confinement Time in EBT
R. K. Richards and J. C. Glowienka

The neutral density and the particle confinement time in EBT-S have been determined
by two different technigues. These involve a speciroscopic measurement and a fast-ion
decay measurement from a diagnostic neutral beam. The results from these measurements
are displayed in Figs. 2.20, 2.21, and 2.22. Both diagnostics exhibit a strong dependence of
the pariicle confinement time on the fill gas pressure but only a weak dependence on the
heating power. Although both diagnostics exhibit identical trends for the particle confine-
ment time, the results differ by a factor of 2 to 3.
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The neutral density is related to the particle confinement 7, by

where n; is the neutral density of atomic and molecular hydrogen and s; is the respective
ionization rate. Fach of the diagnostics measures a property of the neutral density to deter-
mine the particle confinement time. In the spectroscopic measurement, the photon emis-
sions from atomic and molecular hydrogen arc measured separately to determine the indi-
vidual densities; then thesc are combined for calculating the particle confinewment time. In
the fast-ion decay diagnostic, fast ions arc created in the plasma with a diagnostic neutral
beam. The decay rate of these fast ions on the background neutral population, both atoimic
and molecular, is then measured to estimate the ncutral density.

The observed variation of 7, with fill gas pressure and microwave power can be
expected from the parameters of electron density and electron temperature in EBT. For
nf ~ (1-3) X 10'% cm 2 the molecular neutrals are strongly attenuated, but the atomic
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Franck-Condon neutrals are only weakly aitenuated. Therefore, the neutral density will
vary roughly as the fill gas pressure and the particle confinement time as the inverse of the
fill gas pressure. At very high fill gas pressure, the electron temperature decreases to a
point at which the ionization rate of the neutrals is reduced, and the particle confinement
time can increase with increasing fill gas pressure.

The variation of the particle confinement time with microwave power can be under-
stood by the dependence of the electron density. In EBT the electron density increases
slowly with microwave power; since the nevtrals are only slightly attenuated, the particle
confinement can only be expected to show a weak increase with increasing power.

2.1.27 H, Laser Fluorescence Measurements of Neuiral Hydrogen Densities
R. Mahon
2.1.27.1  Experiment details

A schematic of the H, fluorcscence experiment is shown in Fig. 2.23. The flashlamp-
pumped dyve laser used for this experiment was a Candela S1.1-66 coaxially pumped sys-
tem. Using a sulforhodamine 640 dye dissolved in methanol, the laser produced ~80 mJ at
6563 A in a 200-ns pulse. With a 25-um, air-spaced etalon, the full-width, half-intensity
bandwidth was 0.75 A; with a 10-um etalon, the bandwidth was 3 A, as measured with a
1-m Jarrell-Ash specirograph. Two 6563-A mirrors were used to stesr the laser beam
through 2 hole in the lead wall and through the median plane of the W5 cavity on EBT. A
Suprasil lens with a 70-cm focal length was used to focus the light at the 6-in.-long,
0.375-in.~diam, microwave absorber; otherwise, the laser power in the interaction zone was
significantly reduced, and the light reflected off the microwave absorber walls, producing
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unacceptably large stray light levels. With this focusing arrangement, the beam was 7 mm
in diameter in the center of EBT, and approximately 40% of the energy from the dye laser
transited the cavity.

The blackened horn that we originally tried as a beam dump proved inadequate in
attenuating the direct laser beam. A dramatic decrcase in stray light level, of one to two
orders of magnitude, was observed when the water-cooled, Brewster-angled, blue glass
beam dump was transferred from the Thomson scattering experiment. A plane 10-cm-diam
turning mirror, followed by a 7-cru-diam Suprasil lens with a focal length of 20 cm at an
object distance of 73 cm, imaged a l-cm-diam section from the center of EBT onto a
quartz fiber optics bundle placed 27.5 cm from the lens. Betwsen the lens and the fiber
were installed a 10-ms shutter and a short-wavelength cutoff filter that only transmits
wavelengths longer than 6400 A. The quartz fiber bundle was long encugh to transport the
scattered signal out beyond the lead wall. The entrance to the fibers is circular, and they
exit through a 1- by 1l-mm slit. The light exits at f/7.7 and is incident on an 80-A
bandpass filter with 51% peak transmission. We could not use a more narrow (5-A)
bandpass filter that was available without adding more elements to the system to provide a
region of collimated light. Extreme rays of the f/7.7 beam see the central transmission
peak shifted by 26 A, which creates the need for a much broader bandpass fiiter in this
case. The filter was placed against the exiting fibers, and a Hamamatsu R928 photomulti-
plier (with a photocathode area of 8 by 24 mm, well in excess of the exiting beam size)
came directly after the filter. We originally tried to use a GaAs R636 photoemulitiplier tube
(PMT) with a 12% quantum cfficicacy at 6563 A. However, the photocathode degraded
after just a few days of use, and the mean anode current of the R636 is only 1uA. Hence,
we changed to a general multialkali PMT (R928) with a 6% quantum efficiency and a
potential 0.1-mA anode current. This, together with the 10-ms shutter (which had to be
installed inside the lead enclosure, just in front of the fiber entrance), cut the ambient H,
plasma radiation to an acceptable level. Even so, the anode current had to be regularly
checked when EBT was operating at high pressures and high microwave powers to ensure
linearity of the PMT. For instance, our data recorded at 100 kW of 28-GHz power were
taken with just 450 V on the PMT so that radiation observed during the !0-ms shutter
exposure time did not saturate the PMT when EBT was operated at pressures of up to 40
ptorr of H,.

The essential part of the amplification in the detection system was a Hewlett-Packard,
non-dc-coupled, 100X amplifier. This unit observed only signals between 1 kHz and 150
MHz and so did not amplify the constant-level, 10-ms, plasma background H, pulse. The
scattered signals were subsequently processed by a 100-MHz Transiac digitizer, in which
consecutive shots could be stored and later averaged, thereby improving the signal statis-
tics.

Whenever the machine was run in D,, as opposed to H, there was a deleterious effect
on the stray light level due to sputtering of aluminum from the walls. Centimeter-sized
aluminum flakes were deposited in the viewing dump, partially blocked the 0.375-in.-diam
microwave absorber, and coated the input quartz window.

Our original aim of illuminating a 1-cm? volume in the center of EBT was dictated by
the size of the quariz fiber bundles available for our use and by the minimum object dis-
tance at which we could place the Suprasil collection lens so as to maximize the collection
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solid angle. However, because of the 0.375-in.-diam by 6-in.-long microwave absorber at
the entrance port, we had to focus the laser beam to a beam waist just in front of the
entrance window to minimize the stray light produced as the beam passed through the
microwave absorber. With this configuration, the spot size was measured as a function of
distance and gave a beam radius of 0.35 cm at the center of EBT. If the focusing lens was
moved back in order to increase this central spot size, the stray light level was observed to
rise rapidly. Hence, we were irradiating only 50% of the volume imaged at the fibers,
which ideally would have been matched.

2.1.27.2 Data analysis

In analyzing the H, fluorescence data, we made extensive use of Gohil’s computations
of the hydrogen level populations, which are based on a standard collisional-radiative
model.’! The change in population of the n = 3 level, AN%, when irradiated with a
saturating power level H,, laser, is also computed in this model. Gohil and Burgess®' give
results for tokamak plasmas with T, = 100 eV and 1 keV and n,> 5 X 1012 em 3.
For conditions relevant to EBT (5eV<7,<100eV and 5 X 10Mem™ < n, >3 X
102 em™3), Gohil provided the detailed values of W$, Ng, N%, and L\N% needed to
derive neutral density values from our H, scattered signals. At present, the code does not
include level-populating processes involving direct molecular hydrogen dissociation into
excited levels. These processes are important in tokamak wall regions and in the EBT
plasma, especially at low microwave powers, and could account for some of the observed
discrepancies among the various neutral density measurements made on EBT. We hope to
incorporate the molecular populating processes more systematically in the future. Figures
2.24 and 2.25 show our derived values of neutral density vs the absolute pressure {equal to
twice the ion gage reading) when EBT-I was operating with 40 kW of 18-GHz microwave
power. We plot results from the scattered H, data and from the background I, data
taken at the same time. The background data give a mean density that is a factor of 2 to 3
lower than the spatially resolved fluorescence data would indicate. These data were taken
before the fire, when we had not done Rayleigh scattering, so the calibration was done by
assuming the manufacturer’s values for the transmission of the H, filter (51%) and for the
quantum efficiency of the PMT (6%) and by measuring the gain of the PMT (1.2 X 10%)
using a standard source. Also, the fiber bundle was measured to have a transmission of
55% and the microwave mesh an 85% throughput. The fluorescence signal Fy is given by

AL
Fy = ndnVeir [T INs{tr) = N0 di |

with the fluorescence volume ¥y = 0.385 cm®, AQ = 7.2 X 1073 s1, 43, = 4.4 X
107 571, and the efficiency » = 1.3 X 1072 For a PMT gain G = 1.2 X 10* and using
a further 100X amplifier, the signal into the digitizer is given by

Ve = 1.21 X 107% AN}
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(in volts). Thus, by measuring the fluorescence voltage signal we derive AN%, from which,
knowing #n. and T, from Thomson scattering data, we can dctermine the ncutral density
from Gohil’s computations.

Figures 2.26 and 2.27 show the density measuremenis made when EBT-S was operat-
ing at 100 kW of 28-GHz microwave power. Figure 2.26 shows the neutral atomic density
measured by the H, fluotescence technique compared with the diagnostic neutral beam
measurements, which include molecular as well as atomic oeutrals, and the H, spectro-
scopic neutral deasity of R. K. Richards. The latter estimates the molecular contribution to
be one-third of the total density, regardless of plasma conditions. Figure 2.27 shows the
same H, fluorescence data compared with just the atomic neutral density as determined by
H, spectroscopy. Note that the abscissa of Fig. 2.27 is ion gage pressure and not absclute
pressure as in Figs. 2.24-2.26. For the 28-GHz data we had Rayleigh scattering data with

which to calibrate. The Rayleigh scaitered signal Ry is related to the fluorescence signal

Fy  AN5A45,T(wR?)
Ry N NN og |
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Fig. 2.25. Neuiral atomic density determined by H, flvores-
cence scattering (open squares) and neuiral density measurements from
charge-exchange measurements {(open circles) made by J. C.
Glowlenka.

where Ny is the number of photons in the laser and is given by Ny = (3.304 X 18'8)%,
with £ the laser energy in joules. Since the laser is unpolarized, only Ny /2 photons
contribute to the Rayleigh scattered signal in the observed direction. Ny, is the number
density of nitrogen at which the Rayleigh scattered signal Ry {(minus stray light level) is
measured, and o = 2.16 X 107 cm? is the Rayleigh scattering cross section at
6563 A. We also had to take into account the fact that the laser bandwidth was 2.5 A as
measured with a 1-m Czerny-Turner spectrograph with a 0.25-A resolution, whereas the
Doppler width for the 4-eV neutrals is only 1.1 A,

2.1.28 Abstract of Monte Carlo Neutral Density Calculations for ELMO Bumpy Torus™*
W. A. Davis and R. J. Colchin

The steady-state nature of the EBT plasma implies that the neutral density inside the
plasma volume will determine the particle confinement time. This paper describes a Monte
Carlo calculation of three-dimensional (3-D) atomic and molecular veutral density profiles
in EBT. The calculation has been done using various models for neutral source points, for
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launching schemes, for plasma profiles, and for plasma densities and temperatures. Calcu-
lated results are compared with experimental observations—principally swectroscopic
measurements——both for guidance in pormalization and for overall consistency checks.
Implications of the predicted neutral profiles for the fast-ion decay measurement of neutral
densities are also addressed.

2.1.29 The Absolute Calibration of All 24 Ion Gages on EBT
J. C. Glowienka

The ion gages on EBT were calibrated absolutely to an accuracy of + 10% by means
of a spinning rotor friction gage and a simple computer code. The background cavity pres-
sure is the most frequently changed experimental variable on EBT; vet, until recently, the
absolute calibration had not been done. Absolute gage calibration was done in 1983 for a
single ion gage on cavity El of EBT on which the neutral density diagnostic [the single-
aperture reflex arc (SARA) diagnostic neutral beam system] had been mounted. Prior to
absolute calibration, estimates of molecular gas density {rom the ion gage were lower, by a
factor of 2 to 3, than estimates made from the neutral density diagnostic. With absolute
calibration, the agreement between the two techniques was well within the error bars of
+10%.

The motivation to calibrate the remaining gages came from what appeared to be
aperiodic and puzzling changes in the known EBT operating window as a function of back-
ground pressure. The absolute calibration was extended to all the other gages by assuming
that the EBT vessel pressure was constant toroidally with no external gas feed. A dynamic
test of this assumption was made by valving off all pumping and documenting, by means
of a computer data acquisition system, the pressure rise as a function of time. The calibra-
tion factors relative to the absolutely calibrated gage did not vary (to within the stated
accuracy of +10%) irrespective of the time during the pressure rise.

With this calibration, in particular for gage S4 that controls the gas flow into EBT,
the puzzling nature of the abrupt change in operating parameters became apparent. The
changes were caused by technicians performing undocumented “leveling” of all ion gages
prior to leak hunting. In this procedure, all pumping is valved off and the gages are
adjusted to read the same. Fortunately, the absolute calibration of the El gage had been
done before and after the leveling operations, with the result that the abrupt changes in
operating space as monitored by gage S4 were directly related to the technicians’ activities.

In summary, all 24 vacuum gages on EBT have been and can be repeatedly absolutely
calibrated to +10%. An apparent shift of EBT operating space has been explained by a
gage decalibration procedure employed to aid leak hunting.
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H. C. McCurdy, R. A. Brown, J. W. Lue, T, J. McManamy, S. S. Shen, and

The EBT Proof-of-Principle (EBT-P) ro;"»:i was authorized as a procf-of-principle
experiment for the EBT concept. The objeciives were to extend the data hase for the con-
cept, to 1esolve the main scieatific and tcchrol ogy issues "nd Lhue to provide a definitive
answer to the question of whether the concept merited continued development. Responsibil-
ity for management of tic ERT-P project was assigned by the Departmest of Energy
(RCE) to ORNL with the understanding that industry weuld have a major role. Project
definition studics wore performed in 1279 by ORNL and independently by four industrial
tcams. A rcference design was then sclected that included design features from all of the
studics. Fellowing a competitive selection process, McDennell Douglas Astronautics Com-
pany (MDA(,) was chosen in September 1980 as the primary industrial participant to
design and build the EBT-P in the CGak Ridge Valley Industrial Park. The baselinc cost
estimate was $86 million for the device and $59 million for related technical support;
scheduled completion was & "mgm‘vﬂ' 1985.

Thne preliminary (Title I) design was completed, and detailed design started in 1982,
Howeaver, because of budget const amts and a less favorable assessmient of physics perfor-
mance, a phasedown of project activities was initiated in May 1983. As part of the phase-
down effort, the three UBT-P developiment magnets were to be completed and tested to
qualify them for use in ike Radio-Frequency Test Facility (RFTF) being constructed at
ORNIL. All cther techiical suppert tasks and the EBT-P desigs «ffort wers brought to an
orderly halt in 1983

7.2.2 ERT-P/RFIY Magnet Development

The EBT-P superconducting magnst development programi was a joint effort by
ORNL, MDAC, and General Dynsmics Convair Division (GD/C) to create the technical
basis for detailed design and fabrication of the EBT-P mirror magnets. As planned, the
pregram included threc development magnets, one of which was to be a proiotype for the
EBT-P device

Following curtailment of the project, the EBT-P magnet development cffort was
refocused to aim directly at completing and testing the develepment magnets for use in the
RFTFEF (scc Soct. 6.3.2). The test facility will use two of the magnets, and the third will be
a gpare.

Two-magnct tests of development magnets D1 and D2 were comipleted successfully in
April 1984. The magnets were energized three times to 1200 A, producing a peak field of
5.1 T at thc conducior and an out-of-plane mechanical load of 73,000 Ib on cach magnet,
which is considerably higher than the mechanical leading expected in RFTF service. Mea-
sured strains were in good agreement with predictions, and the magnets operated stably
throughout the tests. The reaultq arc encouraging with respect to suitability of the magnets
for RETY, however, magnet D1 developed a small vacuum leak betwezen the liguid helium
ans vacuum regions and must be repaired before use in RFTE.
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Similar two-magnet tests of magnets D2 and D3 were completed successfully in June
1984, The magnets were operated at 1200 A, producing a 5.1-T peak ficld and a 73,000-1b
cut-of-plane force, for nearly one hour. As in the previous tests, there was no traiving; the
measured strains agreed well with predictions and the heat leaks were close to expected
values.

All significant objectives of the magnet development program were met. Magnsts D2
and D3 are now considered gualified for the proposed use in the RFTF. Magnet D1 alse
performed adequately except for an internal vacuum leak that is believed to be repairable.
The excellent operation of magnet D3, which was constructed entirely by GD/C as part of
the eooperative effort among ORNMNL, MDAC, and GB/C, is convincing evidence of a snc-
cessful technology transfer from ORNL to indusiry.

2.2.3  Projert Uloseout

All work authoerized in the project phasedown was completed in September 1984, and
direction was received from DOE te terminate the EBT-P project. A closeout plan was
approved by DOE and is being implemented.

2.3 EBT ADVANCED CONCREPTS
N. A. Uckan

As part of the phasing down of the EBT program, the EBT Advanced Concepts
activities were brought to completion during the middie of 1984, A conceptual design and
associated costs and schedules were completed and documented for the ELMO Bumpy
Sguare (EBS),”® a reconfiguration of the present EBT-S device from 2 torus into a square
with stronger magnetic {Tields in the corpers (Fig. 2.28). An estimated time for this
reconufiguration was 18 months at a cost of less than §5 million. An effort to reduce this
cost and further examination of the physics of EBS and its reactor rationale will continue
in 1985 within the Plasma Theory Section.

2.3.1  Innovative Bumpy Torus Configurations: Trend to Smaller EBT Reactor Systems
N. A. Uckan

Several aspects of the EBT concept make it an attractive fusion reactor concept. These
include steady-state operation; simple, noninterlocking coil geometry; modularity; ease of
maintenance; and accessibility. For a simple bumpy torus, however, the need to improve
confinement characteristics and use the magnetic fields efficiently has led to large reactors
with high power output, despite various aspect ratip enhancement schemes suggested to
reduce the device size. During the past two years, sttempts have been made to realize the
advantages of EBT without using size as a scaling factor. A number of inpovative mag-
actic configurations have been developed to improve the basic bumpy torus concept. The
coniinement, heating, and stability properties of these new configurations are better than
those of a conventional EBT but do not require an increase in size (i.e., sspect ratio). The
EBS, one of these new configurations, uses hot electron rings {formed by ECH) in bumpy
straight sections on the sides to provide MHD stability (as in EBT), with high-ficld
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Fig. 2.28. EBT-S and EBS reference configurations.

corners to minimize the toroidal effects and thus improve particle confinement. Bumpiness
of the field provides the equilibrium and drift surface closure. Reactor projections for EBS
show that it may be substantially smaller (a factor of 2 to 4) than past EBT designs. The
coatinuing trend to smaller EBT reactor systems is sunimarized in Fig. 2.29.

The underlying physical constraint that has severely limited the performance of present
experiments (EBT-S and Nagoya Bumpy Torus) has been associated with poor single-
particle confinement; that is, large drift-orbit-induced losses. This results from toroidal
effects inherent in these devices that result in substantial direct particle losses, inefficient
heating geometry, less-than-optimal ring formation, and asymmetric equipotential surfaces.
Novel magnetic configurations have been studied in attempts to minimize the toroidal
effects through innovative coil design and arrangement (as in the Andreoletti torus, known
as ERTEC), through localizing the toroidal effects in regions of high magnetic field (as in
EBS), or through hybridization of the bumpy torus and the stellarator [as in the twisted
racetrack (TRT), ELMO Snakey Torus, and others]. The EBS is particularly attractive
because of its intrinsic desirability as a reactor configuration {Fig. 2.28) and its ability to
resolve critical EBT issues for near-term investigation.
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Fig. 2.29. Trend fo smaller EBT reactor systems exploited by
EBT-S.

Detailed calculations in the areas of magnetics, transport, equilibrium, stability, and

heating have yielded the following results:

®

The configurations (EBS, TRT, EBTEC, etc.) with nearly concentric drift orbits and
greatly reduced velocity-space loss regions have better use of magnetic volume, signifi-
cantly reduced direct particle losses, more symmetric potential surfaces, and increased
microwave heating efficiency.

In configurations with nearly axisymmetric fields (EBS, TRT), high-beta, hot electron
rings will be much more ecasily formed with reasonable ECH power, and the rings will
be well centered, with little or none of the radial broadening that occurs in a conven-
tional EBT. This should make it easier to form an average magnetic well and thus to
have strong MHD stabilization at high torcidal core plasma pressures and pressure gra-
dients.

In configurations with high-field corners (EBS), both the equilibrium surface shifts
(¢ ~ Mg /2) and confinement time (r ~ M(Z;) improve with the global mirror ratio
Mg, which is defined as B,,,,(corners)/B . (sides). In addition, Monte Carlo calcula-
tions indicate an order-of-magnitude increase in diffusion lifetimes associated with sym-
metric potentials, which are expected in EBS.
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¢ Fokker-Planck calculations show that configuraticns (such as EBS) in which the
hicating zone is well separated from the direct particle loss zone and in which there is a
large geometric separation between the fundamental and second-harmonic resonance
surfaces of ECH have much lowsr ECH-driven losses through unconfined orbits (5- to
10-fold reduction from EBT) and much higher heating cfficiency.

These improvements in magnetics, confineiment, heating, and equilibrium lead to smaller
reactor sizes. The EBS, along with scveral of the other new concepts, shows a reduction in
sizc by a factor of 2 to 4, to 2 major radius of about 15 m, compared with values of 30 to
60 m for earlier devices (Fig. 2.29).

A 15-m-radius EBS configuration was evaluated using the criteria established by the
pencric reactor study (sec Chap. 11 of this report). The results suggest that EBS can be
developed into an attractive reactor with a mass utlization competitive with that of other
attractive fusion reactor candidates.

2.2.2  Abstract of ELMO Bumpy Sguare®

N. A. Uckan, C. L. Hedrick, D. A. Speng, T. Uckan, L. A. Berry, L. W. OGwen, ). K. Lee,
W. K. Bryan, T. J. McManamy, P. B. Th@mpson,' and W, L. Wright

The EBS is formed by four linear arrays of simple magnctic mirrors linked by four
high-field toroidal solencids (corners). The EBS configuration offers a number of distinct
advantages over a conventional EBT with respect to particle confinement, heating, trans-
poii, ring production, and stability. In EBS the partticle drift orbits are nearly concentric
for trapped and passing particles. The velocity-space loss regien for tramsitional particles
(near the boundary betwsen trapped and passing zoncs) at high energy is greatly reduced,
leading to irnproved volume utilization, significantly reduced direct particle losses, and
ircreased microwave heating efficiency. The combination of nearly concentric particle drift
orbits and small radial displacements in the high-ficld corners gives an order of magnitude
reducticn in neoclassical diffusive losses. The orbits of the deeply trapped particles {v|/v =
0) and core plasma pressurc surfaces (§ dR/B contours) almost coincide and are centered
on the miror axis. Because there is no shift, hot electron rings will be exceedingly well cen-
tered in EBS. For the same anmisotropy (v, /v|) in EBS, there should be little or none of
the radial broadening of the ring that occurs in EBT. This should make it casier to form
an average magnetic well in EBS than in EBT. Detailed calculations in the areas of
equilibrivm and stability indicate that equilibria exist (shifts are smaller in a square con-
figuration than in a torus), and the stability limits (especially those associated with the
corners) are no more restrictive than those studied for a conventional EBT. Conceptual
design of the EBS, invelving the modification and reconfiguration of the present FBT
facility, has been completed. Reactor projections for EBS indicate the possibility of a sub-

stantial reduction in reactor physical size (a factor of 2 to 3) as compared to past EBT
designs.

“Engineering Division, Martin Marietta Energy Systeass, Inc.



