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COVER 
Some of the experimental facilities 
used by the ORNL Fusion Program. 
UPPER LEFT: The Impuri ty Study 
Experiment, a medium-sized tokamak, 
is surrounded by the diagnostic equip-
ment needed to control and analyze 
the performance of the device. 
UPPER RIGHT: The Large Coil Test 
Facility, shown under construction, 
wil l test the massive magnet coils 
needed by power-producing fusion 
reactors. 
LOWER LEFT". The High Flux Isotope 
Reactor, viewed f rom above, is used to 
simulate the effects of the fusion reactor 
environment on candidate materials for 
reactor components. 
LOWER RIGHT: The ELMO Bumpy 
Torus is the product of a unique magnetic 
confinement concept developed at ORNL 
that shows considerable promise for 
eventually leading to a power-producing 
fusion reactor. 
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I N T R O D U C T I O N 

The Fusion Program of the Oak Ridge 
National Laboratory (ORNL) is a significant com-
ponent of the U.S. national fusion program, and it 
encompa: ?s nearly all aspccts of magnetic fusion 
research. The goal of the national fusion program 
is to determine whether the nuclear energy of the 
light elements—mainly hydrogen isotopes and 
lithium—can be released in a useful fashion. First 
among the applications currently envisaged is the 
generation of electricity in central power stations. 
For the release of energy by fusion, it is necessary 
to raise quantities of the light elements to tempera-
tures of hundreds of millions of degrees. Matter at 
such temperatures is fully ionized, and this state of 
matter is known as a plasma. In magnetic fusion 
research, the charged particles that constitute the 
plasma are confined and insulated from material 
walls by magnetic fields. 

The key issues of the present stage of the pro-
gram are the understanding of the behavior of high 
temperature, hydrogen isotope plasmas; the develop-
ment of technologies for producing, heating, and 
controlling such plasmas; and the development of 
technologies that will be required in the years to 
come as magnetic fusion moves through the 
engineering phase into the commercial phase. 

The ORNL Fusion Program includes the 
experimental and theoretical study of two different 
classes of magnetic confinement schemes—systems 
wilh helical magnetic fields, such as the tokamak 
and stellarator, and the ELMO Bumpy Torus 
(EBT) class of toroidally linked mirror systems; the 
development of technologies, including supercon-
ducting magnets, neutral atomic beam and radio 
frequency (rf) heating systems, fueling systems, 
materials, and diagnostics; the development of data-
bases for atomic physics and radiation effects; the 
assessment of the environmental impact of magnetic 
fusion; and the design of advanced demonstration 
fusion devices. The program involves wide colla-
boration, both within ORNL and with other institu-
tions. The elements of this program are shown in 
Fig. 1, structured in the format of the Office of 
Fusion Energy (OFE) of the U.S. Department of 
Energy (DOE). This document illustrates the 
program's scope and aims by reviewing recent pro-
gress. 
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RECENT ACHIEVEMENTS 

In the tokamak area, extensive studies have 
been made, both experimentally and theoretically, 
of low mode number magnetohydrodynamic 
(MHD) modes. Remarkably good agreement was 
achieved between theoretical three-dimensional 
(3-D) resistive code predictions and experimental 
measurements made on the Impurity Study Experi-
ment (ISX-B) tokamak. However, the sources of 
beta limitations remain elusive. Numerous single-
parameter scans of varying toroidal field {Br), 
plasma current (Ip), elongation (K), line density 
(/!<,), and neutral beam power (/*/,) show that 
<(i> cc / W p ^ / B f r 1 + k2). Transport model-
ing of the density clamp in ISX-B showed that only 
a part of the phenomenon could be explained by 
decreased recycling of particles from the walls. 
Impurity studies, both theoretical and experimental, 
showed that coinjection inhibits impurity accumula-
tion at the plasma center, while counterinjection 
enhances it. Multiple hydrogen pellets were 
injected, raising the plasma density. A comparison 
was made of the plasma properties with 18 and 9 
toroidal field (TP) coils, demonstrating the 
deleterious effects of high magnetic field ripple. 
Contour plots of density <n> versus temperature 
<T> for the Fusion Engineering Device (FED) 
geometry helped establish the operating regimes 
possible under various confinement and heating con-
ditions. 

Extensive scoping studies were made for the 
proposed Advanced Toroidal Facility, Phase 1 
(ATF-1). The theoretical capabilities to calculate 
flux surfaces for stellarators and torsatrons and to 
evaluate particle orbits, equilibrium, and stability 
were built up rapidly, and various existing codes 
were improved. Advice and help from other labora-
tories are appreciated. 

In the EBT-Scale (EBT-S) experiment, it was 
demonstrated that the pressure at which the rings 
form and the pressures at which the transitions 
from C- to T-mode and from T- to M-mode occur 
all vary as the square root of the applied microwave 
power. The critical beta for the C-T transition was 
found to be <5% over