2-49

2.3.3  Assessment of Magnetic Field Asymmetries in EBS
T. Uckan and N. A. Uckan

Two separate and independent field asymmetries exist in EBS. The first is associated
with the small perturbations in the magnetic fields known as field errors and is caused by
coil misalignments during instailation, imperfect coil windings, proximity of magnetic
materials, etc. The second is due to the magnetic field ripple in the high-field toroidal
solenoids {corners), which is produced by the finite number of coils. In general, these two
sources of asymmetry introduce cnhanced {ransport losses (in addition to other effects) in
the system, although they affect different classes of particles. Toroidally passing (circulat-
ing) particles (vj/v -~ 1) are influenced by the field errors, and trapped particles (vy/v ~
0) in the corners are influenced by the field ripple.

The EBS geometry consists of linear segments of simple mirrors that are linked by
sections of high-field toroidal solenoids, as shown in Fig. 2.30. The toroidal effects are
localized in the corners. An ideal EBS has the same characteristics as an ideal EBT: a
closed-ficld-line configuration with zero rotational transform and no toreidal current. This

ORNL-DW(G 84-2753 FED

ddH0E6

Fig. 2.30. Geometry of an EBS configuration (top view of coil
arrangement).
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current-free equilibrivm configuration is very sensitive to the systemn maguoetic field asym-
metries (field errors). If these field errors are large cnough, they can cause ficld lines to
spiral out of the confinement volume (enhanced lossss), thus degrading confinement.

We have estimated the maximum tolerable field error 68/8 and the corresponding
constraint on coil aligninent. Numerical calcuiations of field errors due to single-coil
misalignments indicate that field line closure is most sensitive to angular misalignments
(A# and A¢). Errors in absolute spatial positions have very little (if any) effect. A
misalignment of 1° in one coil orientation causes an error 0B/8 ~ 107% whereas a
misalignment of 1 cm in one coil location yields 68/8 ~ 10761077, Statistical analysis
of errors from N coils (where N = N, + N, with N, the number of coils in straight sec-
tions and N, the numiber of coils in curved secticns), assuming that errors in all N coil
alignments are randomly distributed in a Gaussian fashion, is in reasonable agreement
with the numerical calculations. We define a critical error field (68/B).; such that if
6B/B > (88B/B).; the drift surfaces of toroidally passing particles become open. From the
requirement of ciosed drift surfaces, we find 6B/B < (68/B)¢x —~ p/(R.), where p is the
Larmor radius and p/(R.) is the average magnetic radius of curvature around the torus.
For an experimental-size device, the required (68/B)¢; ~ (1-3) X 1074, and for a reac-
torlike device, (88/B); < 1073,

Next we consider the effect of toroidal field ripple (due to the discrete coils in the
high-field corners) on transport. In the presence of ripple, there is a new class of so-called
locally trapped particles in the corners. These particles oscillate {are trapped) in the field
minimum (local magnetic well) between coils (those coils that produce the toroidal
solenoid field in the corners) that are localized in the toroidal direction and experience a
unidirectional toroidal drift that leads to the ripple-enhanced diffusion. Especially in the
low collisionality (#/Q) regime, ripple-induced losses could lead to significant increases in
diffusion and thermal conductivity and may be the determining factor in transport of parti-
cles and energy. We have calculated the enhanced transport coefficients associated with
the ripple-induced drifts and compared them with the EBT neoclassical diffusion coeffi-
cients to determine the allowable range for ficld ripple magnitude. For neoclassical losses
to dominate {or for ripple losses to be ncgligible), ripple-induced losses from the toroidal
solenoid sections should be smaller than the neoclassical losses from the straight sectiens.
In simplest forim, the diffusion coefficient associated with ripple is D° ~ 832 v3/y, where

5 o Buax = Bmin)

. ___ABI
(Bmax + Bmin)

By

JCOTHC?

is the ripple well depth, vy is the toroidal drift velocity, and v is the 90° collision fre-
quency. The neoclassical diffusion coefficient (in the collisionless regime) for EBT is
DNC — y(vy/©)?, where © is the precessional drift frequency. For D® < DNC, we find 6 <
(v/)*3. For v/ ~ 0.1, representative of existing experiments, the magnitude of the rip-
ple well depth should be only a few percent to prevent ripple losses from dominating. For
very low collision frequencies (¢/Q ~ 0.01, representative of recactorlike plasmas), 6§ must
be <0.5%. These estimates for ripple magnitude are somewhat pessimistic because we have
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neglected (1) the effect of poloidal variation in ripple magnitude and (2) the influence of
the ambipolar electric field, both of which play important roles.

2.3.4 Magnetics Calculations for an EBS

R. T. Santoro, N. A. Uckan, and R. J. Schmitt"

Calculations have been carried out to determine the vacuum magnetic parameters, the
forces, and the usefulness of trim coils in an EBS. A configuration with five mirror coils
on each side and eight coils in each toroidal solenoid corner was studied. Favorable mag-
netic fields are achieved in this device. An on-axis mirror ratio of 1.9, a global mirror ratio
of 3.6, and excellent centering of plasma pressure contours are achieved. Particle losses are
minimal (<5%). The magnetic forces acting between coils are comparable with those
encountered in the EBT-1/S magnet configuration. Circular trim coils were found to be
suitable for restoring hot electron ring locations that are displaced when the coil currents
are varied to perform magnetic studies or to assess the effects of the global mirror ratio on
EBS.

"McDonnell Douglas Astronautics Company, St. Louis.

2.3.5 Abstract of An EBT Reactor Systems Analysis and Cost Code: Description and
User’s Guide (Version 1)

R. T. Santoro’, N. A. Uckan, J. M. Barnes,’ and D. E. Drieme:ycri

An EBT reactor systems analysis and cost code that incorporates the most recent
advances in EBT physics has been written. The code determines a set of reactors that fall
within an allowed operating window determined from the coupling of ring and core plasma
properties and the self-consistent treatment of the coupled ring-core stability and power
balance requirements. The essential elements of the systems analysis and cost code are
described, along with the calculational sequences leading to the specification of the reactor
options and their associated costs. The input parameters, the constraints imposed upon
them, and the operating range over which the code provides valid results are discussed. A
sample problem and the interpretation of the results are also presented.

"Fungineering Physics and Mathematics Division.
tCowputing and Telecommunications Division, Martin Marietta Energy Systems, Inc.

McDonnell Douglas Astronautics Co., St. Louis.
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3. ATOMIC PHYSICS AND PLASMA DIAGNOSTICS
DEVELOPMENT

SuMMARY OF ACTIVITIES

The activities within this program are divided between atomic collisions research and
plasma diagnostics development. The majority of this research is supported through the
ORNL Fusion Program but is carried out within the Physics Division.

The experimental atomic collisions research focuses on inelastic processes that are
important in determining the energy balance and impurity transport in high-teruperature
plasmas and in diagnostic measurements. This activity is not directed toward a particular
fusion device but concentrates rather on developing a better basic understanding of colli-
sion processes involving highly ionized atoms at the relatively low kinetic energies that are
characteristic of fusion plasmas. During the past year, the majority of this rescarch has
concerned inelastic collisions of multiply charged ions with both electrons and neutral
atoms. Strong interaction with the theoretical atomic physics activitics has guided the
selection of experiments and has provided new challenges for theory. Significant progress
has been made in our understanding of electron-impact ionization of ions and particularly
of the important rele of indirect iomization mechanisms. The characterization of electron
capture by partially stripped ions at low energies remains a difficult theoretical problem,
and our experiments have provided a basis for the evaluation of various approximations.
Experiments have continued to address the lower kinetic energies that are appropriate to
the edge or scrapeoff plasma. A new electron cyclotron resonance source of low-energy,
highly charged ions has been implemented during this period for atomic collision experi-
ments. This facility has expanded our experimental capabilities to considerably more
highly ionized systems than have been previously accessible to us. The ability to extend our
measurements along isoelectronic and isoionic sequences will permit tests of various scaling
laws and will challenge the limits of our understanding of atomic collision processes. The
atomic physics group also operates the Controlled Fusion Atomic Data Center, which
searches and categorizes publications on atomic collisions and prepares and distributes
bibliographies and compilations of recommended atomic data to the fusion research com-
munity.

The plasma diagnostics program has concentrated on the development of optically
pumped, continuous-wave, far-infrared laser systems during the past year. In addition to
density measurements via interferometry, Faraday rotation of the polarization of
submillimeter-wavelength laser radiation has been developed as a probe of plasma mag-
netic fields. Full simultaneous five-channel operation of the interterometer/polarimeter sys-
tem on the Impurity Study Experiment was achieved during the period. The diagnostic has
routinely yielded time-dependent plasma density profiles from the multichordal inter-
ferometric data and has demonstrated the potential for determining the spatial current dis-
tribution in a tokamak from chordal magnetic field data. During this reporting period, a
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study of the feasibility of pulsed CO, laser Thomson scattering as a diagnostic for fusion-
produced alpha particles in ignited plasmas was completed, and work on the development
of this diagnostic was initiated. The Diagnostics Development Center has continued to
identify and evaluate both the need and the potential for particular new plasma diagnostics
and to participate in sclecting them and initiating their development in universities and
industry. A subcoutract was awarded to develop a diagnostic for the measurement of static
and time-varying electric fields in plasmas.

3.1 EXPERIMENTAL ATOMIC COLLISIONS
3.1.1 ECR Malticharged lon Source
F. W. Meyer and J. W. Hale

Construction and installation of the electron cyclotron resgnance (ECR) multicharged
ion source was completed on schedule early in FY 1984, Although the ECR ien source was
designed for operation at 10.6 GHz, initial source testing was carried out at 2.45 GHz in
order to gain experience in source operation before the 10.6-GHz microwave amplifier was
delivered in Junc 1984.

During the initial testing phase at 2.45 GHz, X-ray measurements of the brems-
stralilung spectrum preduced by the source provided evidence of ECR heating of electrons.
A calibrated Si-Ii X-ray detecter indicated clectron energies up to 160 keV. Following
construction and installation of the beam line and charge analyzer in March 1984, source
performance could be assessed more directly by measuring charge-state distributions of
extracted beams. Even at the lower microwave frequency, fully stripped carbon beams were
obtained; these were used to initiate the first planned cxperiment involving the new source,
total cross-section measurements of electron capture by fully stripped light ions incident on
atomic hydrogen. Operation of the source at its design frequency of 10.6 GHz started on
schedule in June 1984. Since that time, cfforts toward sourcc optimization have been car-
ried cut in parallel with the cross-section measurements.

The salicnt features of the ECR ion source, shown in Fig. 3.1, are summarized in
Table 3.1. The source consists of two stages and is quite similar in size to
MINIMAFIOS.! The first stage, which supplies plasma to the second stage to facilitate
startup, is operated in overdense mode.? A helical slow-wave launcher® is used to inject
2.45-GHz microwaves into the first stage, which is located in an axial magnetic field of §
to 7 k(G. Plasma density is controlled by the microwave power level and gas pressure,
which varies in the range from 107> to 107 torr. Since microwave absorption in the first
stage is nonresonant, the magnetic field can be tuned to optimize seccund-stage perfor-
mance. The second stage is separated from the first stage by two stages of differential
pumping, which is sufficient to maintain low pressure (107° torr) in the second stage dur-
ing source operation.



Fig. 3.1. The ORNL ECR multicharged ion source.
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Table 3.1. ORNL ECK ssurce parameters

Microwaves

First-stage 2.45-GHz power, W

(300 W max) 50-200
Second-stage 10.6-GHz power, W
(2200 W max) 20-800

Magnetic fields

Mirror ratic 1.6

Hexapole field at vacuum wall, T 0.4

Field in extraction plane, T 0.45

Field in first stage, T 0.5-0.7

Total sclenoid power, kW 60
Vacuam

(operating condition)

First-stage piessure, torr (1-10) X 107*
Second-stage pressure, torr
(1 X 107 "-torr base) (1-6) X 107°
Extraction, torr 1 X107
Beam line pressure, torr
(2 X 107°-torr base) 2% 1078
Dinzensions
Solenoid ID, cm 18
Selenoid OD, cm 40
Hexapole ID, cm 9.5
Hexapole length, cm 33
Vacuum wall ID (second stage), cm 8.6
Anode aperture, cm 0.5
Extraction aperture, cm 0.8
Extraction gap, cm 2.6

In the second stage, electrons confined in a minimum-8 configuration are heated by
resonant absciption of 10.6-GHz microwaves that are injected radially immediately follow-
ing the differential pumping secticn. The minimum-5 configuration is produced by the
superposition of an axial mirror field and a radial hexapole field. Three conventional
water-cooled solenoids are used to establish the axial magnetic field.* The hexapole field is
produced by a compact assembly®’ of SmCos permanent magnets positioned around the
cylindrical vacuum wall of the second stage. The permanent magnet assembly is cooled by



3-9

water circulation through the voids created between cylindrical vacuum wall and the
duodecagon defined by the placement of the SmCos bars.

In the mechanical design, care was taken to ensure c¢ase of assembly and access. The
source divides into three sections, each of which is separately supported by, and can be
rolled freely on, precision tracks. The three solencidal field coils are supported by a simi-
lar track structure and can be moved freely about to expose otherwise inaccessible source
parts during source disassembly or to change the axial mirror ratio in the second stage
while the source is fully assembled.

Ton extraction is accomplished by a three-element extraction electrode, the first two
elements of which can be biased independently for ion focusing and prevention of electron
backstreaming. The positions of the anode and the extraction electrode and the size of the
extraction gap itself can be varied by the use of shims. An electiostatic unipotential lens
operated in “accel” mode® images the extracted beam onto the entrance slit of a stigmatic
90° magnetic charge analyzer having a 40-cm radius of curvature. The entrance slit
assembly is located about 100 cm downstream of the source anode; object and image dis-
tances for the 90° magnet are 80 cm. Retractable Faraday cups located immediately after
the entrance and exit slits are used to” measure total extracted beam currents and charge-
selected beam intensitics, respectively. Both entrance and exit slit assemblies feature
independently adjustable horizontal and vertical slit jaws, to which current can be mea-
sured. An electrostatic quadrupole lens located downstream of the exit slits can be used to
transport the charge-selected beam to experiments requiring maximum beam intensities.

Before the 10.6-GHz microwave system was delivered, the ECR ion source was
operated at an interim frequency of 2.45 GHz. In order to maintain roughly the same ratio
of hexapole to axial magnetic field strength at the lower frequency, only 6 of the 12
SmCos bars were used, reducing the strength of the hexapole by a facior of 2. An addi-
tional 25% decrease in hexapole strength was obtained by shimming out the bars to their
maximum radius, determined by adegquate clearance to the sclenoidal field windings.

Operation of the source at the lower frequency was far from optimum, due mainly to
poor coupling between the second-stage plasma and the 2.45-GHz microwaves. Due to
their longer wavelength, only a few modes propagated in the second-stage cavity; micro-
wave absorption seemed to occur preferentially on the microwave injection side of the
second stage, which is furthest removed from the extraction region. Even in this mode, the
high-charge-state capability of the new source significantly exceeded that of the ORNL
PIG ion source. Figure 3.2 shows a typical charge-state distribution for argon source gas
obtained at this frequency. For light-ion production, beams up to fully stripped ’C
(107 A) and up to H-like O (10712 A) were produced at the lower frequency.

Significant improvement in source performance was obtained, as expected, after instal-
lation of the 10.6-GHz microwave system, in terms of both total extracted beam intensity
and mean charge state of the extracted beams. Microwave absorption increased dramati-
cally, as evidenced by very low reflected power (typically less than 10%) during source
operation. Optimum charge-state distributions were obtained for a second-stage mirror
ratio of about 1.6, significantly below the 2.1 mirror ratio attainable at maximum second-
stage field coil separation. Figure 3.3 shows a measured charge-state distribution obtained
for argon with the source operating at 10.6 GHz. As noted by other workers,”® an admix-
ture of O, was found to significantly increase the argon high-charge-state output of the
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source. Production of light-ion beams has yet to be optimized. So far, 13C, ’N, 130, 1°F,
and 22Ne beams have been obtained, with intensities varying from a few microamperes for
charge states up to and including He-like ions, about 0.1-1 pA for H-like ions, and
1-50 nA for fully stripped ions.

2.2 Electron-Capture Cross-Section Measurements
F. W. Mgyer, C. C. Havencr, A. M. Howald, and R. A. Phaneuf

Measurements of total clectron-capture cross secticns for fully stripped and H-like C,
N, O, F, and Ne¢ ions incident on H and H; have been performed in the energy range from
0.2 to 10 keV/amu using ion beams produced by the new ECR multicharged ion source.
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While straightforward experimentally, these measurements are of significant current
interest from both a basic and an applied scientific perspective; they also provide a con-
venient mechanism for exploring the range of operating parameters and capabilities of the
new source.

The experiment employed the ORNL atomic hydrogen gas target, a directly heated
tungsten tube in which molecular hydrogen is thermally dissociated. A collimation section
preceding the target limited the magnetically charge-analyzed incident beam to a diver-
gence of +1.7 mrad and a cross section of | mm inside the target. Immediately down-
stream of the collision target cell, charge analysis occurred in an electrostatic parallel-plate
analyzer. A single channel electron multiplier (CEM) operated in pulse-counting mode was
employed for particle detection. The electron-capture-signal and primary beams were
measured alternately for a preselected number of cycles under computer control; the total



clectron-capture cross sections were deduced from the fraction of ions that capture an elec-
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tron at a known (calibrated) target thickness.

Figure 3.4 shows typical experimental electron-captiire cross-section results obtained
for fully stripped and H-like oxygen ions incident on atomic and molecular hydrogen. The
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Fig. 3.4. Total clectron-capture cross sections for G*F7 and Q7

incident on H and H, vs encrgy. Solid and open squares: present results;
solid line: AO calculation by Fritsch and Lin (ref. 9); dashed line: MO
calculation by Shipsey ¢t al. (ref. 10); chain-dashed curve: multichannel
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error bars: measurements by Panov et al. (ref. 13). Theoretical calcula-
tions are for Q" + H collisions.
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error bars shown reflect random uncertainty in terms of reproducibility of the measure-
ments at two standard deviations. Systematic uncertaintics are estimated to be £9% for
both the H and H, cross sections. Present results are compared to theoretical pre-
dictions®'2 and to measurements of Panov et al.!?

In the case of the [ully stripped carbon, nitrogen, and oxygen projectiles incident on
hydrogen, the present measurements can be compared to theoretical calculations. Very
good agreement is found between the present results for C5%, N7*, and O%% incident on
hydrogen and the close-coupling calculations of Fritsch and Lin® employing 2 modified
atomic-orbital (AQ) expansion. While these results fall systematically below the AO calcu-
lations, the discrepancy is less than 20% at energies above 1.5 keV/amu and approaches
40% at the lowest energies measured. For C*' and O incident on hydrogen, close-
coupling calculations by Green et al.!® and Shipsey et al,!! respectively, employing a
molecular-orbital (MQ) cxpansion are also in reasonable accord with the present results.
The MO results lic systematically above the AQO calculations by about 10% above
1.0 keV/amu and by as much as 40% at 0.2 keV /amu.

An interesting comparison can be made between the total electron-capture cross sec-
tions for fully stripped projectiles of nuclear charge Z and those for H-like projectiles of
nuclear charge Z + 1. It is observed that the cross sections for the pairs of ions C®% and
N6t N7* and O7F, 0" and F**, and F°t and Ne’* are nearly identical over the entire
energy range covered, indicating that the projectile charge is the prime determinant of the
total electron-capture cross section for these highly stripped systems. This finding is con-
sistent with the theoretical results'®!! that, for the fully stripped ions, electron capture
occurs preferentially into high n level (n > 4). The presence of a tightly bound electron in
the ionic core should have only a minimal effect on the behavior of the electronic wave
function of these highly excited states. The interesting question of how many electrons can
be added to the core before an effect is observed in terms of the total electron-capture
cross section will be addressed in future experiments.

3.1.3 Ion-Atom Merged-Beams Experiment
C. C. Havener, H. F. Krause,” and R. A. Phaneuf

An ion-atom merged-beams experiment'® has been developed to measure the total
electron-capture cross sections for collisions of multicharged ions with hydrogen at encrgies
in the range 1-500 ¢V/amu. Our aim is to extend to lower energies previous measurements
made at QORNL using a pulsed laser source.'” At such low energies, theoretical models
remain essentially untested. In some multiply ionized systems, an orbiting mechanism is
predicizd to give very large electron-capture cross sections with a 1/v velocity dependence.

The current arrangement of the apparatus is shown in Fig. 3.5. A 2- to 5-kV, mass-
analyzed beam of H™ from a duoplasmatron ion source passes through the optical cavity
of a 1.06-pm, N&:YAG laser, where up to 1 kW of circulating intracavity power is main-
tained. Up to 1% photodetachment has been achieved, producing a collimated flux of up to
2 X 10'2 H? per second. The undetached H ™ beam is electrostatically separated from the
neutrals and collected in a differentially pumped beam dump. The apparatus has been
operated on line using the ORNL PIG multicharged ion source, which has produced a
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highly collimated 200-nA beam of N>t at 30 keV. This N°* beam has been successfully
merged with the H® beam in the 70-cm ultrahigh vacuum merge path (p = § X
10719 torr). A two-dimensional scan of the spatial beam overlap at one position in the
merge path is generated by a commercial rotating-wire beam profile monitor. Additional
scans at different positions along the merged path must be made before the spatial overlap
over the entire merged section can be accurately quantified. The ions are then magneti-
cally demerged, separating the H* from the N>, the N2, and the neutrals. Bignals in
the H detector resulting from the beam-beam interaction have been observed above back-
ground by modulating both the N*>* and H® beams. These beam-beam signals are only
ahout 10 Hz, compared to 8 kHz due to the H® being stripped on background gas and
1 kHz due to photons emerging from the N9 Faraday cup.

Modifications that are under way are expected to significantly improve the signal-to-
noisc ratio. The gas load from the duoplasmatron ion source will be further decoupled,
reducing the pressure in the merge path, and thergfore the 8-kHz background signal due to
stripping, by at least a factor of 2, The HT signal beam will be focused and electrostati-
cally deflected out of the plane of magnetic dispersion, ensuring detection of all of the sig-
nal and eliminating the 1-kHz background due to photons produced in the multicharged
jon cup. With this decoupling of the H detector from the photon background, only the
N3* beam need be chopped to separate the signal from the background, thereby halving
the time required to acquire reasonable statistics. Within a few months these modifications
will be complete, and the apparatus will be ready for more definitive cross-section mea-
sureraents.

"Physics Division.

3.1.4 FElectron-Impact Ionization of Multicharged Metallic Ions: Cu®™, Ce®t, Ni* T, sp3t
D. C. Gregory and A. M. Howald

The present study is part of our continuing effort to provide accurate cross-section
data for metallic ions of interest in controlled thermonuclear fusion research.

Details of the electron-ion crossed-beams apparatus have been published.'®!” Jon
beams were obtained from the ORNL PIG multicharged ion source. All measurements are
independently absolute, and a typical absolute uncertainty at good confidence level
(equivalent to two standard deviations for statistical uncertainties) near the peak cross sec-
tion is +8%. Typical relative uncertainties (due mainly to signal-counting statistics) are
shown in the figures.

The cross section for ionization of Cu?t (Fig. 3.6) is typical of the measurements for
copper and nickel reported here. The data are compared to predictions of the three-
parameter Lotz semiempirical formula'® and distorted-wave calculations.!® The latter pro-
vide a reasonable prediction for the single-ionization cross sections for Cu?*, Cu?*, and
Ni**. In each case, the Lotz prediction for total ionization is somewhat higher than the
measurement, even taking into account the expected effects of multiple ionization. At high
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Fig. 3.6. Election-impact iomization of Cu®". The circles and squares prcsent near-
threshold data with ion beams having different imetastable ion content. A typical absolute uncer-
tainty at good confidence level is plotted near 200 eV. The theoretical predictions are from the
three-parameter Lotz formula for 3d ionization (dashed curve: ref. 18) and the distorted-wave
calculations of Pindzola et al. (ref. 19).

energies, the two calculations converge with the data in each case. In the Cu*t measure-
ments, a significant contribution to the cross section is observed below the ground-state
ionization threshold due to the presence of metastable ions in the beam. In fact, signifi-
cantly different metastable contents were observed from day to day, and near-threshold
measurements for twe ground-state/metastable ratios are plotted. In general, for ionization
of Cu?t, Cu*t, and Ni3t, we conclude that distorted-wave direct ionization calculations
give a reasonably accurate representation of single ionization. No large indirect ionization
contributions are observed. The three-parameter Lotz formula, although not as reliable as
distorted-wave calculations, is observed to be well within its predicted factor-of-2 accuracy
in each case.

In contrast to the preceding examples, electron-impact ionization of Sb3t has a con-
siderable contribution from indirect effects (Fig. 3.7). The indirect ionization, contributing
up to 45 X 107" c¢m? to the total cross section, is mainly due to non-dipole-allowed exci-
tation of inner-shell electrons to autoionizing states. The cross section for this type of tran-
sition increases abruptly to a maximum at or just above its threshold cnergy but has a
much faster falloff with increasing energy (¢ oc 1/FE) than does direct ionization (o oc
In E/E), so that its signature is a “hump” superimposed on the direct cross-section curve.
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and the absolute uncertainty at good confidence level is shown near 100 ¢V. The dashed curve is
from the Lotz formula for 44 and 5s ionization {ref. 18).

This measurement was undertaken as a check of detailed distorted-wave, indirect-
ionization calculations that predicted the observed feature.?’ Good agreement is found with
the calculations and predictions of that study.

The examples discussed illustrate two goals of our current research efforts. First,
selected measurements are made to provide specific data requested by the fusion commun-
ity for electron-impact ionization of multicharged ions. Second, cooperative studies involv-
ing experiment and detailed calculations provide our best means of understanding the

relative importance of the many possible mechanisms that can lead to ionization by elec-
tron impact.

3.1.5 Single, Double, and Triple Electron-Impact Ionization of Xe$™
A. M. Howald, D. C. Gregory, D. H. Crandall, and R. A. Phaneuf

Electron-impact ionization of xenon ions has been studied previously at ORNL from
several different perspectives. Experimentally, the ORNL PIG ion source and the
clectron-ion crossed-beams apparatus have been used to study single ionization of xenon
ions from Xe?' to Xe®t (ref. 21) and SH?1 (ref. 22), which is isoelectronic with Xeb™.
The xenon isonuclear sequence and the Int, Sb3*t, Xe®* isoelectronic sequence have also
been studied theoretically,’®?! and comparisons have been made with experiment.
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During the past year, electron-impact ionization of Xe®' was studied from yet
another point of view. Measurements were made of the cross sections for double and triple
ionization of this ion. The processes are

e+ XebT > Xe*t 4 3e
and

e + Xebt — X + 4de |

and the cross sections are denoted by ogg and a9, respectively.

The results of these measurements are shown in Figs. 3.8 and 3.9, with the previously
measured cross section?? for single ionization of Xe®t (denoted by og7) shown in Fig. 3.10
for comparison. The peak of 047 is roughly an order of magnitude larger than the peak of
o¢g, which in turn is roughly an order of magnitude larger than the peak of ggo. As
expected, the successive ionization thresholds increase along this sequence.

The dashed line in Fig. 3.10 is an estimate of the cross section for direct single ioniza-
tion of Xe®" from the semiempirical formula of Lotz. The actual cross section is much
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larger as the result of ionizaticn by mechanisms other than direct icnizatien, especially
electron-impact excitation of an inner-shell electron followed by autoionization.

Single direct ionization of an inner-shell electron of Xe®™ can also lead to production
of Xe?" or Xe®t if the Xc’1 is produced in a multiply excited autoionizing level. For
example, collision of an electron with Xe% (4p%44d'955%) can remove an inner-shell 4p
electron to form Xe't (4p°4d'%5s5%), which can subsequently autoionize to form Xe®*
(4p%44'%). A number of calculated energy levels of various ionization stages of xenon are
shown in Fig. 3.11, along with scme autoionizing transitions.?*

In Fig. 3.8 the dashed line is the sum of the Lotz estimates for direct single ionization
of Xe®t 4p and 4s electrons. The resulting Xe’t ions are in autoionizing levels. Hence
(assuming a branching ratio near unity for autoionization vs radiative stabilization), this
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gives an estimate of the double-ionization cross section due to the process of single direct
ionization followed by autoionization. Similarly, the dashed line in Fig. 3.9 is the Lotz esii-
mate for single direct removal of a 3d electron from Xe®t. In this case the resulting
excited Xe’" has sufficient potential energy to doubly autoionize to form Xe® ™,

The double-ionization cross section (Fig. 3.8) caiculated for this mechanism is similar
in magnitude to the measured cross section (within a factor of 2) but has a threshold value
higher than the experimentally observed ionization onset. For triple ionization (Fig. 2.9),
the Lotz estimate of the cross section for the mechanism of single direct ionization fol-
lowed by double autoionization also has the correct magnitude and has a predicted
threshold that is higher than observed.

Other higher-order mechanisms must be responsible for the observed ponzero cross
sections below 240 eV and 760 ¢V in Figs. 3.8 and 3.9, respectively. There are at least four
possibilities: direct multiple ionization; electron-impact excitation, followed by double or
triple autoionization; direct single ionization, accompanied by the simultancous excitation
of a second electron; or multiple excitation in a single collision, followed by auntcionization.
Direct multiple ionization of Xeb" is expected from the classical binary encounter approxi-
mation (BEA) model to be of negligible importance. The other three processes have not
been studied in detail and are not yet well understood. Qur experimental results offer in-
triguing evidence that one or more of these processes can play a sigmificant role in
electron-impact multiple ionization of multiply charged ions.

3.1.6 New Electrop-lon Crossed-Beams Apparatus
D. C. Gregory and F. W. Meyer

Since 1977, electron-impact ionization cross-section measurements have been com-
pleted at ORNL for some 44 different ions with initial charges ranging from 2+ through
6-+ and spanning the periodic table from boron to tantalum.!®!'” These total cross-section
measurements for single, double, and triple ionization have all used the ORML PIG ion
source and crossed ion-electron beams apparatus.’$?’ With the completion of the new
ORNL ECR ion source, our capabilities for producing multicharged ion beams now extend
to considerably higher ionization stages. Since some aspects of the existing apparatus are
inadequate for operation with more highly charged ions, the experiment has been re-
designed.

Electrostatic separation of ion beams by charge state is difficult to achieve. In a
crossed-beams ionization experiment, as little as 1 part in 108 crosstalk between exit chan-
nels produces an intolerable background level, and separation becomes progressively more
difficult as the charge increases and the ratio of initial to final charge approaches unity. In
addition, low-noise electrostatic analyzers must usually be mechanically modified for each
charge ratio under study. To overcome both of these difficuities, a magnetic spectrometer
is being constructed for product charge-state analysis.

The modified apparatus is shown in Fig. 3.12. The ion beam optics and ultrahigh
vacuum system will remain much the same as in the present arrangement through the
interaction volume in the center of the electron gun. The combined beam, containing the
primary ions and further ionized signal ions, then enters a double-focusing analyzing mag-
net, which disperses the beam components by charge state. Signal ions are deflected
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Fig. 3.12. Mew eleciron-ion crossed-beams apparatus with post-collisien charge amalyzer
magnet. Measurements will include single and mualtiple ionization of a wide range of highly ion-
ized (6 < ¢ < 15) target ions.

through 90° and focused into a CEM. The ion optics are designed so that the crossed-
beams interaction region is imaged onto the signal detector with unit magnification. The
primary ion beam is trapped in one of two movable, guarded Faraday cups, depending on
the ratio of initial to final charge for that particular experiment. Deflection plates and
cinzel lenses are provided as diagnostic tools, both in the main interaction chamber and
immediately before the signal ion detector.

The apparatus is designed to allow measurements of initial-to-final charge-state ratios
from 4/5 to 15/16. Initial tests of the completed apparatus are planned for early 1985.
The next phase in the development of the crossed-beams apparatus will involve redesign or
replacement of the existing magpetically confined electron gun to extend the available
range for reliable measurements to electron encrgies greater than 1.5 keV,

3.1.7 Radiometric Standard for the Extreme Ultraviolet
P. M. Griffin, C. C. Havener, and J. W. Johnsen™

A light source using bremsstrahlung and transition radiation?”?® gencrated by
kiloclectron-volt electron imipact on metals is being investigated. This low-power, compact,
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simple lamp has potential as a secondary-standard radiometric source for the soft X-ray
(5XR) and extreme ultraviolet (EUV) spectral region. Its spectral radiance is character-
ized by a few easily measurable and controllable electrical, mechanical, and chemical
parameters.

The essential elements of the lamp are the straight edge of an ohmically heated,
0.12-mm-thick, tungsten cathode and a flat metal anode. A well-defined thin sheath of
kiloelectron-volt electrons is electrostatically drawn from the hot edge of the cathode
located ~0.18 mm from and perpendicular to the anode target. At the intersection of the
flat sheath of impinging electrons and the flat anode, @ 6-mm-long, narrow, luminous line
is generated.

An example of spectrometric measurements of radiation generated by the prototype
source is shown in Fig. 3.13. It should be noted that at each spectrometer setting,
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corresponding to a given value of m\, several discrete portions of the output spectrum are
simuliancously sampled. The emissicinis from wavelength intervals (Am\/n) A wide, cen-
tered at wavelengths (m/n) A, contribute to the measured signal at that setting. Relatively
high spectral order numbers n must be considered because, for high-Z metals, brems-
strahlung and transition radiation intensities vary as A\ > and A "2, respectively. The
number of spectral orders observed is limited by the product of the short-wavelength
cutoffs of the grating and detector efficiencies. The undulations in the data in Fig. 3.13 are
accounted for in terms of the dropping-out rate of the highest integral spectral orders in
proceeding to smaller values of .

As this source is operated, bremsstrahlung, generated as the penctrating clectrons are
docelerated or deflected below the surface of the target, is the principal light-emitting
mechanisim for the continuum at wavelengths less than ~450 A. Of particular intcrest is
the lamp’s scalable emission in the overlapping SXR and EUV spectral regions, as
displayed in Fig. 3.14. The spectrometer was set to simultanecusly sample the emissions
from 7.5-, 3.8-, and 2.5-A intervals in the continuum observed st 90, 45, and 30 A, respec-
tively. As expected, according to the theory of bremsstrahlung, the combined signals scale
with electron current at four vepresentative electron euergies. The utility of this lamp as a
praciical standard is indicated by the fact that statistically acceptable data were obtained
with only 10-s iitcgration times and electron beam powers of only 2 to 15 W.

At wavelengths longer than ~-450 A, transition radiation should be the dominant
light-zmitting mechanism in the lamp. Phenomenclogically, this radiation is a consequence
of the collapse of the dipole field, produced by the approaching electron and its positive
image charge in the metallic target, as the electron “tramsits” through the vacuum-target
interface. The Fourier transform of the resulting eleciromagnetic pulse is a “white” fre-
quency spectrum. The optical constants of whatever material exists at the surface charac-
terize this radiation, rather than the bulk properties of the target. A reproducible surface is
self-maintained if the source is operated at an adequate electron-beam areal power demsity.,

Investigations of the transition radiation component of the lamp’s emission have been
hampered by the overlapping of high spectral orders of shorter-wavelength bremsstrahlung.
Soluticns to this problem are being sought through the use of combinations of thin metal-
foil spectral filters, which effect appropriate transmission “windows.”

Ar improved model of the source and vacnum system has been designed and built and
should permit operation ai clectron energics greater than 10 keV. This will permit genera-
tion of transition radiation of much longer wavelength. In addition, with the resulting
greater clectron penctration depths, the bremsstrahlung will be completely absorbed before
it can emerge from within the target to proceed to the spectrometer. This technique will
permit, where applicable, less complicated procedures for studies of the transition radiation
component of the lamp’s emissions.

“Phiysics Division.
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Fig. 3.14. Dependence of bremssirahlung signal strength on electron beam current for
accelerating voltages of 2.00, 3.00, 4.00, and 5.80 kV. The least-squares fits of the signals with
current had standard deviations of 32, 31, 49, and 61 counts per 10 s, respectively. The highest
current measurements at 4.00 and 5.00 ¥V were excluded in the fits because their deviations
were greater than the 3o error bacs shown for each line.

3.2 ATOMIC THEORY
3.2.1 Low-Energy Charge Exchange
C. Bottcher and T. G. Heil

We have continued our studies of electron capture from hydrogen atoms by highly
stripped ions using expansions in one-electron molecular eigenstates and a fully quantal
description of the nuclear motion.?® When the adiabatic potential energy functions and
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coupling matrix elements have been calculated, we can solve the resulting coupled equa-
tions with some facility, using fully vectorized programs developed for the Cray-1 and
Cray-18.

In the past year, we have moved on to study more highly ionized projectiles, notably
the 8+ isoelectronic sequence. Some results on 0" and Ar®™ are shown in Fig. 3.15. We
hope to study several members of this sequence with larger basis sets in order to make
comparison with measurements in progress using the new ECR ion source.’

Since we now routinely include = states in our basis scts, we have found a number of
cases where o-n couplings affect the charge capture cross section by more than 30%. Fig-
ure 3.16 shows results for C** and O°" projectiles. In the case of C*t the disagreement
with experiments'>3! appears to have worsened, a situation that merits further study.

We are also pursuing the more fundamental objective of a very accurate calculation
on B>t + H, in which translation factors are included by matching to moving orbitals on

some boundary. This matching requires an cxpansion in about 40 molecular cigenstates,
for which we have now assemabled the coupling matrix elements.
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Fig. 3.16. Charge-exchange cross sections for multicharged ions on
hydrogen atoms. Solid lines: calculated with a basis of three o and three #
states; open circles: measurements of ref. 32 on C**; open triangles: meas-
urements of ref. 32 on O%F.

3.2.2 Code Development for Electron-lon Scattering
C. Bottcher, D. C. Griffin, and M. S. Pindzela

Between 1980 and 1983 we developed a program package to calculate distorted-wave
excitation cross sections with intermediate coupling wave functions based on a single con-
figuration of Hartree-Fock orbitals. The structure eigenvectors and radiative branching
ratios (for autoionizing states) are obtained from the Los Alamos atomic structure package
developed by R. W. Cowan.

In the past year we have added codes to calculate direct ionization and dielectrosnic
recombination. These codes are still based on Hartree-Fock orbitals for bound states and
distorted waves for continuum states, but they use “configuration-averaged” approxima-
tions in the structure calculations. They are well suited to surveys of, for example, isoclec-
tronic sequences, and we can study in more detail individual cases in which a breakdown of
the approximations is suspected.

At the same time, a major effort has been devoted to extending the excitation code to
handle configuration-interaction wave functions that describe effects omitted by single-
configuration Hartree-Fock theory—in particular, coupling between almost degenerate
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configurations in the Hartree-Fock sea (e.g., 3s3p%,3p*,3p?3d?) and pair excitations out of
the sea (34'%,30%4f%). The process of checking these new codes is almost complete, and
application to transition metal ions will be made in the near future.

We have beea able for some time to perform close-coupling calculations, but progress
on the complex targets we are interested in has been hindeved by the lack of an efficient
angular momertin algebea package in other groups as well as ours. This defect has been
reinedied by adapting our distorted-wave algebra package, and pilot calculations are in
progress.

Particular applications of these codes are described in Sects. 3.2.3-3.2.5.

3.2.3  Direct and ledirect lonization of Transition Metal Iens
M. S. Pindzola, D. C. Griffin, and C. Bottcher

During the past year we completed a survey of experimental and theoretical election-
impact ionizaiion cross sections for transition roctal ions in low stages of ionizatien. The
atomic ions Ti*, Ti*%, Ti'%, Fe™, Fe*™, Fe?', Fe't, NiT, Ni*t, Ni¥*, Cut, Cu?*, and
Cu’" were examined using electron-ion crossed-beaims measurcments and distorted-wave
theory. In Fig. 3.17 we comparc a single-configuration, level-to-level, distorted-wave calcu-
lation with experiment for Ti?" (ref. 19). The theory predicts a rapid change in the cross
section for 30 to 35 eV, followed by a 10-¢V plateau and then further jumps in the cross
section around 45 ¢V. On a smaller scale, the experimental measurements follow the same
pattern. We believe that inclusion of configuration-interaction effects in the distorted-wave
excitation calculations for Ti®* will lower the cross section and thus improve the agree-
ment between theory and experiment. In Fig. 3.18, we present the results of a single-
configuration, level-to-level, distorted-wave calcunlation for fett (no experiment has yet
been performed in this case). From our survey work, we expect that the total cross-section
results and the direct cross-section results will bracket experiment. In order for our predic-
tioiis {0 be more precise, configuration-interaction effects in Fe* ' will need to be included
not only in the indirect excitation process but in the direct ionization calculation as well.

3.2.4  Diclectrenic Recombination in the Lithinm Isoclectronic Sequence
D. C. Gniffin, M. S. Pindzola, and C. Bottches

We have applied our recently developed distorted-wave code for diclectronic recombi-
nation to calculate the cross sections associated with the 2s--2p transition in the Li-like icns
827, O, and O (ref. 32). We have coimpared calculated cross sections to selected con-
figurations of the type 2p#i in pure L-S coupling, in intermediate coupiing, and in a
configuration-averaged approximation. The most precise (intermediate coupling) results
tend to be 50% higher than L-S coupling but agree fairly well with configuration-averaged
results.

The explanation can be seen if we write the process, for example in BT as

e(k'l") + B*Y(1522s) « BV (1s%2pul, L) — BT (1s%2snl) -+ kv . (3.1)



i ORNL~-DWG 84-16649
-
(@]

£60.0

(@] f

&3

<o
)

Crcss section
@]

.
(o) ; [ WA WP

B i I I T
20.0 26.0 52.0 38.0 44 .0 50.0
Electron energy (eV)

Fig. 3.17. Comparison of theory and experiment for clectron-impact
ipaivation of Ti*". Dotted line: direct ionization; solid line: sum of direct
and excitation-autoionization; open circles: measurements of ref. 19,

In pure L-58 coupling the total angular momentum L =/ + 1 == ', while in intermediate
coupling the spin-orbit interaction mixes L =/ = [' = 1. The former states typically
have autcionizing rates 10° to 10° times the radiative rate, so that if the latter are mixed
io the extent of 1 part in 10, they will contribute equally to the cross section.

The interpretation of experiments®® on dielectronic recombination is presently in a
state of flux. However, we note that measurements seem to be much larger than early
theoretical predictions suggested and that the effect of spin-orbit interactions and external
fields is usually to enhance the calculated cross section.

The sensitivity of coraparisons with experiment’® to assumptions about experimental
conditions is iliustrated in Fig. 3.19, which shows the predicted cross section for B** as a
function of experimental energy resolution and the variation with the field ionization
cutoff.
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3.2.5 The Effect of Electric Fields on Dielectronic Recombination in Yons of the Lithium
and Sodivm Iscelectronic Seguences

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

Dielectronic recombination (DR} is particularly sensitive to the presence of external
electric fields. Such fields can cause a redistributicn of angular momentum among the
doubly excited, resonant, Rydberg states that, in turn, increases the number of states for
which the rate of resonant recombination is appreciable. We have just completed a sys-
tematic study of the field enhancement of diclectronic recombination in the lithium and
sodium isoelectronic sequences. In particular, we have applicd the linear Stark approxima-
tion to cxamine these field effects for the dielectronic recombination transitions associated
with the 25 > 2p excitation in the Li-like jons B**, C**, O°", and Fe?** and the 35 —
3p excitation in the Na-like ions Mg*, St CI%, and Fel**t.
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Although this technique does not allow determination of ficld mixing as a function of
electric field streagth, it does provide physical insight into the nature of field effects in
diclectronic recombination and allows study of important trends in the maximum ficld
enhancement of the DR cross section as a function of ionization stage. We find that the
magnitude of the field enhancement decreases as we move up an isoclectronic sequence
and is on the order of two or three in highly ionized systems. Furthermore, we show that
DR traositions through doubly excited states necar threshold can produce large narrow
peaks in the cross section at low energics, which are especially prominent in high stages of
ionization and are not affected by electric fields. An especially striking example of this
effect is provided by the DR cross section for Fe2*t, shown in Fig. 3.20 as a function of
electron energy. In this plot, the narrow resonances associated with recombination
transiticns through the doubly excited configurations 2p#n{ are convoluted with a 3.0-eV
Gaussian to simulate ap experimental electron energy spread. The field enhancement in the
high-energy peak is approximately 2.3. The prominent low-energy peak is due to transi-
tions through the resonant states for which the principal quantum of the Rydberg electron
isn =12
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3.3 CONTROLLED FUSION ATOMIC DATA CENTER

C. F. Barnett, H. B. Gilbody, D. C. Gregory, . M. Gritfin, C. C. Havenzr, A. M. Howald,
H. T. Hunter, R. K. Janev, M. 1. Kirkpatrick, C. R. Mahon, E. W. McDaniel,

R. H. McKnight, F. W. Meyer, T. J. Morgan, R. A. Phaneuf, M. 5. Pindzola,

and E. W. Thomas

The data center continues to maintain a current annotated bibliography of atomic and
molecular collision processes of interest in fusion vesearch. During the 24-year history of
the data center, we have consistently been one to two vears behind in entering current
references into our data base. This year, references have been entered directly into our
computer file every three months, and within a few months we anticipate a monthly input.
A universal data storage and retrieval system, INQUIRE, has been implemented by
M. Wright of the Computing and Telecommunications Division, Martin Marietta Energy
Systems, Inc. Bibliographical information can now be retrieved on line using ten different
search elements. At present, three outside users are experimenting with retrieval using
telecommunications lives to determine the feasibility of extending the data base to a larger
group of outside users. Over the years, as computer technology has advanced, we have used
several different storage and retricval programs, with the result that we are now able to
conduct on-line searches only of references entered since 1978. Efforts are being made to
convert the various earlier bibliographic formats to one compatible with the INQUIRE
format.

Cooperative efforts have continued with the Atomic Data Center for Fusion at the
Institute of Plasma Physics (IPP), Nagoya, Japan; the Atomic and MNuclear Data Center
of the Japan Atomic Energy Research Institute (JAERI), Tokai-mura, Jfapan; and the
Internationa! Atomic Energy Agency (IAEA) Atomic Data Center, Vienna, Austria. Dur-
ing this reporting period, an agreement was reached that the ORNL bibliography would
serve as the major input to these centers. ORNL will provide computer tapes every three
mooths. Our staff continues to meet with and advise the IAEA data center staff on their
activitics. To increase the accuracy and efficiency of extracting numerical data from the
literature, we have purchased a digitizer tablet and a small stand-alone computer with
telecommunications capabilities. The required software has been written and implemented
to perform the following steps: (1) digitize numerical data and store them on floppy disk;
(2) concatenate individual data sets for a given process into one set for comparison and
evaluation; (3) redigitize the recommended cross-section curve; (4) calculate Maxwellian
reaction rate coefficients from cross-section data; (5) provide a seven-parameter {it to rate
coefficients as a function of temperature; and (6) prepare computer-generated curves of
recommended data and data tables for publication. Isterfacing the center’s computer with
the central PDP-10 permits steps 46 to be completed.

During the present reporting period, a decision has been made to update and expand
vols. 1 and 2 of the present compilation, Atomic Data for Controlled Fusion (ORNL-5206
and ORNL-35207), to a new series with five or more volumes. Previously, the compilations
contained only graphs and data tables of recommended numerical data. Future volumes
will add tables and graphs of reaction rate coefficients for interactions of beam-
Maxwellian or Maxwellian-Maxwellian distributions. Progress has been made on the first
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volume, Heavy Particle Collisions, which will be done in-house. An interagency agreement
with J. Gallagher of the data ceater at the Joint Institute of Laboratory Astrophysics,
Boulder, Colo., has been initiated to compile cross-section data for vol. 2, Electron Colli-
sions. Reaction rate coefficient tables and graphs will be generated by the ORNL data
center staff. Volume 3 of the series, Cellision of Atomic Particles with Surfaces, has been
completed and is now in the final stages of rcview before publication. Particle interaction
with surfaces is still an in¢xact science and many of the data are qualitative. The fourth
volume, Speciroscopic Data for Iron, has been compiled by W. Wiese and his colleagues at
the National Bureau of Standards. We have received the compilation, except for one
chapter on atomic eiergy levels, which awaits computer rcformatting for compatibility
prior to publication. Work has been initiated on vol. 5, Collisions of Carbon and Oxygen
lons with Electrons, H, H; and He, by R. A. Phancuf of the ORNL Data Center, R. K.
Janev of the Institute of Physics—Belgrade, and M. S. Pindzola of Auburn University. Data
have been compiled from the literature, digitized, and evaluated, and cross scctions have
been recommended for electron capture by C4% and G97 ions from atomic hydrogen and
helium. The anticipated cowmpletion date of these five volumes is December 1985. Addi-
tional volumes are planned for collisions of other impurity ions present in high-temperature
fusion plasimas.

3.4 PLASMA DIAGNOSTICS DEVELOPMENT
3.4.1 Multichanne! Polarimetry Using Faraday Rotation
C. H. Ma, D. P. Hutchinson, and P. A. Staais

Simultancous measurements of electron density and Faraday rotation on all five chan-
nels of the far-infrared (FIR) interferometer/polarimeter system on the Impurity Study
Experiment (ISX-B) tokamak have been achicved. The achievement is due mainly to two
major tmprovements to the detectors and the Faraday modulator of the previous system:
(1) the helium-cooled Putley detectors have been replaced by high-responsivity Schottky
diodes, and (2) a novel technique is vsed to improve the performance of the polarization
modulator. The use of the Schottky diodes in the present system has not only increased the
detection sensitivity but also eliminated the nced for a wire-grid analyzer for polarization
determination. The previous Faraday modulator used an air-core ceil, with a ferrite disk
mounted in the center of the coil. The modulation frequency was limited to 3-5 kHz due
to the high inductance and large stray capacitance of the 600-turn coil. In the present sys-
tem, the multiple-turn coil has been replaced by a single-turn copper coil, which acts as the
secondary of a radio-frequency (rf) transformer. A modulation frequency of 92 kHz has
been achieved by using a series-resonant circuit for the primary winding. The increase of
the modulation frequency has not only greatly improved the time resolution of the polarim-
eter but also reduced the rf coupling between the modulator and the detection circuit.

A schematic diagram of the modified interferometer/polarimeter system is shown in
Fig. 3.21. Briefly, the system consists of a pair of cw 447-um iodomethane lasers, optically
pumped by separate CO, lasers. The FIR cavities are tuncd so that the two FIR lasers
oscillate at frequencies differing by Af ~ 1 MHz The linearly polarized beam of the
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source laser is passed through a ferrite polarization modulator and a mechanical polariza-
tion rotator into the dielectric waveguide and is then divided into five beams that are pro-
jected through the plasma. Emerging from the plasma chamber, each beam again enters a
waveguide and is directed onto a signal detector. Part of the beam from the reference laser
is mixed first in a reference detector with a portion of the source laser, which is split off
before passage through the modulator, and the remainder is guided to the signal detector
to mix with the plasma-probing beam. Schottky diodes are used for all detectors. The out-
put of the reference detector is a sinusoid at frequency Af and is used as reference signal
for phase detection. The output of each signal detector is filtered, amplified, and fed into a
digital phase-detection circuit to extract the phase shift due to plasma density. An envelope
detection circuit demodulates the phase-modulated signal and provides a sinusoidal signal
at the modulation frequency with amplitude proportional to Ji{8,)sin(8), where 8, is the
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amplitude of the modulation angle and ¢ is the sum of the rotation angles due to the
mechanical polarization rotator 0, and the Faraday rotation in plasma fy; J(04) is the
Bessel funciion of the first kind with order one. This signal is synchronously detected by a
lock-in amplifier, yielding an output voltage Vo — Vosin(8). The calibration constant Vj
can be obtained by setting the mechanical pelarization rotator at a few degrees (<€4°) and
measuring the value of ¥, without plasina in the chamber. The voltage Vy as determined
by this technique calibrates the polarimeter in a manner that does not tequire the absolute
knowledge of laser power, detector responsivity, modulation angle, or any system losses.

The system has heen routinely employed to study ohmically heated and neutral-
beam-heated plasma discharges in [SX-B for over a ycar. The standard deviation of the
cutput of the interferomeier of a constant phase shifi is less than 5 X 1072 fringe. Since
one fringe corresponds to a line-averaged density of 9.2 X 10'2 cin ™3, density variations as
small as 4.6 X 10'! cim ™3 can be measured. The polarimeter shows a sensitivity on the
order of 1 mrad and a timec resolution of 1 ms. Figure 3.22 shows the time-resolved traces
of (a) Faraday rotation and (b) line-averaged electron density of a typical tokamak plasma
discharge. A neutral hydrogen besm of approximately 1 MW was injected into the plasma
70 ms after the initiation of the plasma discharge. The position of cach channel, relative to
the cenier of the tckamak vacuwm chamber, is indicated in the inset. The negative Fara-
day rotation on the central chanael (channe! 2) is due to the outward shift of the plasma
centroid. The fast response of the sysiem is demonstrated in Fig. 3.23. During this plasma
discharge, a solid hydrogen pellet was injected into the plasma at approximately 204 ms.
The pellet caused an abrupt density increase of ~1.4 X 10"3 c¢ro 2 and a change in Fara-
day rotation of ~0.15° on the central chaunnel. The changes of deusity and Faraday rota-
tion occur during a period of approximately 400 us. The timc delay (=23 ms) between two
curves is due to the resistance-capacitznce (R-C) constant of the lock-in amplifier {1 ms).
It is believed that this is the first simultangous measurement of electron density and Fara-
day rotaticn in pellet-injected discharges. Data analysis codes are under development to
reconstiuct the asymmetric spatial profiles of electron density and plasma current froin the
ling-averaged chordal measurements.

We have continued to support the implementation of the FIR diagnostics on the Texas
Tokamak (TEXT) at the University of Texas in Austin. T. Price has simultaneously mea-
sured both density and Faraday rotation on all six channels of the TEXT system. Although
the system is not completely calibrated, the Faraday signals have the proper polarity on all
six channels and roughly the proper magnitude.

C. H. Ma has been engaged in development of the FIR polarimeter for the Tokamak
Fusion Test Reactor (TFTR} at Princeton Piasina Physics Laboratory. Experiments have
been conducted to determine the performance characteristics of the polarimeter. A signal-
to-noise ratio of 20 dB has been achieved for a simulated Faraday rotation angle of 5°
with 4 mW of laser power. An analysis has also been carried out to identify some possible
problems in the measurements and to establish the calibration procedure for the system.
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Fig. 3.22. Time variation of (a) Faraday rotation and (b} line-
averaged electron density, measured by the multichord FIR
interferometer /polarimeter system on 15X-B.

3.4.2 Diagnostics Development Center
C. F. Barnett, E. W. Thomas, K. O. Legg, and P. Bakshi

A collaborative effort has been initiated to determine the feasibility of measuring
plasma edge turbulence and electric fields in magnetically confined plasmas. Fast-response
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intevferomeatsr iszeter system. The abrupt changes of the line den-

sity and Faraday rotation are caused by the injeciion of a solid hydro-
t 204 ms aficr the beginaing of the discharge.

dinde arrays wntl Ha filters have been construcied to observe time correlations of H, emis-
sicn from adiaccnt locatiops i the plasma edge, using techniques developed by Zweben
et al** The *‘rst series of measurcments will establish the physical extent of coherent
emission regions, both paloidally and torcidally. The second series will include the replace-
ment of the H,, filter with a monochremator. By imaging a poloida! strip of the plasma on
a vertical entrance slit and placing the diede array in the vertical detector plane, we can
C‘:«tﬁimlnm the electric ficld from the Stark-broadencd profiles or shifts of the H, line.
Siiice the conveniional analysis of the Stark effect in plasmas is in terms of the static
Heltsmark field, it is necessary to include the line shape and the shifts due to quasi-static
and high-§ r“que. cy fields. Modeling of the line shape for different magnitudes and fre-
quencies for these fields has been coimpleted. In addition, the analysis indicates that by
determining the pa”slarizatlon of the H; line the direction of the driving electric field can be
determined. Twe sight-diode arrays have been fabricated and tested with their associated
amplifiers, circuitry, and signal recording. Computer programs are being written for cross-
correlation analysis. Initial tests will be perforined using a rapidly pulsed proton beam in
H, gas, after which the apparatus will be moved to TEXT.
To measure the ion temperature in a high-temperature deuterium-deuterinm (D-D)
plasma, we have proposed to make use of the oxygen total neutron cross section, which has
a decp resonance at about 2.35 MeV (ief. 35). At low plasma temperatures, the 2.45-MeV
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D-D neutron spectrum is narrow. As the plasma femperature increases, kinetic broadening
increases the width of the neutron distribution, with the low-energy tail spilling over into
the oxygen resonance. By measuring the attenuation of the neutrons through a hiquid oxy-
gen cell, the plasma ion temperature can be obtained if the ions have a Maxwellian velo-
city distribution. Preliminary calculations®® had shown the experiment to be feasible for a
2-keV plasma ion lemperature using an available liquid oxvgen cell. More precise caleula-
tions by Alsmiller et al.”’ for a global neutren source from a 6-keV D3 plasma indicatsd
that the overall efficiency of the ncutron detector at the rear of the absorption cell would
be 4 X 107! counts per source neutron. This can be compared to a source strength on the
ISX-B tokamak of 2 X 10'° neutrons/s or approximately 0.16 counts per discharge at the
rear detector. Since the calculations are believed fo be acourate to within 20%, the tech-
nique does not appear to be feasible.

High-speed (4000-ft/s) framing camera studies have been completed on TEXT during
stable and turbulent operation. Photographs were taken at three viewing ports: perpendicu-
lar to the plasma at the limiter port, longitudinal to the plasma viewing the inside of the
toroidal limiter, and perpendicular to the plasma 180° {rom the hmiter. Semiquantitative
data from the films were obtained by visual observation and frame-by-frame scanning with
an optical densitometer. The observations are summarized as follows.

*  Striations or particie density channels were always present at the bsginning or end of
the discharge and during turbulent operation.

e During stable periods of operation, no fluctuations were observed.

s Spallation of macroparticles or molten pieces of metal was cbserved during the forma-
tion of the discharge, at disruption or with unstable operation, and at the cnd of the
discharge.

»  Macroparticles were observed 180° from the limiter, appareatly coming from the wall,

®  Particles coming from the wall or limiter usually flowed in the direction of the plasma
current, with a luminous plume exteading in front of and behind the particles.

A low-energy cesium neutral particle analyzer’® has been lent to the University of
Wisconsin to measure tokamak plasma ion temperature. In recalibrating the conversion
and detection efficiency of the analyzer, we {ound that the sensitivities of twe of the chan-
nel multipliers were a factor of 2 to 5 less than the other two. The electrostatic asalyzer is
being rebuilt and the multipliers are being replaced. These changes in calibration demon-
strate the need for periodic recalibration of analyzers after several mounths of operation.

3.4.3 Feasibility of Alpha Particle Diagnostics by CO; Laser Thomsen Scattering
D. P. Hutchinson, K. L. Vander Sluis, J. Sheffield,” and D. J. Sigmar®
Introduction

The behavior of alpha particles in an ignited fusion plasma is of considerable impor-
tance in fusion research, because it is the cnergy transferred to the deuterium-tritium
(D-T) plasma from the energetic alphas that will susiain the plasma temperature. Several
methods have been proposed to measure the density and the velocity distribution of the
alphas.®**? Among the suggested techniques are the use of charge-exchange reactions of
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the alphas with high-ciergy neutral diagnostic beams,? !

the scattering of FIR
radiation,*! and the decicction of alphas that escape from the plasma.*'*? We have
evaluated a method ithat uses the scaitering of a high-power CO, laser by the Debye
sphere of electrons associated with each alpha particle to determine both the density and
the velocity distribution of these energetic fusion products.

The incideni radiation at the wave number k; and frequency «w; is scattered and
Doppler shifted by elections in the plasma to the scattered wave number k, and frequeacy
w,. The radiation of a particular kg and w, reaching the detector comes from a periodic dis-
tribution of electrons in the plasma with wave number k = k, — k; and frequency
w = w, — ;. The ions are massive and scatter relatively little of the incident radiation.

-1

However, when |k| > Ap, the Debye length, radiation is scattered from the electrons
that arc a D@bye shield on each ion. For the conditions used in this diagnostic, the shift in
frequency corresnoiids to the Doppler shift caused by the ion therimal speed v; = w/k; and
the electron thermal speed v, == w/k. The scattered power Py in the frequency range
w o + dw and solid angle d¢ from a length L of the incideat beam of electromag-

netic radiation is given by Sheffield:*3

PR w)dQdw = Pyl L dQ g: Q(kw) , (3.2)
where
_ x| G 7 |G
0wy = 25— 22| fulwm) + I 3 Zr k)
k € kel

and it is assumed that the scattered frequency shift w << w; The electron and ion velocity
distribution functions are fi(w/k) and fi(w/k), respectively; r§ is the Thomson cross sec-
tion, 7.95 X 10725 cm?; &, is the electron density; P; is the incident laser power; and G, is
the electron susceptibility.

We assume that the electron and bulk icn velocity distributions of the plasina are
Maxwellian and *if at the bulk plasma is made up of isotepes of hydrogen (Z = 1). The
high-energy specirum of the alphas is assumed to be isotropically distributed in velocity
space, and f,(v,) = const for v < v,q, the velocity of a 3.5-MeV alpha particle. Above v,
the alpha distribution function is zero. Also, we ignore kinctic broadening of the alpha
velocity distribution due to the finite energy of the interacting D-T ions.

In order to determine the range of scattering angles and frequencies over which more
detailed calculations should be performed, we first place simplifying constraints upon the
scattercd spactrum: (1) consider only phase velecities near w/k = v, and (2) pick a region
where the alpha pariicle scattering and electron scattering are cqual. Assuming a laser
with a 10.6-zm wavclength, this correspends to a scattering angle § == 0.70°. The signal
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plasma as a function of scattered frequency shift, based on the geometry depicted in
Fig. 3.24, is shown in Fig. 3.25. This calculation assumes a flat alpha particle velocity dis-
tribution and indicates that alpha-particle-produced scattering is dominant over a range of
scattered frequencies from 6 to 22 GHz. Figure 3.26 depicts a calculation of the composite
spectrum as a function of frequency (in watts of scattered power per unit frequency) for
scattering frequencics 6f from 0.1 to 25 GHz about the line center of the incident laser for
three simple velocity distributions. The distributions modeled are (1) f,(v) == 1/v, (2)
f(v) == const, and (3) f(v) = v. The amplitude of the distributions was normalized to
the value n,/v, at v, The first disiribution, proportional to 1/v, would represent a buildup
of particles toward zero velocity, assuming little or no diffusion in real space; the second
asswincs a mode! based on calculations of TFTR-like* plasmas that predict a flat alpha
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Fig. 3.26. The scattered power vs the shifted frequency &f is plot-
ted for three simple alpha particle distributions. The alpha particle dis-
tribution proportional to 1/v is represented by the open circles, the f{v)
= vonstant distribution by the open squares, and the distribution pro-
portional to v by the closed circles. The electron density assumed for
these calculations is 1.2 X 10 cm™,

velocity distribution; and the third distribution, proportional to v, could result if alpha par-
ticles were lost durning the slowing-down process. These distributions are not assumed to
accurately model a true plasma case but were chosen to investigate the sensitivity of the
proposed diagnostic technique to changes in the alpha particle velocity distribution.
Figure 3.26 shows the scattered power plotted for scattering frequencies greater than 6
GHz, the approximate frequency at which the scattering from the injected beam com-
ponents goes to zero. The composite scattered power from the electrons is constant over
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this range and has a value of approximately 1.05 X 10717 W/Hz. The 1/f portion of the
scattered spectrum from 10 to 20 GHz is due to averaging over the window. The scattering
from the alpha particles is two to three times the scattering from the electrons over this
frequency range.

Detection system

The scattered power from the alpha particles covers the frequency range from 6 to
==20 GHz on either side of the 10.6-um line of the CO, laser, which has a center fre-
quency of approximately 28,306 GHz. The frequency resolution required is too high to use
a grating for dispersion, as in a conventional Thomson scattering measurement, and too
small to use a Fabry-Perot interferometer. Also, the noisc level of a liquid-nitrogen-cooled
HgCdTe detector operating in the video mode is too high to allow measurcment of this
power level. If we assume a required frequency resolution of 6 GHz, the video noise-
equivalent-power (NEP), of this detector is on the order of 5 X 1073 W (ref. 45). In Fig.
3.27 the bar graph shows the scattered power, integrated over a 6-GHz bandwidth, plotted
as a function of the frequency of a number of channels centered on the frequencies 7, 11,
17, and 53 GHz from the center of the laser line. (The reason for this channel selection is
stated later.) The power level observed by the detcctors varies from approximately 2 X
1072 W to 1 X 1073 W, resulting in a signal-to-noise ratio (S/N) of 0.02 to 0.1. This
(S/N) is clearly unacceptable. By using these detectors as mixers in a heterodyne mode,
the {(NEP), reduces to 1 X 1071° W/Hz (ref. 45), resulting in a detector noise power of
2 X 1071 W over a 6-GHz bandwidth. This detector noise level translates into an input
signal-to-noise ratio (S/N); of 3-16 for a 100-MW CO, laser. The postdetection signal-to-
noise ratio (S//V),q for a heterodyne receiver is primarily determined by the postdetection
averaging time and the input detector bandwidth. Assuming that the signal is averaged
over a laser pulse width of 1 us from a detector with a bandwidth of 6 GHz, (S/N)pq will
be improved by a factor VB7 + 1, where B = predetection bandwidth = 6 GHz and
7 = laser pulse width = 1 ps,

(S/N)pd =~ BT + 1 = 775, (3.3)

so that a system (.S/NV) of approximately 75 will be achieved.

In order to convert the system to heterodyne detection, a series of CO, laser local
oscillators must be found with frequencies that differ from the incident laser frequency by
only a few gigahertz. A CO, rotational line spacing of 53 GHz occurs in the vicinity of the
highest-gain transition, the 10P20 line. Fortunately, a number of cw lasers are available
within the required frequency range. We have constructed lasers operating on the first
sequence bands of CO;, and N,O that produce power levels of several watts, far more than
the 1- to 2-mW local oscillator requirement of the HgCdTe detectors.* It is expected that
other useful local oscillator frequencies will become available when isotopic CO, lasers are
considered.
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Fig. 3.27. The scattered power integrated over a 2-GHz bandwidth is plotted as a function

of the shifted frequency of a number of channels centered on the frequencies 7, 11, and 17 GHz
from the center of the incident laser line. The channel at 53 GHz, which observes only the elec-
trons, is shown as a dotted line. The 1/v distribution is represented by the bars slanted down to
the right, the Av) = constant distribution by the bars slanted up to the right, and the fv) = v
distribution by the open bars.

Testing and calibration

A very interesting and attractive feature of the proposed alpha particle diagnostic is
that a simpler scattering experiment may be conducted on a nonignited plasma device to
determine the feasibility of the measurement. Referring to Fig. 3.26, since the scattered
power due fo the alpha particles is roughly equal to the small-angle Thomson scattering
measurement of the electron scattering in the absence of alpha particles, the sensitivity of
the diagnostic may be determined. In fact, since the electron density and temperature will
be known from other diagnostics, an absolute calibration is possible. Also, because a detec-
tor observing frequencies shifted 53 GHz from line center will see only scattering from the
electrons, even in a burning plasma with alphas present, the experiment will be self-
calibrating for every measurement.
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4. PLASMA THEORY

SuMMARY OF ACTIVITIES

The plasma theory effort concentrates on toroidal confinement theory. The goals of
toroidal confinement theory are to understand, improve, and optimize the confinement of
plasmas for fusion reactors. To achieve these goals, it is necessary to develop new theories
and validate them with experiments. The approach is to identify critical problems and then
to integrate the necessary plasma physics disciplines to solve them. Our fundamental areas
of research are (1) equilibrium, stability, and turbulence; {2) transport kinetics; and (3) f
heating and current drive. These feed basic results into the integrating efforts, (4) confine-
ment optimization, (5) plasma modeling, and {6) alpha particle physics, which in turn
drive the primary application area, (7) experiment interpretation. This approach maximizes
internal collaboration while keeping a sharp focus on key issues. Collaboration with ORNL
experimental groups, with university groups, and at the international level is strongly
emphasized.

Key results in the last year include definitions of ways to increase flexibility and
improve confinement for the Advanced Toroidal Facility (ATF) device; invention of the
flexible heliac concept; improved understanding of confinement in the Impurity Study
Experiment (ISX-B) tokamak; improved understanding of electron cyclotron heating and
confinement in ELMO Bumpy Torus {EBT); development of an improved bumpy system,
ELMO Bumpy Square (EBS}); and successful application of pellet models to the Tokamak
Fusion Test Reactor (TFTR) and the Doublet 111 (DI1I) tokamak.

This past year’s work is summarized in more detail in the sections on fundameutal
areas of research, Sects. 4.1, 4.2, and 4.3; in the sections on the integrating efforts, Sects.
4.4, 4.5, and 4.6; and in the section on experimental interpretation, Sect. 4.7. Computing
support activities are summarized in Sect. 4.8,

4.1 MHD EQUILIBRIUM, STABILITY, AND TURBULENCE

The magnetohydrodynamic (MHD) equilibrium, stability, and turbulence effort is
characterized by the use of analytic and numerical fluid models to study the behavior of
magnetically confined plasmas. Equilibrium properties and linear and nonlinear stability
properties are analyzed, and calculations are made of nonlinearly evolved fluctuation levels
and their consequences for particle and heat transport. Research is carried out on two
strongly interconnected levels. First, fundamental physics research is performed, generally
using simplified geometry, to unveil some of the basic mechanisms uaderlying plasma
behavior. This work establishes a sound basis for theoretical developments. The theoretical
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s

ing and tools for configuration optimization and for plasma modeling.

developimenis are then applicd to specilic devices, providing the basic physics understand-

In the area of equilibrinm theory, new techivaues that provide for more efficient cal-
culationis and better physics nndeystanding were developed in the past year. A ncw stellara-
tor cxpansion applicable to planai, as well as helical-axis, configurations was developed. It
gives results that comipare very favoravly with throo-dimensional (3-13) calculations. A
spectral repr scptation for 3- D inverse MHMD equilibria was alse developed; it possesses
Superior comvergenee properties in mode number space. Iree boundary and 3-D egui-
livrium calculatlons were made for the Advanced Toroidal Faci 1ty (AT configuration to
verify the cxistence of a flux-conirolled path to high beta. Heliac equilibria were studied
intensively. The equilibria were examined for semsitivity to the preseace of nearby reso-
nances. The pessibility of improving equilibrium quality was investigated through calcula-
tions in which parameters such as aspect ratio, number of field periods, and toroidal

LS

curreat modulation were varied. In addition, egquilibriuni calculations were made for the

High-Beta Q Machine (HBQM) at the University of Washington and for the Tokapole
device at the Uiiversity of Wisconsin. The calculations were made in collaboration with
groups at these usiversities, who are using them for experimental comparisons.

h the area of linear stability theery, the 3-D ballooning mode cquation was extended
to treat resistive instabilities and anisotropic plasmas. The stability of ATF to external

modes was studied, and the instability boundaries to be explored experimentally were

mnapped. Stability le‘”rdCS of the optimized equilibiia for low-aspect-ratio torsatrons
weie determined. The effcct of the toroidal field cn the MHD stability of the Heliotron-E
device was analvzed. It was found ihat the added toroidal field makes the rotational
transforin close to the ATF vacuum transform and raises the value of the critical beta.

udy was made of the effects of toroidicity on resisiive insta‘):liﬁes of reversed-

flcld pﬁnch {(RFP) devices. The effects are very week for tearing modes, but they modify
the g mode siakility properties.

A combination of analytic and computaticnal werk in the areas of nonlinear stability

theory and iur“ul«:ftce brought to light twe new comnections between MHD phencmena

and znomalcus transport. [irst, a new turbulent stabilization mechanisin for rippling

moacs was discovcmd. This discovery peruits the development of an analytic theoiy that
predicts the saturation levels for the fluctuations and the consegueat diffusion coefficients.
Also, a saturaticn mechanism for tearing modes in RFP devices was nacovered. With this
mechanisin, the present theories of tokamak disruptions and of field reversal maintenance
can be unifie

The physics stedies discussed above tequire continual development and svoluticn of
cfficient codes and numerical techmiques. In the past year, a new 3-D ecqguilibrium code,
MOMCON, based on the optimized Fourier representation of the equilibrium, was
originated. The linear FAR code was adapted to treat stellarators and REP configurations,
and a nonlinear version was developed and tested. Several significani new computational
algorithinis were developed. A zero-current equilibrium algerithm was incorporated into the
3-D equilibrinm codes NEAR and ORMEC. Implicit-explicit hybrid schemes that have
incrcased the efficicncy of monlinear calculations were developed. Alse, a fully implicit
scheme for the full MHD linear equations was devised that is very stable, allows calcula-
tionis of modes that are not the miost unstable omes, and reduces the computational time
cansiderably.
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The following abstracts of work performed in this effort are organized by device type
rather than by arca because many of them report on work covering more than one area.

4.1.1 Steflarators-—Abstracts
4.1.1.1 “MHD Equilibrium and Stability for Stellarator/Torsatron Configurations”!

B. A. Carreras, 1. L. Cantrell, L. A. Charlton, W. A. Cooper, L. Garcia, J. H. Harris,
T. C. Hender, H. R. Hicks, J. A, Holmes, J. A. Rome,
and V. E. Lynch

The MHD studies at ORNL have mainly concentrated in two areas: the tmprovement
of the understanding of high-beta torsatrons through the concept of flux conservation and
the study of helical-axis configurations. In this paper we will describe the resuits obtained
in both arcas.

I. The flux-conserving path to high beta. The concept of a flux-conserving tokamak has
been a very useful one to understand the access to a high-beta regime for tokamaks. It has
also been useful as an ezxperimental guide in achieving such a regime. The stellarator,
being a steady-state device, will, in general, not follow the flux-conserving path in the sim-
ple way that tokamaks do. Afier the fast heating process, which conserves flux, the rota-
tional transform profile will evolve due to resistive diffusion, and the equilibrium will
become a zero-current equilibrium. By changing the shape of the poloidal field during the
evolution it is, in principle, possible to maintain the rotational transform profile while the
equilibrium tends to the zero-current limit. We have investigated this for the particular
case of the ATF device. In this case, using the vertical field (VF) coil system, an approxi-
mate flux-conserving path to high beta can be followed. In Fig. 4.1, an approximate {lux-
conserving sequence of equilibria is shown. The figure shows that an increase in ellipticity
and triangularity is required. The strong “bean” shaping of the flux surfaces is apparent.
Following this cquilibrium sequence, it is possible to access the second stability regime
even with broad pressure profiles, avoiding the {ree boundary instability found by Rewoldt
and Johnson. These studies have been made using the stellarator expansion for the equi-
librium and stability calculations. From the condition of zero current in each flux surface
and the equilibrium equation, the following relations can be derived:

1 { ~2m pp}ﬂ z,r o 0 ) gt 3y )
s e - 0 e e
t(p) oF Jo d® g J; de g 5 5 %

dF{ 2% ﬂ*] Bo dp (% 40 R?
_________ , . o ap a R .
F o+ j;) 40 F > 4 fo

Here ¢, is the vacuum-field-averaged poloidal flux functicn due to the helical fields only,
and i is the poloidal flux function due to the vertical field system. The coordinates p, ©
are straight field line coordinates, and F* = —R*<(V$)*>/F. From these cquations vy
can be calculated by a multipolar expansion in ® when the ¢ profile is prescribed. For a
given system of coils, at best, only an approximate solution can be obtained. The flexibility
of the ATF VF coil system permits such an approximate solution {(Fig. 4.1).
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ux-conserving path to high beta.

IL. Helical-axis configuratioss. In the large-aspect-ratio limit, stellarator configira-
tions with helical axes have attractive stability features. To study such configurations, the
3-D code NEAR and a gesneralized averaging method have been used. The averaged
metiiod is based on an ordering similar to that of Greene and Jolinson, but the averaging is
performed in a vacuum flux coordinate system. In this ccordinaic system the averaging
techiaue has a more direct physical interpretation than in real space and provides, in a
natural way, a trivial extension to helical-axis configurations. In this way the cguilibrium
problem is reduced io solving a two-dimensional (2-D) Grad-Shafranov type of equation.
By using the ordering, the helically varving part of the equilibrium equations may be
reduced to a Poisson-type eguation for the toroidal field fluctuations. By comiputing these
helical corrections to the average equilibrium solution we are able to study configurations
that have toroidally dominaied shifts but with significant helical distortions (e.g., simall-
aspect-tatio heliacs). This method has been applied to the ATFE helical-axis configuration
and to heliac-type configurations. The results of the equilibriun calculation show good
agreement with numerical results using 3-D codes (Figs. 4.2 and 4.3).

gurations”?

4.1.1.2 “MHD Egnilibrizm and Stakility for Stellarztor Conf

B. A. Carreras, J. L. Cantrell, L. A. Chazlton, L. Garciz, J. H. Harris, T. C. Hender,
H. R. Hicks, J. A. Holmes, and V. .. Lynch

The stellarator equilibrium and stability studies presented in this paper are focused on
improving the understanding of high-beta torsatrons through the concept of flux control
and the extension of the stellarator expansion to helical-axis configurations.

The torsatron VF coil system can be programmed to control the rotational transform
profile at high beta by modifying the plasma shape while keeping the ¢ at the magnetic
axis fixed. This technique is potentially very useful, because if the external fields are not
changed as beta is increased, zerc-net-current equilibriuni sequences show significant
deformation of the rotational transform profile. A progressive elongation of the flux sur-
faces with increasing beia is required to maintain constant ¢y The {lux-controlled equi-
librium path also has the favorable properiy of reduced finite-beta axis shift relative to
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that of the fixed-configuration equilibrium sequence. This decrease can be understood as a
conscquence of a reduction in the Pfirsch-Schliiter currents with increasing elengation of
the magnetic surfaces.

The stellarator expansion technique can be genecralized to helical-axis configurations
by performing the expansion in a vacuum flux coordinate system. To leading order, the
averaged equilibrium equations yicld a Grad-Shafranov-type equation for the average flux.
Also to leading order, the toroidally varying part of the equilibriuma equation reduces to a
Poisson-type equation. In this way, the 3-D equilibrium problem has been reduced to twe
second-order equations. Good equilibria have been found for the helical-axis ATF for cen-
tral beta up to 10%.

4.1.1.3  “Zero-Current, High Beta Stellarator Equitibria with Rotationa! Transform
Profile Control”’

B. A. Carreras, H. R. Hicks, J. A. Holmes, V. E. Lynch, and G. H. Neilson”

High-beta, zero-current equilibria for a stellarator device are calculated using the
averaging method. It is found that, by shaping the vertical field, the rotational transform
can be conirolled in an approximate way as beta is increased. At the same time, the
Ptirsch-Schliiter currents are reduced—with no modification of the ragnetic well. This
permits access to the high-beta regime with more favorable rotational transform profiles.

Results are presented for the ATF device.

*Confinement Projects Section.

4.1.1.4 “Generic Ballooning in Anisotropic Pressure Toroids”*
W. A. Cooper

The ballooning mode equation for 3-D toroidal configurations with anisotropic plasma
pressure is derived from the Kruskal-Oberman energy principle. The Mercier criterion is
evaluated for nonaxisymmetric systems with shear (stellarators).

4.1.1.5 “Helically Symmetric Magnetohydrodynamic Plasma Equilibrinm™
W. A. Cooper and M. C. Depassier’

A variety of plasma confinement configurations can be very adequately modeled by
assuming that the MHD cquilibrium properties satisfy helical symmetry. Using asymptotic
expansion techniques, we solve the helically symmetric equilibrinra equation. Analogous
solutions have been obtained previously only for axisymmetric devices. We calculate the
plasma beta value, the g profile, and the plasma current. We also discuss how flux-
conserving and zero-current sequences can be obtained with this model.

*Pontificia Universidad Catélica de Chile, Santiago, Chile.
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4.1.1.6 “Stability Calculations for High-Beta Torsatrons”®
L. Garcia, B. A. Carreras, .. A. Charlton, H. R. Hicks, and J. A. Holmes

In a previous work we have studied stability propertics of torsatrons using a reduced
set of MHD equations that includes the averaged effect of the external magnetic field.
Kovrizhnykh and Shchepetov obtain the averaged MHD equations without expansion in
the inverse aspect ratio. We use this system of averaged e¢quations to study stability
properties of low-aspect-ratio torsatrons. The numerical code FAR has been modified to
include the averaged effect of the magnetic field. Keeping only the terms which eater in
the reduced set of equations, we get similar results for moderate aspect ratio. The effect of
the finite-aspect-ratio terms is, in general, stabilizing.

4.1.1.7 “Equilibrivm Studies for Helical Axis Stellarators™’
T. C. Hender

The equilibrium properties of helical-axis stellarators are studied with the 3-D NEAR
code and an average method (2-D). For the helical-axis ATF, which has a toroidally dom-
inated shift, the average method and NEAR code equilibria agree well. The equilibrium
properties of a wide range of heliacs have also been studied. Heliacs are typified by low
shear and thus are very sensitive to resonant or nearly resonant perturbations. It is found
that if the vacuum heliac configuration contains, or has nearby, low-order rational sur-
faces, then gross distortions to equilibrium may result. These effects are particularly pro-
nounced at low aspect ratio, where the toroidal and helical shifts are well coupled to the
resonant or nearly resonant harmonics. Vacuum configurations which avoid low-order reso-
nances have improved equilibria. Alse, lowering the toroidal effects by increasing aspect
ratio and pumber of field periods proportionately improves the equilibria by reducing the
coupling effects to resonant harmonics.

4.1.1.8 “Equilibrium Studies for Helical Axis Stellarators”®
T. C. Hender, J. L. Cantrell, B. A. Carreras, J. H. Harris, and J. A. Rome

The eguitibrium properties of helical-axis stellarator configurations have been studied
with the 3-D NEAR code and by an average method. Two sequences of heliac configura-
tions with a given ratio of number of field pericds to aspect ratio have been studied. Heli-
acs with a relatively small aspect ratio and aumber of field periods, which have a
toroidally dominated shift, are found te have a low equilibrium beta limit. More favorable
results are found at larger aspect ratio and field periods. The effects on the equilibria of
modulating the currents in the toroidal field (TF) coils and by winding the TF coil axis as
a geodesic on a torus are being studied.

4.1.1.9 “Equifibrium Calculations for Helical Axis Stellarators™
T. C. Hender and B. A. Carreras

An average method based on a vacuum f{lux coodinate system is presented. This aver-
age method permiis the study of helical-axis stellarators with toroidally dominated shifts,
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An ordering is introduced, and to lowest order the toroidally averaged equilibrium equa-
tions are reduced to a Grad-Shafranov equation. Also to lowest order, a Poisson-typec equa-
tion is obtained for the toroidally varying corrections to the equilibrium. By including these
corrections, systems that are toroidally dominated, but with significant helical distortion to
the equilibrium, may be studied. Nurmerical solutions of the average method equations are
shown to agree well with 3-D calculations.

4.1.1.10  “Fauilibrium Stedies in Helical Axis Stellarators”'?

T. C. Hender, B. A. Carreras, L. Garcia, J. H. Harris, J. A. Roie, J. L. Cantrell,
and V. E. Lynch

The equilibrinm propettics of helical-axis stellarators are studied with a 3-D equi-
librium code and with an average niethod (2-13). The helical-axis ATF is shown to have a
toroidally dominated equilibrium shift and good equilibria up to at least 10% peak beta.
Low-aspect-ratio heliacs, with relatively large toroidal shifis, are shown to have low
equilibrium beta limits (~-5%). Increasing the aspect ratio and number of field periods
proportionally is found to improve the equilibrium beta limit. Alternatively, increasing the
number of field periods at fixed aspect ratio, which raises ¢ and lowers the toroidal shift,
improves the equilibrium beta limit.

4.1.1.11 “The Caleulatien of Stellarator Equitibria in Vacuuwm Flox Surface
Coordinates”'!

T. C. Hender, B. A. Carreras, L. Garcia, J. A. Rome, and V. E. Lynch

Details are given of a 3-D stellarator equilibrium code NEAR. This code uses a set of
vacuum flux coordinates as an Eulerian basis for the equilibrium calculations. This coordi-
nate system provides an economical representation of the complex geometry associated
with stellarators. The equilibrium equations are solved by an energy minimization tech-
nique employing a conjugate gradient iteration scheme. The rcsults of extensive numericat
convergence studies are presented. Also, comparisons with existing codes are made to
benchmark the NEAR code.

4.1.1.12 “Comparisen of 3-D Moments and Finite Difference Inverse MHD
Equilibrium Codes”'?

S. P. Hirshman and J. T. Hogan

To facilitate the development of 3-D plasma transport simulations, we have undei-
taken a comparative cvaluation of the Bauer-Betancourt-Garabedian equilibrium code,
which solves § X B — VP == 0 for nested magnetic surfaces using finite differences, and
the 3-D moments code (MOMS3D), which uses a Fourier expansion technique. The ver-
sion of the Bauer-Betancourt-Garabedian code we have used is that described in .4 Comi-
putational Method in Plasma Physics. The method underlving the algorithms in the
moments code is given by Hirshman and Whitson [Phys. Fluids 26, 3553-68 (1983)].
Several fixed-boundary configurations, including heliotron, ATF, and heliac, have becn
analyzed to assess the following equilibrium properties: (1) convergence rates (with mesh
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size) of the magnsetic axis and general magnetic surface shapes, (2) magnetic well depth
dV/d® (measuring interchange stability), {3} inductance and other geometric surface-
averaged coefficients relevant o transport processes, and (4) approximate CPU time
reguired to achieve a given level of force residual.

4.1.1.13  “Optimized Fourier Reprosentations for Three-Dimensiona] Magnetic Surfaces”!3
- " . *
5. P. Hirshman and H. K, Meijer

The selection of an optimal parametric angle 9 describing a closed magnetic flux sur-
face is considered with regard to accelerating the convergence rate of the Fourier series for
the Cartesian coordinates x{8,¢) = R — Ry and p(6,p) = Z — Z, Geomelric criteria
are developed based on the Mamiltonian invariants of Keplerian orbits. These criteria
relate the rate of curve traversal {tangential speed) to the curvature (normal acceleration)
so as to provide increased aragulas resolution o regions of largest curvature. They arg,
however, Hmited to either convex or starlike domains and do not provide rapid convergence
for cormaplex domains with alternating convex and concave regions. A generally applicable
constraint criterion, based directly on mimimiziag the width of the x and y Fourier spectra,
is also derived. A wvariational principle is given for implementing these constraints numeri-
cally. Application to the representation of 2-D magnetic flux surfaces is discussed.

"Computing and Teleooramanications Division, Martin Marietta Energy Systems, Ine.

4.1.3.14  “A Conyergent Speciral Kepresentation for Three-Dmensional Inverse MHD
Eeguitibria”'*

8. P. Hirshman and H. Weitzner

By rearranging torms in a polar representation for the cylindrical spatial coordinates
(R,¢,#), a renormalized Fourier series moment expansion is obtained that possesses supe-
rior convergence properties in mode number space. This convergent spectral representation
also determines a unigue poloida! angle and thus resolves the underdstermined structure of
previons moment cxpansions. A conformal mzpping technique is used to demonstrate the
existence and aniqueness of the new representation.

4.1.1.15 “Comparison of 3D MHD Inverse Coordinates Codes”!”
J. T. Hogan and S. P. Hirshman

We have compared results of the Qak Ridge Moments Equilibrivm Code ORMEC
with those of the Bauer-Betancourt-Garabedian fintte difference code BETA. The compari-
son involved these cases: heliotron vacuum and finite beta, “ATE” (simplified boundary)
vacuum and fiaite beta, and Wendelstein VITA vacuum. We have compared values extrap-
olated to zero grid size. The highest-resolution cases employ the Bauer-Betancourt-
Garabedian zero-curreni algorithm, while cases with cruder grid are given the iota profile
corresponding to this case. Parameters chosen for comparison include the shift A, clonga-
tion, helical-axis amplitude, axial pressure, and minimum energy £, Typical results are
given in Table 4.1.
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Table 4.1, Comparison of 3-D MHD inverse-coordinates codes

ORMIEC BETA
Case Grid A Ey Grid A Es
ATYF vacuum 3071 0.192 6.62739 3073 0.204 6.63299
ATF beta 307! 0.143 6.79159 3073 0.417 6.79676

Wendelstein VIIA 307" 0.012  45.1148% 3073 0.011  45.11449

4.1.1.16 “iree Roundary Stelarator fixpansion MHD Equilibrivin and Stability
Calculations”!®

J. A. Holmes, B. A. Carreras, L. A. Charlton, H. R. Hicks, and V. E. Lynch

We study free boundary MHD ecquilibrium and stability of stellarators using the stel-
larator expansion to reduce the equilibrium calculation to a 2-0 one. Fixed boundary
equilibria calculated using this mode! have been demonstrated to be in good agreement
with 3-D equilibrium calculations. Stellarator expansion Mercier and low-#z stability calcu-
lations have also been performed on a wide range of fixed boundary equilibria.

To address the free boundary stability problem we use a version of the PEST code
modified to include stellarator expansion termas. Detailed comparisons between the results
of the fixed boundary and free boundary calculations will be presented. In particular, using
the fixed boundary approach, it has been shown that vertical field shaping is important for
accessing high-beta, net-current-free, stable configurations. It is, therefore, crucial to study
the effect of vertical field shaping as a path to high beta using a free boundary equilibrium
and stability model. Specific applications to the ATF device will be presented.

4.1.1.17 “Etellarator Expausion Studiss of 3 High Beta Torsatron”!’
J. A. Holmes, B. A. Carreras, L. A. Charlton, H. R. Hicks, and V. E. Lynch

The VF coil system in ATF is shown to be sufficiently versatile to provide equilibrium
paths to high beta with favorable equilibrium and stability properties. In particular, using
the stellarator expansion, it is shown that, through proper shaping of the magnetic fields,
flux-controlled paths to high beta can be found with the following characteristics: the
rotational transform profile deviations from the vacuum are small; the Pfirsch-Schliiter
currents and magnetic axis shifts are reduced in comparison with those obtained at similar
beta using the vacuum VI coil currents; there is no loss of magnetic well accompanying
the reductions in Pfirsch-Schliiier currents and magnetic axis shifts; and the stability of the
flux-controlled equilibria to global modes is enhanced by an improvercent in the relation-
ship between the rotational transform and the magnetic well. Initial investigaticn of the
free boundary equilibrium and stability of AT} also reveals stability to gloebal modes.
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4.2.1.18  “Free Boundary Eguilibrium and Stability of a Moderate Aspect Ratio
Torsatron Using the Stellarator Expansion”'®

J. A. Holmes, B. A. Carreras, L. A. Charlion, and V. E. Lynch

The ATF device is being designed to access high beta through a combination of mag-
netic shear and well. In order to find stable paths it is desirable to countrol the equilibrium
propertics as beta is increased. The VFE coil system of ATF is being designed to provide
this control. To carry out this study, a stellarator expansion version of the PEST equi-
librium and stability code is used. The resulis of the free boundary caleulations show that,
through the use of the VF coil system, it is possible to access high-beta, stable equilibria in
a “flux-controlled” manncr. That is, sequences of stable, <J >, = 0 equilibria are calcu-
lated in which, through plasma shaping, the variations in the rotational transform profile,
the magnetic axis shift, and the magnetic well are controlled as beta is increased.

4.1.1.19 *“Resistive Ballooning in Plasma Confinement Schemes with a Coordinsie
of Symmetry™!?

M. C. Depassier” and W. A. Cooper

We have derived the resistive ballooning mode equation for systems having a coordi-
nate of symmetry from the lincarized incompressible resistive MHD equations. As an
application we consider the stability of an approximate analytic solution to the MHD
equilibrium equation found by asympiotic methods. We compare the ideal and resistive
stability for zero-current and for flux-conserving equilibria.

"Pontificia Universidad Catélica de Chile, Santiago, Chile,

4.1.1.20 Accelerated Convergence of the Steepest Descent Method for Magaetohydro-
dynamic Equilibria®

C. R. Handy" and S. P. Hirshman

Iterative schemes based on the method of steepest descent havz recently been used to
obtain MHD equilibria. Such schemes generate asymptotic geometric vecior sequences
whose convergence rate can be improved through the use of the e algorithm. The applica-
tion of this nonlinear recursive technigue to stiff systems is discussed. In principle, the
algorithm is capable of yielding quadratic convergence and therefore represents an attrac-
tive alternative to other guadratic comvergence schemes requiring Jacobian matrix inver-
sion. Because the damped MHD equations have cigenvalues with negative real parts (in
the neighborhood of a stable equilibrium), the e algorithm will generally be stable. Con-
cern for residual monotonic sequences leads to consideration of alternative methods for
implementing the algorithn.

"Diepartment of Physics, Atlaanta University, Atlanta.
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412 Toksseuks and Reversed-Field Pinches-—Absiracts
41,27 *The Kffects of Toreidicity on Resistive MHD Instabilities in the RFP
B. A. Carreras, 1. C. Hendex, 1.. A. Charlton, J. A. Holmes

The turbulence gencrated by resistive MID instabilities in the RFP has been linked
to tramsport and maintenance in the configuration. To study ihe linear clfects of toroidi-
city, the FAR code has been used. FAR sclves the lincar incompressible resistive MHD
eguations in {oroidal geometry with no aspect ratio ascumpticns. Fiaite-beta numerical
equilibria are used as inputs for the computations. For the tearing mode it is found ithat
toreidicity has little effect for aspect ratios greater than 4 at zero beta. For tighter aspect
ratios, the offects are stabilizing. For g modes, because of the finite-beta equilibrivin shift
and differences in the g profile, the effects of torcidicity are significant at slightly higher
aspect ratios.

41,22 “Fully Torridal Nonlinear MHD Caleslations Without Ordering Assumptions”2?
L. A. Chariton, B. A. Carreras, L. Garcia, !. A. Holmes, H. R. Hicks, and V. E. Lynch

Experimental results which indicated that, at high beam power, the internal kink
imode could play aa important role in tokamak discharges motivated, in part, linear calcu-
lations using the incompressible approximation, since the internal kink cannot be studied
with the reduced model. The linear work not only used a formalism which relaxed the
ordering assumptions used in the reduced equations but also used highly efficient implicit
numerical techmiques. These techniques alse allowed modes which were not the most
unstable to be studied. This work has now been extended fo includc the noanlingar terms.
Comiparison with cther nonlinear codes and additional results will be presented.

4.1.2.3 “Imcompressible MHD Modes in Torcida! Geometry??3
L. A. Charlten, B. A. Carreras, H. R. Hicks, J. A, Holimes, and V. E. Lynch

The use of a nonlinear resistive MHD model valid in the large-aspect-ratio limit has
been successful in interpreting low-frequency MHD activity in high-beta tokamak plasmas
with low-power injection. Receat experimental results indicate that at high iujection power
tie internal kink mode could play an important role. Since this instability cannot be
studied with the reduced MHD model, a study was conducted using the full MHD equa-
tions in ihe incompressible limit. The computer code FAR was constructed using these
equations. A sequence of equilibria with differing beta values was studied for stability to
linear = = 1 modes. At low beta, the usual tearing modes of the reduced theory are visi-
‘ole At imermediatc betas (1% < 60 < 15% where 60 is the value of beta at the magnetic

mode structure is 1dantwal to the classacal kmk but is confmed lﬂsidc the g = 1.0 surface
and (2) the structure of the mode is basically unchanged when the resistivity is taken to
zero. At values of £y above 15%, results identical to those frowi the reduced equations are
recovered when modes with a resistive ballooning structure are unstabie. The existence of a
region at high gy where any deleterious effects due to the ideal internal kink may be
avoided confirms results found using an analytic theory and results from an ideal study.
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Modes with higher toroidal wave number are now being investigated. Details of the above
and calculational methods will be presented.

4.1.2.4 “Calculations in Toroidal Geometry with Full MHD Equations”**
L. A. Charlton, B. A. Carreras, J. A. Holmes, H. R. Hicks, and V. E. Lynch

An incompressible, fully toroidal formalism has been developed which uses the full
MHD equations. This formalism has been used to construct a computer code which uses
an implicit algorithm to time-advance the unknown quantities. The algorithm is shown to
allow extremely rapid convergence (usually in one time step) and can be used to study
modes which are not the most unstable. Calculations have been done for # = 1 tokamak
modes which show a second stability region for the ideal internal kink mode.

4.1.2.5 “Centrifugal Force Effects from Torcidal Rotation on Incompressible Resistive
Ballooning”?’

W. A. Cooper

The incompressible resistive ballooning mode equation that retains the effects of the
centrifugal force due to toroidal plasma rotation is derived. In the small rotation velocity
limit, the static results are recovered. For large rotation velocity, the mode scales linearly
with resistivity and is driven by the interaction of the curvature and the centrifugal force
with the radial pressure and mass density gradients, respectively.

4.1.2.6 “Resistive Ballooning Modes in Toroidally Rotating Tokamak Plasmas”’¢
W. A. Cooper

A ballooning mode equation is derived from the linearized incompressible resistive
MHD equations employing the eikonal representation. To obtain this equation, we ignore
the velocity-shear-driven, Kelvin-Helmbholtz instabilities but retain the centrifugal force as
a source of energy. The resuiting second-order ordinary differential equation is applicable
to arbitrary axisymmetric toroidal geometry. We analyze the large-aspect-ratio limit with
model circular flux surface equilibria and use the two-length scale expansion in the
electrostatic approximation to describe the modes. For small rotation velocity, we recover
the static plasma result: the growth rate v is proportional to »'/3 (5 = resistivity). When
the toroidal rotation frequency exceeds the growth rate, v scales linearly with 5. The
modes are driven by the interaction of the pressure and mass density gradients normal to
the flux surface with the geodesic components of the curvature and the centrifugal force,
respectively.

4.1.2.7 “Suppression of Spectral Pollution by Angle Renormalization”?’

W. A. Cooper and 8. P. Hirshman

It has been previously conjectured that the Fourier spectra of the cylindrical coordi-
nates (R,Z) describing MHD equilibria (inverse mapping) can be significantly compressed
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by an appropriate choice for the poloidal angle 0. By considering mappings of the form 8«
= 8 + M#,9), where X is a periodic function of (8,¢) and &« is the poloidal flux coordinate
for which B - Vs /l?f - V¢ = up), the respective spectra in the 8+ and 6 representations
can be related by a formula corresponding to spatial frequency modulation of Ry and Z,,
with a modulation index egual to A. Thus, for )| — 1, broadening (pollution) of the &
spectra occurs. Examples which depict the spectral effects of increasing beta (plasma shift)
and shaping of the plasima boundary arc considered. In two dimensions, the diagnostic
3(R%//g )/06+ = O is used to check our results.

P. H. Diamond, Z. G. An,” M. N. Rosenbluth,” B. A. Carreras, T. C. Hender,
and J. A. Holmes

A theory of magnetic fluctuations, field reversal maintenance (dynamo activity), and
anomalous thermal transport in the RFP is proposed. Nonlinear gencration of the coupling

to m 2 2 modes is advanced as an mi = 1| tearing mode saturation mechanism. The
mechanism by which nonlinear m == 1 modes sustain the toroidal magnetic field is eluci-

dated. The predicted fluctuation levels arc consistent with those required for maintaining
the B, configuration. Heat transport is estimated using stochastic magnetic field diffusion
arguinents.

*Institute for Fusion Studies, University of Texas, Austin.

4.1.2.9 Theory of Resistivity-Gradiens-Driven Turbulence®
L. Garcia, B. A. Carreras, P. H. Diamond, and J. D. Callen

A theory of the nonlinear evolution and saturation of resistivity-driven turbulence,
which evolves from lincar rippling instabilities, is presented. The nonlinear saturation
mechanism is identified both analytically and numerically. Saturation occurs when the tur-
bulent diffusion of the resistivity is large encugh so that dissipation due to parallel electron
tnermal conduction balances the nonlinearly modified, resistivity-gradient-driving term.
The levels of potential, resistivity, and density fluctuations at saturation are calculated. A
combination of computational modeling and analytic treatment is used in this investigation.

4.1.2.10 “Nounlinear fvelution of Microtearing Modes”?

L. Garcia, B. A. Carreras, and H. R. Hicks

It has been shown that corrections of Braginskii fluid equations of order w/», iniro-
duce a new term in the Ohm’s law proportional to the time derivative of the thermal force.
This term can produce an instability driven by the free energy stored in the electron tem-
perature gradient. The modes are strongly localized around the singular surface and could
be identified as microtearing. We have calculated the linear stability properties of these
niodes in cylindrical and slab geometry, and they compare favorably with the analytical
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dispersion relation. We are presently investigating the nonlinear saturation in the single-
helicity approximation as a first step to study nonlinear interaction of modes of different
helicitics and breaking of magnetic surfaces.

4.1.2.11 The Reliability of Initial Value MHD Calculations of Tokamak Disruptions®
H. R. Hicks, B. A. Carreras, L. Garcia, and J. A. Holmes

We have proposed the nonlinear coupling of resistive tearing modes as the mechanism
for some tokamak disruptions. This is based primarily on initial-value resistive MHD cal-
culations performed with a finite-difference grid in minor radius and Fourier series expan-
sion in the poloidal and toroidal angles. The calculations show that, for certain ¢ profiles,
the nonlinear interaction of tearing modes of different helicities leads to the rapid destabil-
ization of other modes. The resulting effects and the time scale are consistent with the
tokamak disruption.

Recently Eastwood and Hopcraft have disputed this basic numerical result. Using a
copy of our code (RSF) they claim to have shown that “numerical effects play a signifi-
cant role. Computational results based on RSF and related codes must be regarded as
suspect until independently confirmed.” However, it is shown here that it is their result
that is incorrect, because even though the true solution enters a turbulent phase, they use
only 11 Fourier modes to represent 2 space dimensions. The 11-mode result is qualitatively
different from results obtained with more modes, and one cannot derive from it conclusions
about the reliability of numerically converged results. Morcover, the energy conservation
test, as performed by Eastwood and Hopcraft, is neither a necessary nor a sufficient condi-
tion for convergence.

We go beyond refuting their specific claim, however, and consider each source of
numerical error in turn. It has been widely recognized that this type of calculation pushes
the numerical techniques near their limits. Therefore we (and other authors) have hegen
especially careful to verify that the results are reliable by routinely carrying out tests that
refute the conclusions of Eastwood and Hopcraft. In addition to convergence studies, the
same results are produced with four different integration schemes that include both mostly
implicit and mostly explicit schemes, finite-difference methods, and spectral methods. The
results we have published, and in particular the basic nonlinecar mode coupling mechanism
of the tokamak disruption, are reliable and survive the appropriate numerical tests.

4.1.2.12 Nonlinear Interaction of Tearing Modes: A Comparison Between the Tokamak
and the Reversed Field Pinch Configuration®

J. A. Holmes, B. A. Carreras, T. C. Hender, H. R. Hicks, V. E. Lynch, Z. G. An,’
and P. H. Diamond

The multiple-helicity noalinear interaction of resistive tearing modes is compared for
the tokamak and RFP configurations using the MHD equations. Unlike the case of the
tokamak disruption, for which this interaction is destabilizing when islands overlap, the
nonlinear coupling of the dominant helicities is shown to be a stabilizing influence in the
RFP. The behavior of the coupled instabilities in the two configurations can be understood
as a consequence of the stability properties of the nonlinearly driven modes. In the case of
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the tokamak disruption, quasi-lincar effects lincarly destabilize the dominant driven mode,
which then feeds energy to the driving mode. For the RFP, the driven modes remain
stable, acting as a brake on the growth of the dominant instabilities. Furthermore, for the
RFP configuration numerical tesults indicate that nonlinear coupling of different helicities
results in noticeably more rapid saturation of the dominant instabilities than was observed
in single-helicity studies.

*Institute for Fusion Studics, University of Texas, Austin.

4.1.2.13  “laverse Mapping Algorithm for Moments Foermulation of MHD Equilibria”3?
W. A. Houlberg, S. P. Hirshman, and S. E. Attenberger

Toroidal MHD equilibria calculated from moments expansions generate Fourier series
in the poloidal and toroidal (in three dimensions) angles and a coupled set of differential
cquations in the radial coordinate for the expansion coefficients. Numerical solutions for
the inverse equilibria [R(p,0,¢), Z(p,0,¢)] arc thercfore continuous in the angle coordi-
nates and discrete only in the radial coordinate, thus requiring interpolation only in the p
coordinate. When ¢ is the real toroidal coordinate, the inverse [p(R,Z), 8(R.Z)] in either
two or three dimensions is easily and efficiently calculated by the iterative scheme

Putl = pp T [ZZ(R,, ~ R) — g(zn - Z)]/gn s

Opry =6, — [ZZ(Rn ~ R) — R:(Zn - Z)]/gn N
where
8n = RZZZ - RZZ;

is the Jacobian of the transformation from (R,Z) to (p,8) and the subscripts p and # desig-
nate derivatives with respect to those coordinates. Examples of using the scheme in track-
ing segmented chords through flux coordinate space will be given. The method is useful for
interpretation of diagnostics on experiments and as a geometry package for nsutral particle
transport, rf ray tracing, etc., in noncircular and/or nonaxisymmetric plasmas.

4.1.2.14 “The Spectrum of the MHD and Kinetic Alfvén Waves in a Cylindrical
Tokamak”**

W. I. van Rij, G. Vahala,” and D. J. Sigmar

The ideal! MHD Hain-Liist equation yields the well-known continuum of shear Alfvén
waves defined by o%lon € @ € 0%lmaw @3 = kfvi(ky # 0). This second-order dif-
ferential equation alsc possesses discrete spectra for w? < w4 |, recently investigated by
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Appert et all We find for a cylindrical tokamak that the discrete modes vanish if
afor (kﬁ) is positive or in the presence of a flat density profile. As the torsidal mode
number £ decreases, the accumulation point moves down from w?|,,, Transformation to a
Schridinger-like equation makes the existence and disappearance of these states particu-
larly transparent. In the region above the continnum w? > wh g,y the normal {negative-
gradient) density profile forbids the existence of a discrete spectrum from the second-order
MHD equation.

The lowest-order finite gyroradius correction to the ideal MHD equation vields a
fourth-order radial differential equation which removes the Alfvén continuum, and a
discrete spectrum  appears. Where second-order equation discrete states do exist, the
fourth-order equation periurbs them, raising the cigenvalues and removing the accumula-
tion point.

In the frequency rogime w” > w%ly,y We find that when the second-order equation
has no discrete states the fourth-order equation permits them, with the eigenvalues o?
increasing with the radial quantum number n. WKB predictions of high eigenvalues
(@2 > whlaa) agree with the numerical. calculations.

“College of William and Mary, Williamsburg, Va.

4.1.2.15 “Role of Multiple Helicity Nonlinear Interaction of Tearing Modes in Dynamo
and Anomalous Thermal Transport in the Reversed Field Pinch”>

Z. G, An” P H. Diamoend, R, D. Hazeltine,” J. N. Leboenf,” M. N. Rosenbluth,”
R. D. Sydg@m,* T. Tajima,” B. A. Carreras, L. Garcia, T. C. Hender, H. R. Hicks,
I A. Holmes, V. E. Lynch, and H. R. Strauss'

A theory of wagnstic fluctuation dynamics, the dynamo mechanism, and anomalous
thermal transport in the RFP is presented. Nonlinear generation of the coupling to m = 2
modes is advanced as an m = 1 tearing mode saturation mechanism. The processes by
which m = 1 tearing modes sustain the magnetic configuration and stabilize themselves by
lowering the safety factor on axis g(0) are elucidated. The nonlincar dynamics of resistive
interchange modes are discussed. Stochastic magnetic field transport arguments are used to
estimate anomalous thermal conductivity and confinement scaling.

"Institute for Fusion Studies, University of Texas, Austin.
TNew York University, New York.

4.1.2.16 “Spectram of Rippling Mede Turbulence”>®

P. W. Terry,” K. C. Shaing, P. H. Diamond, B. A. Carreras, and L. Garcia

The turbulence of temperature-gradient-driven electrostatic rippling modes is investi-
gated snalytically and numerically. We consider the saturated state where the electrostatic
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petential and resistivity perturbations are shifted radially outward from equilibrium posi-
tions and effectively decouple from the current perturbation. The mode width is deter-
mined from the balance of thermal conductivity with the aonlincar £ X 8B convection of
resistivity. Thermal conductivity provides the sink for moulinearly transferred energy input
by the temperature gradient. The rippling mode is investigated as a possible candidate for
edge fluctuations. The twe-point resistivity correlation is solved and evaluated for several
Reynolds numbers. Incohercnt cmission driven by the relaxation of the temperaturc gra-
dient is treated, and enhanced fluctuation levels for e¢/T. and /iy are obtained. The wave
aumber spectrum is calculated and transport estimates are reported.

“Institute for Fusion Studies, University of Texas, Austin.

4.1.2.17 “Investigation into the Structure of Haturated Maguetic Islands in a Poloidal
Divertor Tokarmak”>’

E. Uchimote,” J. D. Callen, L. Garcia, and 8. A. Carreras

A computer code is being developed to numerically advance the 3-I) resistive mag-
netohydrofriction (MHF) equations in a poloidal-divertor-configuration tokamak. This is a
natural cxteosion of the 2-D resistive MHF code that finds axisymmetric MHD equilibria
in such a device. The primary cbjective of the new code is to {ind a nonaxisymmetric lower
encigy state with saturated magnetic islatds and to understand low-¢g discharges in the
Wisconsin Tokapole I1. In order to handie the divertor separatrix, the equations are writ-
ten in a finite-difference form in two Cartesian components in a poloidal plane. They are,
however, Fourier analyzed in the toroidal direction to facilitate an efficient representation
of the island structure. Time advancement is explicit.

*University of Wisconsin, Madison.

4.1.2.18 “MHD Eqguilibrium Studics of a Poloida! Divertor Tekamak Using the
Chodura-Schliiter Method”®

E. Uchimoto,” J. D. Callen, L. Garcia, and B. A. Carreras

The Wisconsin Tokapole II is a poloidal-divertor-configuration tokamak with a consid-
erabie amount of plasma residing outside the separatrix. To help us understand resistive
MHD instabilities in such a geometry, a unrnerical code has been developed to find MHD
equilibria in a Tokapole-type device including plasma pressure outside the separatrix. The
code eimploys the basic features of the Chodura-Schliiter method for an axisymmetric
plasma in which a set of 2-D MHF equations is numerically advanced to relax the plasma
into an equilibrium cenfiguration. This method is advantagecus over the standard Grad-
Shafranov approach in that the multivaluedness of the pressure p and poloida! cucrent [
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functions with respect to the poloidal flux need be considered only in the initialization pro-
cedure. Yo addition to the fictitious friction force, a small resistivity is introduced to
suppress numerical instabilities of the toroidal current density that tend to make the code
numerically unstable. A small viscosity is also added to smooth ripples in the pressure. A
parameter survey is conducted to investigate the effects of the divertor position and the
plasma outside the separatrix on eguilibriur,

University of Wisconsin, Madison.

4.1.% EBS and EBT Devices— Abstracts
4.1.2.1  “Magnetic Equilibria for Syuare and Circular EBTs"Y
C. L. Hedrick and L. W. Owen

For closed magnetic field line devices, scalar pressure MHD implies that the pressure
surfaces are the same as surfaces of constant § d2/B. This relation can also be developed
from the drift kinetic equation. Here we contrast this result with that obtained from the
bounce-averaged drift kinetic eguation. We consider a collisionality regime such that the
collision frequency is much less than the bounce frequency but comparable (within an
order of magnitude) to the poloidal precession frequency. Under these circumstances it is
reasonable to assume that scattering causes the distribution function to be approximately
isotropic and that J is not conserved on 2 drift tiree scale. This assumption allows us to
make a direct comparison to the MHD results, which would not be possible for lower
collisionality where the distribution function would be anisotropic and approximately a
function of ¢, p, and J. Qur motivation for discussing this cellisionality regime lies in its
possible application to the initial EBT (EBT-I) and EBT-Scale (EBT-5) and Nagoya
Bumpy Torus (NBT-IM) experiments, as well as to configurations projected for the near
future such as the ELMO Bumpy Square (EBS).

4.1.3.2 “Magnetic Equilibrium and Single Particle Orbits in EBS?¥
C. L. Hedrick and L. W. Owen

The EBS consists of four bumpy cylinders connected by four high-ficld “corners.”
Here we compare the magnetic equilibrium properties of an EBS with those of EBT-1/S.
We also give a qualitative discussion of single-particle drift orbits which provides further
insight into the detailed pumerical calculations.

The standard theory of ¢losed-line (and mirror) equilibria is sketched using both
MHD and drift kinetic formalisms. The drift kingtic approach provides a more direct con-
nection to the fact that pressure surfaces for isotropic distribution functions are “average
drift surfaces” (surfaces of constant j’ di8/R). An analytic calculation of the pressure sur-
faces shows that they are circular in cross section {and counstant along field lines)-—in
agreement with numerical results. As in the EBT-1/S case, these circles are shifted inward
by toroidal effects. Unlike EBT-I/S, the toroidal effects for EBS are concentrated in the



4-28

high-8 corners, and the shift shows an additional dependence ot B, (Or global mirror
ratio). It is this dependence on global mirror ratio which is exploited to reduce the pressure
suiface shift (average drift surface), as well as the shift of passing and transitional par-
ticles.

The drift behavior of trapped, passing, and transitional particles is usually obtained
using bounce-averaged cqguations. Here we jusiify this procedure and discuss the motion on
the shorter (local drift) time scale-—either onc of which may be used to gain qualitative
insights into the behavior of single particles—and hence insights into collective cffects such
as transport and heating.
4.1.3.3 “Ballooning Medes i the ELMO Burmpy Sguare Configuration Using the

Generanized Kis i

42

tic kmergy Priaciple

D. A. Spong, C. L. Hedrick, and J. W. Van Dam’

In the bumpy square configuration, toroidal curvature is localized in the corner sec-
tionis rather than uniformly distributed; as is the case in the existing circular EBT con-
figuration. This feature, coupled with the fact that the magnetic field is higher in the
corier sections, results in a number of distinct advantages with respect to particle
confinement, heating, and tramsport. It might be expected, however, that ballooning modes
should have some tendency to concentrate in the corner sectioms—especially along the
outcr field lines where the curvature and pressure gradients are unfavorable. Here we
examine the stability of such a configuration using a ballooning mode equation derived
from the generalized kinetic encrgy principle. The side and corner sections of the square
are treated with a piecewise constant approximation and matched at a transition boundary
to obtain the stability condition. This retains the ring-core coupling and yields both the low
(. diamagnetic well stabilization condition and a high g, stability limit analogous to the
Van Dam-Lee-Nelson 5, limit. Due to the high magnetic field in the corners and the rela-
tively weak curvature there (=1/2 of the curvature in the bumpy sections), this vpper 8,
limit is not significantly changed from that which would be preseat in the conventional cir-
cular bumpy torus configuration.

“Institute for Fusion Studies, University of Texas, Austin.
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4.1.3.4 “Electrosiatic Conficement in 2 Bumpy Torus’

A. M. El Nadi

In a closed-field-line device such as a bumpy torus, the combined E X B and VA8
drifts lead to charge separation that is balanced by the ion polarization drift. In this wor
we determine self-consistent potential and density profiles and the condition for electric
island formation.

"Giza University, Cairo, Egypt.
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4.1.3.5 “Electrostatic Confinement in a Bumpy Torus with Hot Electron Rings”*

A. M. Bl Nadi®

We have analyzed the equilibrium of a bwmpy terus in the presence of an ambipolar
potential. Previous work neglecting the effects of the potential showed that the pressure P
is a function of U = [ d¢/B. A different picture emerges when the charge-independent
E X B poloidal deift 15 no longer negligible in comparison with the magnetic precession.
Charge separation would then result generally if an ion polarization drift did not arise. The
drift kinetic equation can be used in the collisionless constant temperature limit to show
that P = gleg/T. + In U)U, where g is an arbitrary lunction, ¢ Is the ¢lectrostatic
potential, e is the magnitude of the electron charge, and 7, is the electron temperature.
Besides, the quasi-neutrality condition turns out to be equivalent to sclving the equation
V- D = ps, where D is the displacement vector in the high-plasma-density limit and p is
the net charge obtained using the drift kinetic equation, excluding oniy the ion polariza-
tion. To ensure quasi-neutrality in the hot electron ring region, we assume that the ouler-
most equipotentia! coincides with the ring boundary. The sclution to the above partial
differential equation (PDE) shows an asyrametry in the potential, caused by the toroidal
magnetic curvature, which forms a pressure-dependent electrostatic dipole along the major
radius (analogous to the Pfirsch-Schliiter current in a tokamak). Formation of poteatial
islands occurs when (7T, + T;) exceeds 2ML,RQ?% where M is the ion mass, L, is the den-
sity scale length, R is the major radius, and @ is the E X B precession frequency. Because
of its effect on equilibrium, it is obvious that taking the ion polarization into account
should have important effects on both the stability and the radial transport of the toroidal
plasma.

"Giza University, Cairo, Egypt.

4.1.3.6 “The Magnetohydrodynamic Equilibria in 2 Bumpy Torus with Torsidal
Current”*

R. E. Juhala® and S. P. Hirshman

The EBT is 3 large-aspect-ratio device which provides good access to the plasma, thus
facilitating reactor maintenance and the introduction of external heating sources. However,
questions of plasma stability, stringent requirements on field line closure, and serious par-
ticle tranaport losses due to dispersion in the particle drift orbits remain uvnresolved.
Several ideas for enhancing the aspect ratio have been put forth with potentially significant
improvements. Some of these retain the closed-field-line configuration with corresponding
tight tolerances on coil alignment, and others require a nonplanar minor axis, compounding
the problem of high mechanical stresses in reacior-scale devices.

These issues may be corrected by driving a modest (by tokamak standards) toroidal
current in BBT, thereby providing magnetic flux surfaces with rotational transform and
shear. This may offer a way to retain the simplicity of a planar, circular torus and possibly
reduce the size of an BBT reactor by requiring fewer sectors.

Plasma stability and transport are largely unexplored for a current-driven EBT. In the
present work, 3-D MHD equilibria are determined using an energy principle to obtain the




solution of the force balaiice equation for nested magneatic flux surfaces. Equilibrium states
are found for a range of plasma beta and rotational transform and compared for three cir-
cular coil configurations—tokamak, EBT-S, and EBT with a split-wedge TF coil—all with
the samge aspect ratio and plasma volume.

In EBT a convergent solution is not obtained for very low rotational transform (¢ <
1). High transform, ¢+ ~ 1, can be obtained with a toroidal current of 40 kA. In this case,
equilibrium states arc obtained as the plasma begins to form a magnetic well. Also, there
appears to be stability against kink modes for ¢+ > 1. This may be due to ths local
minimum-8 regions, present in each magnetic aperiure, preveniing displacement of the
magnetic axis and inhibiting the growth of thesc modes. By contrast, no convergence is
found in the tokamak for ¢+ < 1.

The effect of the hot electron ring diamagnetism has not yct been included. However,
based on the EBT experiment, one would expect the ring to stabilize the surfzce plasma
against flute modes. It is expected that imposing the required equilibrinm fields will influ-
ence the rings. These encouraging results invite further exploration of this concept and

may justify an experiment on EBT-S

*McDonnell Douglas Astronautics Co., St. Louis.

4.2 TRANSPORT KINETICS: KINETIC THEQRY

The traosport kinetics effort integraies topics that creoss the boundaries of the tradi-
tiona! subcategories of thecretical plasma physics: equilibrium, orbits, stability, heating,
and transport. While an immediate goal is to provide theorics and codes that permit divect
comparison with current and near-term experiments, another goal is to provide the back-
ground and insights necessary for understanding and predicting the behavior of longer-terin
experiments.

The electric field plays an c¢ssential role in plasma confinement for nonaxisymmetric
systems, and the experienice acquired in BT research has proved very useful. The analysis
of the radial clectric field was extended in several arcas. Differential equations for the
electric field were developed to treat different collisionality regimes in a number of devices.
The stability of the radial electric field was considered from a thermodynamic point of
view. A potential called the generalized heat production rate was defined. This new point
of view improved the understanding of radial clectric fields in nonaxisymmetric magnetic
configurations. The stellarator version of the WHIST code, which is used for predicting
ATF performance and for analyzing Hcliotron-E data, was upgraded by the development
of a package that not only solves the algebraic eguation for the electric field but also
checks the roots for stavility and reliably tracks their evoluticn in time. Detailed studies
with this code, using both algebraic and diffusive models to find self-consisient solutions
for the electric field, have shown that large loss regions can be healed with modest radial
fields.

The poloidal electric field was determined in various regimes for stellarators, and most
of this analytic work was incorporated in the stellarator version of the WHIST code. A
multifluid treatment of the non-Maxwellian clectron disiribution function was developed to
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obtain the poloidal electric ficld in burmapy tori. The first results have been compared with
measurements done in EBT, and good agreement was found.

Neoclassical diffusion coefficients for stellarators with a radial electric field have also
been calculated. These coefficients have been benchmarked with the guiding-center Monte
Carlo code at ORNL and at the Max-Planck-Institut fir Plasmaphysik, Garching, Federal
Republic of Germany. In regimes where the theory applies and the Monte Carlo calcula-
tions are valid, agreement is good. The bounce-averaged Monte Carlo code has been
benchmarked against the guiding-center Monte Carlo code. Agreement is good for trans-
port dug to helically trapped particles. Better models for non-helically trapped particles are
being developed. For example, an improved expression for the adiabatic invariant associ-
ated with non-helically trapped particles in steliarators was suggested based on experience
with EBT. A simple physical picture for describing the behavior of transitional par-
ticles was advanced.

An anomalous transport model for the edge of torsatron/heliotron devices has been
developed. It is based on g-mode turbulence generated in the region with ¥ > 0 and
incorporates the effect of poloidal rotation to couple to the radial electric field effects.
Various scalings in stellarators and rippled tokamaks were analyzed and clarified. This led
to an improved understanding of the transport associated with collisionless trap-
ping/detrapping orbits in stellarators and tokamaks.

The integration of neoclassical theory with anomalous transport mechanisms is being
developed, and the results can have 2 strong impact on the overall picture of stellarator
transpori. In this area, stability and transport formalisms were combined to develop
resistive-MHD-like equations in the banana-plateau collisionality regime using both kinetic
and fluid approaches.

Including the effects of orbit renormalization, a detailed evaluation of the microstabil-
ity of electrostatic and electromagnetic drift waves was accomplished using a time-
dependent, nonlinear Vlasov code.

4.2.1 Ambipolar Potential--Abstracts

4.2.1.1 “Development of a Differential Equation for the Ambipolar Electric Field
in s Bumpy Torus in the Low Collision Frequency Limit”*

D. E. Hastings

In a bumpy torus the radial electric field is determined by the constraint of ambi-
polarity. If both species are dominated by nonresonant diffusion, then the ambipolarity
relationship as it is usually formulated is algebraic in the electric field. The solutions of
this algebraic equation may have a discontinuous first derivative of the electric field. The
unphysical situation arises from the neglect of the finite orbit deviation from the pressure
surface, If the fluxes are calculated to higher order in the inverse aspect ratio, a second-
order differential equation for the electric field is obtained that will give a continuous first
derivative for the electric field.
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4.2.1.2 “A Differentiz! Hquation for the Amhipolar Electric Field in 2 Multiple-Helicity
Tersatren™*¢

D. E. Hastings

In a torsatron, the ambipolar electric field is obtained by equating tbe ion and elec-
tron fluxes. This forimulation, when solved simultanecusly with the density and temipera-
ture rate eguations, gives continuous electric fields bui may lead to the radial derivative of
the electric field being discontinuous. This unphysical situation arises from the neglect of
the finite orbit deviation from the flux surfaces. If the fluxes are calculated to higher order
in inverse aspect ratio to include the finite orbit deviation, then a second-order differential
equation is obtained that will give a continuous first derivative for the clectric field.

4.2.1.3  “The Ambipelar Flectiic Field in Stellarators™’
D. £. Hastings, W. A. Houlberg, and K. C. Shaing

In a 3-D device like a stellarator, the ambipolar electric field must be determined
self-consistenily from the ambipoiarity constraint and can have a significant effect on the
transpoit through the diffusion coefficients. A differential and an algebraic formulation for
the clectric field are solved along with the deusity and temperature equations. The results
are compared, and in both cases multiple electric field solutions can exist with bifurcations
occurring between different solutions. It is shown that heating of the clectrons encourages
bifurcation to the more favorable positive clectric field root.

4.2.1.4 “Calculation of the Self-Consistent Electiic Field in Teroidal Nonaxisymmetric
Devices™®

D. F. Hastings and T. Kamimura”

In a toroidal nonaxisymmetric plasma, the radial electric field is determined by the
constraint that the radial ion and electron fluxes be ecqual. This ambipolarity relationship
is, in general, a nonlincar algebraic equation for the electric field that can have multiple
solutions. An algorithm is proposed here to solve this equation and obtain a spatially con-
tinuous, temporartily stable solution. For definiteness, this is applied to a burpy torus, and
it is shown that there exists a2 boundary in the density, electron temperature, and ion
temperature space across which the potential changes abruptly from a spatial hill to a
spatial well.

*Institute for Plasma Physics, Nagoya University, Nagoya, Japan.

4.2.1.5 “Azimuihal Flectric ¥ields and Ambipolarity in 2 Multiple Helicity Torsatron”*
D. E. Hastings and K. C. Shaing

In a torsatron there arc multiple solutions to the ambipolarity relationship for the
clectric field. If the plasma attempts to change from one solution to another spatially, then
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it typically has a small electric field over some region of space. Over this region, the seli-
consistent poloidal electric field can be impertant and lead to potential islands. If the
plasma is in the superbanana-plateau regime, then slow resonant particles limit the rate of
change of the electric field and, heoce, give 2 minimum width for the spatial zone where
the plasma is changing roots of the ambipolarity relationship.

4.2.1.6 “Noise-Induced Transition of the Radial Electric Field in a Nonaxisymmetric
Torus™°

K. C. Shaing

The effect of external noise on the transition of the radial electric field is studied.
Depending on the size of the fluctuations, the transition of the radial slectric field can
cither exhibit hysteresis or choose the path for which the thermodynamic potential (gen-
eralized heat production rate) S) is an absolute minimum. Fluctuations other than the
radial electric field are also studied.

4.2.1.7 “Stability of the Radial Flectric Field in a Nonaxisymmetric Torns™'
K. C. Shaing

The stability of the radial electric field in a nonaxisymmetric torus is discussed from
the thermodynamic point of view. It is found that for both rad:ially local and nonloesl
models, the stable radial electric field is at the minimum of the generalized heat produc-
tion rate. A similarity between the local model and the liquid-gas phase transition is
pointed out.

4.2.1.8 “The Radial Eiectric Field in a Nonaxisymmetric Torus”’

K. C. Shaing, R. H. Fowler, D. E. Hastings, W. A. Houlberg, E. F. Jaeger, J. F. Lyon,
J. A. Rome, and J. S. Tolliver

The cffects of radial electric fields have been studied for a wide range of nonaxisym-
metric tori (e.g., rippled tokamak, stellarator, and EBT). For these devices the particle
fluxes are not intrinsically ambipolar, and a radial eleciric field £, develops to ensure
quasi-neutrality. Such effects on plasma transport have been studied in four areas: (1) ana-
lytic expressions for particle and heat fluxes and comparisons with calculations by others,
(2) Monte Carlo simulations of transport scaling, (3) transport code simulations for exist-
ing and proposed devices, and (4) analytic understanding of the stability of an E, value
and the probability of trapsitions between allowed values for £,.

Because of a stellarator’s complicated orbits and the strong effect of £, on these
orbits, a Monte Carlo code was used to benchmark the theoretically derived transport
expressions. Figure 4.4 shows the data points for Monte Carlo calculations of the diffusion
coefficient in a model 2 = 1 stellarator. For small values of &, the Monte Carlo results
agree closely with the predictions of theory. But, when E; is increased (with either sign),
the value of D rapidly decreases to a residual level which is roughly the axisymmetric
neoclassical value with »,; replaced by »; and m, replaced by m;. This asymptotic level is
caused by nonconservation of momentum by the Monte Carlo test particles and the
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Fig. 4.4. The eifect of a radial electric field on transport in a model £ = 1
stellarator with $(¢) = #{OY1 — ).

resulting flux generated by like-paiticle collisions. Similar results pertain when we follow
test particles in the correct ATF magnetic ficld, which has a richer harmonic conteni. A
similar Monte Carlo code for EBT with a bounce-averaged collision operator has been
developed. Since the flux analogous to that of the axisymmetric tokamak part (i.e., the
parallel-friction-driven flux) is much smaller than the flux induced by the bounce-averaged
drift orbits, the problera mentioned above does not occur for EBY. In this case the Monte
Carlo results agree with the theoretical results in the limit where the theory is valid: large
aspect ratio, large £, and small radius.

Earlier work obtained an algebraic equation for ¥, froini the ambipolarity condition.
However, an algebraic equation can yield multiple roots, some of which are unstable. In



4-35

addition, that formulation was local in space, so that unphysical, discontinuous £, profiles
could be obtained. This motivated the development of a new differential equation to
describe £,. The model equztion employed to determine £ is

‘ 47:“}‘7;!/'”2 ‘
dd ) e 1 9 3%
- Y (e, ) + - 2 vy S5 : 4.1)
di 1 + ()Z/I/i % <eﬁ 2 v¢l> V, 6‘!’ & (')!1// (
where E, = —®|Vy| and Dy is a diffusion coefficient for £, Ambipolarity at steady
Y

state is still preserved in ¥q. (4.1), since the diffusion term in Eqg. (4.1) is the higher-order
particle flax in the ordering of Ar/r,, where Ar is the size of the particle orbit and r, is
the radial scale length. The physical origin for the diffusion term is the radial coupling of
adjacent flux surfaces duc to the finite size of the particle orbits. Around the position
where £, changes sign, this diffusion term guarantees a smooth profile for the electric
field. The results of simulations for existing stellarators, ATF, and EBT, using Eq. (4.1)
coupled with the transport equation, will be discussed. Equation (4.1) is similar to the
dynamic equation for a first-order phasc transition probleny for example, the liquid-gas
phase transition. Here the thermodynamic potential S, from which the steady state of

Eq. (4.1) can be derived by minimization is given by S, = fav [S; + Dg(@")}2] in
S

oo (]

Sy = —ax{[FPA + 2yl [T a2 e (T, T

is a local thermodynamic potential from which the nondiffusive term on the right-hand
side of Eq. (4.1) can be derived as 35,/4®. A typical example of the local potential S, for
a stellarator is shown in Fig. 4.5. The stable roots correspond to the Jocal minima of 5.
The discontinuous transition of ¢ from one local minimum to the other implies that it is a
first-order phase transition. Furthermore, around the critical point where 38,/0% =
928,/6®% = 3°5,/0%7 = 0, the fluctuations of E, are enhanced and are well correlated,
similar to those in a liquid-gas transition.

4.2.1.9 “The Radial Electric Field in a Stellarator”>?

K. C. Shaing, R. H. Fowler, D. E. Hastings, W. A. Houlberg, E. F. Jaeger, J. . Lyon,
J. A Rome, J. 8. Tolliver, and J. D. Callen

In a stellarator, the particle fluxes are not intrinsically ambipolar, and a radial electric
field E; develops to ensure quasi-neutrality. The radial electric field is important to the
confinement of a stellarator. In the presence of a strong E,, the particles execute a fast
E X B poloidal rotation that reduces the size of the particle orbits and therefore improves
the confinement. Both analytic calculations and Monte Carlo simulations have shown that
the diffusion coefficients decrease as the value of the radial electric ficld increases in the
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low collisionality regime. The value of £, nceds to be determined sclf-consistently from the
transport equations. An evolution equation for E; is developed from neoclassical transport
theory. Two models for E; have been considered. One is a radially local model obtained by
balancing the electron and ion particle fluxes. In the radially nonlocal model, besides the
usual particle fluxes driven by the linear gradients of density, temperature, and electric
potential, a higher-order particle flux due to the finite size of the particle drift orbits is
included. The stability of E, is studied by defining a thermodynamic-like potential. A
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stable value of £, is at a minimum of this potential. The transport simulation results from
these two models with the ATF-like parameters show reasonable confinement time anigd
plasma beta.

4.2.2 Transport Coefficients— Abstracts

054

4.2.2.1 “Stochastic Particle Diffusion in Velocity Space for a Bumpy Torus
G. L. Chen, L. W. Owen, D. B. Batchelor, and C. .. Hedrick

Nonadiabatic changes of the magnetic moment g in EBT-S have been studied both
analytically and numerically. Simple forms of Au and the gyrophase change Af were
obtained, permitting the changes in these guantities to be studied using an iteration map-
ping. The mapping results show stochastic behavior for particles having high energy and
low initial u. Otherwise, superadiabatic motion appears. The stochastic diffusion coefficient
for the variation of u was measured numerically by mapping and was also caiculated from
quasi-linear theory. The results are shown to agree well in the stochastic region. For high-
energy particles, the diffusion in x due te nonadiabaticity can be comparable to collisional
diffusion when stochastic motion occurs in EBT-S.

4.2.2.2 “Monte Carlo Studies of Transport in Stellarators™”
R. H. Fowler, J. A. Rome, and J. F. Lyon

Transport is studied in toroidal geometry by integrating the guiding-cenier equations
in magnetic coordinates and simulating collisions with a Monte Carlo collision operator.
The effects of the ambipolar electric field on diffusion losses are determined for model
magnetic fields and the correct magnetic field of the ATF stellarator. Comparisons are
made of the computed diffusion coefficients and the theoretically predicted values.

4.2.2.3 “Transport Associated with the Collisionless Detrapping /Retrapping of Orbits in a
Nonaxisymmetric Torus 117°¢

R. H. Fowler, J. A. Rome, and K. C. Shaing

In a previous paper, we discussed heuristically the transport scaling associated with
the collisionless detrapping/retrapping orbits in a nonaxisymmetric torus, It is found that
the transport scaling depends on the retrapping possibility of the toroidally trapped par-
ticles in a time scale of the order of wg‘, where wg is the E X B poloidal drift frequency.
(Here we adopt the strong electric field ordering, i.e., wg > wyp, the VS drift frequency.)
Now we develop a kinetic method to calculate the transport cocfficients in a stellarator
with an even retrapping probability distribution in the pitch-angle space. This methed is a
generalization of that developed in ORNL/TM-8773. The soluticn we obtain is continuous
in both pitch-angle and configuration space. It is found that if the probability distribution
is localized around the trapping/retrapping boundary, the Kovrizhnykh scaling is obtained.
On the other hand, if it is a uniform distribution, the Galeev and Sagdeev scaling prevails.
Our approach can treat an arbitrary probability distribution; therefore, it represents a gen-
eralization of those two scalings. It is also found that the Galeev and Sagdeev scaling is
strictly valid only in the limit of ¢, > ¢. In case of ¢, ~ ¢ and corder of unity, correction
is required. With slight modifications this method is also applicable to a rippled tokamak.
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4.2.2.4 “Collisionless Neoclassical Nonresonant Transport in Bumpy Tori”’

D. E. Hastings

Neaoclassical diffusion coefficients for a bumpy torus were first computed by Kovrizh-
nykh. He showed that for low collisionalities the transport rates scaled with collisionality.
However, he ignored many important effects, and recent theorctical work in the collision-
less limit indicates that substantial modifications need to be made to his diffusion coeffi-
cients. First, in a closed-field-linc device the pressure surfaces can deviate substantially
from the 8] surfaces and, in addition, can have some ellipticity. It is found that the effect
of cllipticity enters in the same way as in a tokamak, while the shift of the pressure sur-
faces modifies the radial drift and, hence, the diffusion coefficients. Second, in a bumpy
torus there can be a significant poloidal electric field, which enhances the radial drift and
therefore the transport rates. This can be calculated self-consistently from the requirement
of first-order quasi-neutrality. Third, when a realistic magnetic geometry is used in bounce
averaging the differential collision operator, particles near the trapped/passing boundary
make a larger contribution to the transport than indicated in Kovrizhnykh’s work. In par-
ticular, it is found that for collisionalities close to one, a collisional boundary layer forms
across the trapped/passing boundary, and this leads to diffusion coefficients scaling with
the square root of collisionality. For lower collisionalities, the effect of collisionless detrap-
ping is important, and this leads to transport rates scaling with collisionality but with the
inverse aspect ratio rather than its square. When these results are generalized to a
multiple-ion-species plasma, it is found that energy coupling between the different ion
species can produce significant modifications of the diffusion coefficients. The new diffu-
sion coefficients with all these effects included have been confirmed with the use of a
Monte Carlo code developed for bumpy tori. Finally, the use of these tramsport rates in
onec-and-one-half-dimensional (1%2-D) radial transport codes indicates much lower lifetimes
than obtained with the Kovrizhnykh coefficients. The lifetimes now obtained are within a
factor of 2 of the experimentally observed numbers.

4.2.2.5 “Neoclassical Transport in 2 Bumipy Closed Field Line Device in the Collisional,
Small Electric Ficld Regime”®

D. E. Hastings

Neoclassical diffusion coefficients are obtained in the collisional, small-electric-field
regime for any bumpy closed-field-line device. A variational principle is used, and encigy
scattering is included in the collisional operator.

4.2.2.6 “Superbanana Plateau Regime Transport in a2 Muliiple-Helicity Torsatron
and 2 Bumpy Torus”>’

D. E. Hastings and K. C. Shaing

An analytic expression for the ncoclassical flux valid in both a multiple-helicity torsa-
tron and & bumpy torus in the superbanana-plateau regime is obtained. The expression is
valid for arbitrary values of &', the radial electric field, dey/d, with ¢ the effective helical
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modulation or bumpiness, and dey/d, with er the effective toroidal modulation. When small
mirror force terms are included in the flux, then a nonlinear first-order ordinary differen-
tial equation (ODE) in & is obtained from the ambipolarity relationship.

4227 “Non-Local Transport in Tokamaks™®0

J. A, Rome and R. H. Fowlier

Monte Carlo codes can be used to account for the effects of large orbits and loss
regions if their results are interpreted in a nonlocal manner. In a tokamak, because of
axisymmetry, the orbits equations can be integrated by using three constants of motion
(COMs): the energy e the magnetic moment g, and the toroidal canonical angular
momentum Py Even a large collisionless orbit is just a point in COM space. When colli-
sions are introduced, the motion of an individual particle in COM space resembles a
random-walk process, and the collisionless motion of the particle can be separated from its
collisional motion. The variables used for the calculation are y, ¢, u, and P In this space,
the Jacobian is (vy - V¢) 7!, which is just the fraction of time spent at any point along the
orbit. The topology of this space is examined to determine the locus of allowed particle
orbits and the loss region boundary. To calculate the density and flux, Monte Carlo par-
ticles are followed in real space by integrating the equation for dv)/di. After each integra-
tion step, pitch-angle and encrgy scattering occur and the new COMs are calculated. The
new values of Y, and ¥, are calculated numerically to determine whether the orbit
crossed the surface ¢ for the first time. If it did so, the change in flux is given by the map-
ping of (AY)(Ar) onto (A, min)/(A2). The density can be obtained by integrating
Sf{e.u,P,) over the portion of COM space containing those orbits which pass through the
flux surface. The principal advantage of this method is that it separates the motion of the
particles along their collisionless orbits from their collisional motion between orbits.

4.2.2.8 “Monte Carlo Estimates of Transport Rates in EBT with Asymmetric Potential
Profiles”®!

J. 8. Tolliver and C. L. Hedrick

The ORNL bounce-averaged EBT Monte Carlo transport code has been used to study
loss rates in EBT for three cases: (1) closed ¢lectrostatic potential contours which coincide
with the alpha contours, (2) in-out asymmetric potential profiles producing crescent-shaped
equipotential surfaces, and (3) asymmetric potential profiles with open equipotential con-
tours (i.e., potential contours that intersect the “wall”). Since low-energy particles are
strongly influenced by the E X B drift to roughly follow the potential contours, such
asymmetric potential profiles can be a significant loss mechanism for such particles, This
idea has been quantified with the Monte Carlo calculations to be presented. We will show
results for the particle and energy confinement times for the three cases mentioned.
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4.2.2.% “Bouncc-Averaged Mente Carle Caloulatiens for Stellarators™

J. S. Tolliver and J. A. Rome

We have developed a bounce-averaged Mointe Carlo code suitable for stellarator trans-
port physics. By bounce avcragi ing, we avoid the need to follow the detailed longitudinal
motion of test particles and are able to use much larger time steps than are appropriate in

guiding-center codes. The -0'16 runs considerably faster than a guiding-center code and can

be economiically used for electrons as well as ions. The code has been benchmarked against
analytic theory for EBT, 1 which all particles conserve J and can be treated by bounce-
averaging. In a stellarator, particles can become detrapped so that bounce-averaging no
longer appiics. We make the assumption that such particles stream along ficld lines until
they {either collisionlcssly or via collisicas) become retrapped. Results will be presented
using a model field for the ATF.

4.2.2.10 “Ephanced Neoclassical Diffusion of Nomresomant Darticles in 2 B ’lcm,s"‘”

R. L. Miller,” C. S. Chang: and D. K. Lee

Significantly eahanced neoclassical diffusion is found for the hot nonresonant species
in an EBT device by considering the detailed pitch-angle scattering for the transition and
passing pariicies. Due to the presence of tramsition particles {trapped-passing boundary),
tne drift kinetic equation has more pitch-angle structure in the vertical drift term than has
previously been censidered. Using a bounce-averaged, pitch-angle-scattering collision oper-
ator, this equation is solved numerically, and evidence of a plateau regime is sought. Initial
calculations using a collision operator that was not bounce-averaged agree with the results
of Kovrizhnykh in the collisional regime but yield diffusion coefficienis as much as four
times larger than those of Kovrizhnykh in the collisionless regime.

*Applied Microwave Plasmas, Inc., Encinitas, Calif.
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we-Gradient- Driven Tokamak ‘Neoclassical MHIDY Instability in the
Bamm-?ia an Collisionality Regime”*

J. D. Callen and X. C. Shaiang

The moment cquation approach to neoclassical processes is used to derive the per-
turbed flows, curreats, and resistive MHD-like equations for a tokamak plasma. The new
features of the resultant “ncoclassical MHD,” which requires a multiple-length scale
analysis for the parallel eigenfunction but is valid in the banana-plateau collisionality
regime, are: (1) a global Ohm’s law, which includes a viscosity-driven {bootstrap) current;
(2) reduction of the curvature effects to their flux surface average; and (3) an increased
polarization drift contribution with the B2 replaced by B, 2. An electrostatic eigenmode
equation is determined from V- § = 0. For the unstable cigenmodes the viscous damping
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(z.) effects dominate (by < /%) over the curvature effects, but the growth rates of the
modes  still  scale somewhat like resistive-g  or  ballooning  modes—-y,r, ~
n 3SR Y .

4.2.3.2 “Resistive MHD-Like Fquations in the Banana-Platesu Collisionality Regime”®
J. D. Callen and K. C. Shaing

We are continuing our work aitempting to derive resistive MHD-like equations in a
banana-plateau or long mean-free-path collisionality regime. The dominant physical fea-
ture arising in the banana-plateau regime is the viscous damping of the poloidal flow
embodied in modes that are highly extended along the magnetic field but are radially well
localized. In this paper we will discuss how this long mean-free-path, flow-damping mech-
anism couples the parallel and perpendicular {geodesic-curvature-driven) compressibility
effects in the usual resistive MHD equations and thus should lead to a significant modifi-
cation of the compressibility effects on resistive MHD instabilities.

4.2.3.3 “A Kinetic Approach to a New Pressure Gradient Driven Tokamak Instability”®
K. C. Shaing and J. D. Callen

A newly proposed low-frequency (v ~ w, » w) tokamak resistive instability driven by
the pressure gradient is extended to the high-frequency regime (wp 2 @ > »). To obtain a
dispersion relation in the high-frequency regime, a frequency-dependent parallel viscosity is
calculated from the kinetic equation. It has the same form as that in the low-frequency
limit except that the collision frequency » is replaced by v — faw, where @ is a constant of
the order of unity. With this paraliel viscosity, a perturbed bootstrap current is calculated
from the parallel force balance equation. The ion polarization term is a factor of Ve
smalier than that in the low-frequency case. There are two modes. The ion mode has a real
frequency w,; and 2 higher growth rate (1/e) than that of the clectron mode, which has a
real frequency o,

4.2.4 Microstability and Turbulence— Abstracts
4.2.41 “Drift Waves Destabilized by Pellet Injection™’
C. O. Beasley, Jr., K. Molvig," and W. L. van Rij

Pellet injecticn can cause density and temperature profiles such that drift waves are
destabilized in a tokamak. We present numerical calculations of the instability using pro-
files similar to those in Alcator-C. In the region of pellet injection, the density profile
becomes locally inverted, leading to a negative n, = d In 7/d ln n. If the magnitude of
7. becomes sufficiently large, modes can be excited down to very low mode number and
correspondingly large radial mode structure extending beyond the range of the density
inversion into the center of the tokamak. Profiles, frequencies, and growth rates for these
modes ate given.

"Massachusetts Institute of Technology, Cambridge.
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4.2.4.7 “Effect of Centomb Collisions on Usiversal Mode Stabitity”®
C. O. Beasley, Jr., W. I. van Rij, and X. Molvig™

The effect of electron-ion Coulomb collisions on the universal mode is studied using a
Fokker-Planck collision operator in the kineiic eguation for the electron distribution
Sfe(x,vy,t). The expected smoothing of the vy structure of f. is found, and the character of
the mode is little chianged when v, — ws«. It is also confirmed that a collisionality on the
oider of that of present tokamaks is sufficient to provide for destabilization of the mode
even in the absence of nonlinear orbit stochastic diffusion.

*Massachusetts Institute of Technology, Cambridge.

4.3.43 Theory and Calculation of Finite Beta Drift Wave Turbulence®
C. 0. Beasley, Jr., W. L. van Rij, K. Molvig,” and J. P. Freidberg’

Using numerical techniques, we calculate eigenincdes of the nonlincar umiversal mode
with finite beta in order to determine the scaling of the saturation level of the instability
with beta. We use two different renormalizations in the calculations and find that, using
thc sppropriate rencrmalization, we are able to recover Alcator demsity scaling, as origi-
nally found in analytic work by Moivig and Hirshman. We alse find that the universal
mode should be stable in ohinically heated tokamaks above a critical beta on the order of
0.02.

*Massachusetts Institnte of Technology, Cambridge.

4.2.4.4 “Infivence of 1deal Balleoning Modzs on Confinement Scaling at High £77°

J. P. Freidberg” and D. J. Sigmar

Recently, Cennor ¢t al. proposed a simple mode! to explain the degradation in con-
finement time in auxiliary heated tokamaks. They suggested that confinement is described
by International Tokamak Reactor (INTOR) scaling except in regions where the ideal bal-
looning mode stability critericn is viclated. In these regions the pressure gradient is limited
to the ideal MHD threshold value. In the present work, we extend their analysis to include
finitc Larmor radius (FLR) effects on the ballocning mode stability boundary. Our
motivation is to ascertain whether the remarkably good agreement between their theory
and the empirical scaling laws and Impurity Study Experiment (ISX-B) beta saturation
prevails when a more rezlistic stability criterion is introdiiced. FLR cffects enter the scal-
ing relations in 4 rather complicated way, as well as altering the regions of plasma where
ballooning maodes can occur. FLR-miodified confinement scaling results will be presented.

*Massachusetts Institute of Technology, Cambridge.
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4.3 RF HEATING AND CURRENT DRIVE

The of heating and curcent drive effort is aimed at developing fundamental theory as
well as computational modeling capability for plasma wave generation, propagation, and
absorption and plasma response in all fusion-relevant regimes {Alfvén, ion cyclotron, lower
hybrid, and electron cyclotron). Application of the models to make detailed comparison
with measurements provides insight into the experiments and feedbsck for further refine-
ments in the theory.

Over the past vear, the emphasis has shifted from bumpy tori toward tokamaks and
stellarators. Mevertheless, much progress has been made in understanding the core heating
in ELMO Bumpy Torus (EBT) and the role of the Doppler-shifted resonance, the
microwave ficld profiles, and the confinement of the strongly heated particles. The
Fokker-Planck code has been developed to the point that the effects have been demon-
strated and qualitative agreement obtained with experiment. Furthermiore, it was shown
that pitch-angle scattering due to electron cyclotron heating (ECH) can have a large
impact on neeclassical transport. While this was first demonstrated for the EBT configura-
tion, there are possible implications for both tokamaks and stellarators.

The RAYS geometrical optics code has been modified to study wave heating in stel-
larator geometry. Various ECH strategies on ATF have been investigated to optimize wave
absorption and heating profiles. Important sensitivities and constraints have been del-
ineated. In addition, full-wave ion cyclotron resonance heating (ICRH) calculations have
begur with the objective of studying wave propagation and absorption in stellarators and
tokamaks. A 3-D wave code has been developed and tested in a uniform, bounded, cold
plasima. Various reductions have been studied, including a 2-D version for nonuniform
plasmas and a version emploving special electromagnetic potentials.

Congiderable effort has also gone into the basic physics of wave processes in plasmas.
The basic physics of fundamental apnd second-harmonic cyclotron absorption and mode
conversion in weakly relativistic plasmas has been investigated using a vigorous full-wave
treatment. The physics of strongly cyclotron damped waves in nonuniform plasmas has
been investigated with a kinetic, full-wave model. Also, further studies of wave propagation
and absorption in highly relativistic plasmas have been carried out.

4.3.1 Abstract of “Propagation and Absorption of Electromagnetic Waves in Fully
Relativistic Plasmas”’

D. B. Batchelor, R. C. Goldfinger, and H. Weitzner

The propagation and absorption of electromagnetic waves in a relativistic Maxwellian
plasma are investigated by solving the uniform: plasma dispersion relation. The Hermitian
and the anti-Hermitian parts of the plasma conductivity tensor ¢ are calculated relativisti-
cally. The Bessel functions occurring in o are not expanded, and many cyclotron harmonic

terms are included at high temprsmf.ta.lmsn~ The dispersion relation is solved numerically for
perpendicular propagation, & = 0, where the relativistic effects are maximum and are not
masked by Doppler broadening, which has been more thoroughly investigated. It is found
that relativistic broadening has a substantial effect on wave dispersion, shifting the extraor-
dinary (X) mode right-hand cutoff and the upper hybrid resonance to a higher magnetic
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ficld with increasing temperature. Above a critical temperature the cutoff disappears
entirely. There is a broad range of temperatures, 20 keV < T, < 500 keV, for which the
wave number k| differs significantly from both the cold plasma value and the vacuum
value. This has important implications for ray tracing in relativistic plasmas. Wave damp-
ing rates are calculated and compared to results from a previous formulation using the
Poynting theorem, in which only the Hermitian part of o is calculated relativistically.

4.3.2 Abstract of “Strong Damping of Electron Cyclotron Waves im Nearly Paralle!
Stratified Plasmas”’?

D. B. Batchelor, K. S. Riedel,” and H. Weitzner

In mirrorlike devices, where the magnetic gradient is along the direction of the mag-
netic field (parallel stratification), the right circularly polarized component of & is not
suppressed, and very strong local damping of the extraordinary mode can occur. In such
circumstances, the warm plasma dispersion relation predicts essentially total abserption of
the wave with no reflection. However, because of the strong damping and the rapid spatial
variations of k as the resonance is approached, one would not expect the usnal gecmetrical
optics theories to be valid. Adapting a calculation done by Weitzner for ICRH, we intro-
duce two smail parameters ¢, = vpwp/we and ¢, = N/L ~ c¢/wpl and perform a boun-
dary layer analysis in the resomance region which is maiched asymptotically to the
geometrical optics solution. The integrodifferential equations obtained in the resonance
layer are solved numerically.

"New York University, New York.

4.3.3 Abstract of “Fokker-Planck Calculations of Cere Plasma Heating by ECRH
in EBT”7

G. L. Chen, D. B. Batchelor, and Y. Matsuda®

In the heating of the bulk plasma in EBT devices by fundamental electron cyclotron
resonance heating (ECRH), we find the details of wave propagation, plasma heating, and
transport of the deposited wave encrgy to be very tightly coupled. The Doppler shift
couples the spatial structure of the wave electric field profile to the energy and piich-angle
structure of the distribution function. In turn, the radial drift and neoclassical step size of
energetic particles in EBT are very pitch-angle dependent, with the result that large losses
occur in the population of particles which actually absorb the wave energy. A 2-D
Fokker-Planck code has been used to investigate core plasma heating, including a bounce-
averaged quasi-linear heating operator and Coulomib collisions. An rf electric field profile
is used which maintains consistency between the microwave power flux and the particle
heating rate. We find that most of the rf power is absorbed by passing particles or ener-
getic trapped particles that are transitional between trapped and passing and tend to be
poorly confined in EBT-S.

*Lawrence Livermore National Laboratory, Livermore, Calif.
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4.3.4 Abstract of “Fokker-Planck Meodeling of Electron Cyclotron Heating and Direct
Particle Loss in EBT and ELMO Bampy Square”’

G. L. Chen, D. B. Batchelor, and Y. Matsuda”

The SMOKES 2-D Fokker-Planck code has been used to investigate core plasma heat-
ing at the fundamental cyclotron resonance including a bounce-averaged, quasi-linear fun-
damental ECH operator and Coulomb collisions. Heating depends very sensitively on
details of the rf electric field profile. A profile is used which maintains consisiency between
the microwave power flux and the particle heating rate. Using this profile, we find that
most of the rf power is absorbed by passing particles or energetic trapped particles that are
transitional between trapped and passing and tend to be poorly confined in EBT-S. In
order to model the direct loss of these transitional particles on open drift surfaces, we
introduce a lossy region in velocity space with particle lifetime rp(e,p) = time for particles
to drift out. We find that substantial power is lost directly. These processes show promise
of explaining a number of experimental observations, including the presence of an ener-
getic, anisotropic, locally produced electron tail. Because the transitional particles in an
EBS device are removed in velocity space from the heating zone and because the lossy
region associated with transitional particles is much narrower than in the bumpy torus,
ECH in EBS should be much more efficient than in EBT-S.

* " . . .
Lawrence Livermore National Laboratory, Livermore, Calif.

4.3.5 Abstract of “Propagation and Absorption of Electron Cyclotron Waves in ATFT
R. C. Goldfinger, D. B. Batchelor, and S. P. Hirshman

The ORNL ray tracing code, RAYS, has been adapted to trace rays in the electron
cyclotron frequency range for the ATF stellarator device to be built at ORNL. For the
magnetic equilibrium model, a vacuum field is produced due to two filamentary helical
windings and four VF coils. The flux surfaces [which define n.(¢)] are taken to be ellipti-
cal in a plane of constant ¢ (¢ = toroidal angle) and to rotate about the minor axis with
the helical windings. Work has begun on modifying RAYS to trace rays in a hybrid
fiux-Cartesian coordinate system. The Cartesian wave vector components (K, K,, K,) are
integrated the conventional way in a fixed Cartesian system. The ray position, however, is
expressed and integrated in the flux coordinate system, « = (p, 8, ¢). The RAYS code
can then make direct use of the moments method solutions of the 3-D MHD equilibrium
equations, which are expressed in flux coordinates. This yields much simpler and more effi-
cient ray tracing, since it is no longer necessary to perform the inversion from flux coordi-
nates to real space [i.e., to invert «(X) and obtain X{«)}.

4.3.6 Abstract of “R-F and Microwave Induced Losses”’®
C. L. Hedrick and E. F. Jaeger

The use of rf or microwave power to produce heating (or current drive) in toroidal de-
vices also introduces additional losses. Here we consider losses similar to neoclassical losses
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except that we consider wave-induced scatiering in addition to Coulomb scattering. In
many instances previcus neoclassical results for transport coefficients can be extended sim-
ply by replacing the Couloinib collision frequency by a total scattering frequency. However,
in many cases of practical interest, the supratherinal part of the distribution function
(largely responsible for the losses) is distorted by the wave-induced losses as well as by the
wave heating. In these cases it becomes necessary to solve for the distribution function
itself rather than its moments [as is usually done in one-dimensional (1-D) transport]. For
intermediate scattering rates (plateau and above) a reasonably simple procedure, very simi-
lar to standard neoclassical, can be followed.

4.3.7 Abstract of “Microwave-Induced Neoclassical Tiansport™
E. F. Jaeger, C. L. Hedrick, and D. B. Batchelor

Microwave scattcring in pitch angle is included in a simplified drift kinetic equation for
electrons, assuming a Lorentz collision operator for pitch-angle scattering and moderate to
high collisionality »/Q = (r/R;)¥? ~ 0.03. A simple estimate of the effect of microwave
scattering on neoclassical transport in EBT gcometry is obtained by asswiming the lowest-
order distribution function to be Maxwellian and treating encrgy as a parameter. Strong
absorption of the microwaves near the Doppler-shifted resonance leads to relatively rapid
pitch-angle scattering for high-energy particles (1/2mv? > k7)) with large parallel velocity
(vi/v > 0.5). This enhanced effective collisionality can increase thermal conductivity by as
much as an order of magnitude, depending on the temperature of the assumed Maxwellian.

4.3.8 Abstract of “I'ull Wave Treatment of Wave Propagation in a Thiree-Dimensional
Cavity Centaining Cold Plasma”’8

E. F. Jaeger, J. H. Whealton,” H. Weitzner, and D. 8. Batchelor

For many laboratory plasmas in which low-frequency, long-wavelength rf fields are
present, the geometrical optics assumptions are not valid, aud a full-wave treatment of
wave propagation is desirable. Recently, finite difference techniques have been applied to
calculate electric field components and resonant frequencies in 3-D cavities in a vacuum.
This involves solving Maxwell’s equations with the constraint V- E == 0, However, with
the introduction of cold plasma in the cavity, the constraint V- E = 0 is violated and the
system of cquations becomes highly degenerate, causing the vacuum technique to fail. We
therefore reformulate the problem in terms of the electromagnetic potentials A and ¢ with
Coulomb gauge V- A = 0. This allows calculation of field component shapes and
resonant frequencies for cavity modes in the presence of cold plasma.

‘Plasma Technology Section.
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4.3.9 Abstract of “A Numwerical Model for Examining Noninductive Current Drive
Scenarios in Ignition Tokamaks””®

S. K. Borowski,” Y-K. M. Peug,‘ and W. A. Houlberg

The processes involved in noninductive current drive (rampup, current maintenance,
and transformer recharging) are examined for an ignition-size tokamak [e.g., the Toroidal
Fusion Core Experiment (TFCX)] using an expanding-radius version of the WHIST
tokamak transport code, which includes a simplified lower hybrid current drive (LHCD)
mode! with assumed rf-driven current density profiies. The purpose of this study is to
obtain information regarding the lower hybrid (LH} wave power and n)(r,¢) spectrum
requirements necessary to support a specified J{r 1) as a function of the evolving plasma
parameters n(rt), To(r¢), etc., poloidal magnetic field By(~¢), and programmed I.{(71).
Substantial variation in the wave frequency and #; spectrum is anticipated from adiabatic
compression effects as the major radius s reduced in size to accommodate the minor
radius expansion. The optimum rf-driven current density profiles for transformer recharg-
ing as well as the required recharging time in the presence of flux diffusion are
investigated. Finally, a comparison of model results and Princeton Large Torus (PLT)
current drive experimental data is presented.

“Fusion Engineering Design Center.

4.3.10 Abstract of “Second Harmonic Electron Cyclotron Heating”®!

M. D. Carter,” I. B. Batchelor, and J. D. Callen

When electron particle orbits are trapped very near the second-harmonic cyclotron
resonance, quasi-linear heating theory breaks down and nonlinear effects become important
for particles with small vj/v. Numerical studies, as well as a multiple time scale analysis,
demonstrate that when the change in the gyrofrequency duc to the relativistic mass shift,
(y — 1)Qp, is on the order of Qo|E|/|B,|, where |E| is the f electric field strength of a
perpendicularly propagating wave and |Bg| is the strength of the static magnetic field,
nonlincar energy growth begins to saturate. This effect is important ¢ven for low-energy
electrons (~20 ¢V), resulting in periodic motion with energy excursions on the order of 5
to 10 times emc?, where ¢ = e|E|[/mcw = Qy|E}[/w|B,| . In EBT, such excursions are on
the order of 100 to 200 €V on time scales several thousand times the gyroperiod. Small-
angle Coulomb collisions and cother phase-randomizing processes can cause net heating
frora this otherwise periodic nonlinear behavior. A Monte Carlo code has been used to
determine the dependence of heating on collisionality and the possible effects on the elec-
tron distribution function. For highly collisional regimes, collisions annihilate the energy
excursion behavior, while in very collisionless regimes, the randomizing process and the net
heating efficiency are reduced. Analytic formulas are derived which describe the large
energy excursions and their repetition time scale in a mildly relativistic limit. Utilizing
these characteristics of the nonlinear energy excursions, estimates of the net heating rate
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as a function of collisionality are made and compared with the Monte Carle numerical
results.

*University of Wisconsin, Madison.

4.3.11 Abstract of “Absoerption, Reflection, and Mede Coupling at the Second Cyclotron
Rescnance in a Weakly Relativistic, Inhomogeneous Plasma®®!

K. Imre,* H. Weitzner, and D. B. Batchelor

The relativistic linearized Vlasov equation is rescaled and solved in the boundary layer
at the second electron cyclotron harmonic, where it is known that the geometrical optics
approach breaks down for a perpendicularly stratified plasma with zero (or small) parallel
refractive index. The full-wave equations valid in the boundary layer are then obtained by
calculating the currents and substituting into the Maxwell equations, which yields a
fourth-order differential equation for ¥. This equation is numerically integrated from the
high-field side to the low-field side across the boundary layer. The asymptotic form of this
equation, which corresponds to the nonrelativistic case, is solved by quadratures and
expressed analytically in the high- and low-ficld sides. These solutions are numerically
matched to the solutions of the weakly relativistic full-wave equation. The latter, which
correspond to the incoming and outgoing extraordinary waves and quasi-electrostatic
waves, are recombined to give the solutions of three physical problems, namely, X-mode
incidence from either side and ordinary-mode (O-mode) incidence from the low-field side.
In the outer region, treated by the standard geometrical optics, the appropriate Poynting
theorem is derived, which enables one to calculate the fractional energy associated with the
wave and the particles in a given mode. We have calculated the transmission, reflection,
mode conversion, and absorption for the three problems mentioned above. The nonrelativis-
tic case, which is exprecssed analytically, shows that the incident energy which is not
transmitted is mode converted (or partially reflected in the low-field-side incidence), thus
yielding zero absorption. The weakly relativistic treatment yields the fractional absorbed
energy due to the broadening. The resulis are presented in terms of two parameters,
namely X = (w,/w)? and #’L, where 5 = v/c is the smallness parameter and L is the
characteristic scale length for the external field normalized to the free space wavelength. It
is found that in general the absorption in the low-field-side incidence is higher due to the
smaller mode conversion rate.

*New York University, New York.

4.4 CONFINEMENT OPTIMIZATION AND IMPROVEMENT

The confinement optimization and improvement effort integrates physics results from
MHD equilibrium and stability, transport, and heating studies in order to devise ways of
improving confinement in toroidal systems. Three main approaches are followed. The first
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approach, optimization of magnetic fields to improve equilibrium and stability properties of
the plasmas, is primarily directed toward designing new stellarator configurations. The
basic tools used are vacuwm magoetic field, orhit, and MHD codes. The optimization and
the control of the electrostatic potential are pursued in order to improve transport proper-
ties. In general, such control will depend on the plasma heating mechanisni. Because of the
consequent beneficial impact on overall plasma confinement, much empbhasis is also given
to improvement of particle and impurity control at the plasma edge.

The other two approaches are followed to improve the performance of previously deter-
mined configurations such as ATF or EBS. However, the goals are not limited solely to
finding improved configurations or regimes of improved confinement. Another very impor-
tant goal is to provide ways of experimentally varying basic parameters that are thought to
be crucial for plasma confinement so as to test applicability of the optimization concepts.

Attractive new stellarator configurations have been discovered, and old ones have been
investigated in more detail. An important improvement was added to the basic ATF con-
figuration when the flux-controlled torsatron concept was included in the ATF design. This
idea permits practical accesg to the second stability regime through the control of the rota-
tional transform and magnetic well,

With the flexible heliac concept we have transformed the basic heliac configuration
into a practical and attractive experiinental device. Studies of other heliac configurations
had shown breakup of the flux surfaces at very low values of beta. We realized that this
breakup could be avoided by carefully controlling the shear and transform to avoid rational
surfaces within the plasma. Very low shear and a sufficiently irrational transform value are
required. By introducing a helical hard core wrapped around the usual circular hard corg,
enough configurational flexibility is obtained to:

* keep very low shear,

* provide an optimum value for ¢,

* introduce shear to cancel finite-beta effects,

* explore nonoptimum configurations to test theories, and
® obtain decp magnetic wells.

This concept is the basis for the design of the TIJ-II device, to be built by the Junta de
Energia Nuclear (JEN), Madrid, Spain. The design is being carried out as part of a
collaboration between ORNL and JEN. The coil configuration is itlustrated in Fig. 4.6,
and some of the effects of the £ = 1 hard-core winding are illustrated in Fig. 4.7.

A low-aspect-ratio, & == 2 torsatron (A4, —~ 3) was developed by applying triangular
shaping of the cross section of the helical coils. This shaping permits edge transforms <lose
to one and therefore maintains good equilibrium propertics. A modular version of this con-
figuration that uses Symmotron-type coils was also developed. The resulting design 1e-
tained the good transform properties of the continuous version.

Hybrid configurations were cxplored, consisting primarily of § = 1 and £ = 2 mix-
tures. It was hoped that these would combine the large flux surfaces and high transform of
the £ = 1 devices with the magnetic well of the € = 2 devices. Unfortunately, these
hybrids seemed to combine the worst aspects of the two configurations, rather than the
best. Similar studics were carried out for § = 2 and £ == 3 mixed configurations.



ORNL-DWG 84-3803A FED

Fig. 4.6. Flexible keliac cei! configuration with ndditiome) @ = 1 herdcore winding shown shaded.

Optimization of the transport properties through the radial electric field in the HB8S
design can theoretically improve the confinementi properties of EBT by an order of mag-
nitude. This should overcome scme of the basic limitations in the EBT-I/S experiments.
This particiillar optimization procedure is a source of idecas for further improvements in
tokamaks and stellarator devices.

The radial electric field has an important effect on the transpori of impurities. If the
plasma is on the electron root of the field equation, it may be possible to make the impuri-
ties exit the plasma. Startup scerarios that favor this choice of root have been studied.
Also, the deterioration of electron confinement at the plasma center will change the elec-
tric field. By lowering the magnctic axis transform in ATYF using the VF coils, sawtooth-
type oscillations can be artificially stimulated. This is expected to help the control of
impurities in ATF.

Confinement outside the last closed flux suiface is strongly related to configuration
optimization. Particle and impurity control must be applied in this region. Stellarators in
gencral, and ATF in particular, may behave quite differently from tokamaks. In contrast
to other stellarators, ATF has ergodic field line topology outside the last closed flux sur-
face. This is believed to be due to the fact that the edge lies on the g = 1 surface. The
helically trapped particles that were thought to be in the loss region are actually mirrored
by the helical field (HF) coils and rcturn to the plasma.
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Fig. 4.7. Comparison of + and V* profiles for M = 4, R/a, = 4 heliacs with snd without £ = 1 herdcore
winding. For this example, Ry = 1 m, rgw/a, = 0.7, a./ay, == 6, and AR/ Ry = 0.0125.

Finally, major advances have been made in conjunction with the construction of the
ATF coils. These make stellarators more attiractive reactor candidates. Techniques have
been devised to provide automated measurement for very complicated large parts with no
reference surfaces. Using these technigues, the tolerance of molded stainless steel parts has
been improved by an order of magnitude. In addition, application of the same technigues
to five-axis milling machines reduces setup times dramatically, because parts can be
machined in their own coordinate systems, rather than that of the machine.
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4.4.1 Ahstract of “The Flexible Heliac”®?

B. A. Carreras, J. L. Cantrell, L. Garcia, J. H. Hacris, T. C. Hender, and V. E. Lynch

The addition of an € == 1 helical winding io the heliac central conductor adds a signifi-
cant degree of flexibility to the configuration by making it possible to control the rota-
tional transform and shear. These effects are comisistent with results for helically symmetric
fields, but additional helical harmonics produced by toroidal coupling may also be impor-
tant. Such centrol is essential for an experiment bhecause the presence of low-m resonant
surfaces in or nmear the plasma can cause breakup of the eguilibrium magnetic surfaces.
The use of an additional helical winding also permits reduction of the total central conduc-
tor current and deepens the magnctic well at low aspect ratio.

To further improve the equilibrinm beta limits for low-aspect-ratio configurations, it is
necessary to reduce the toroidal magnetic axis shift. Several ways to achiev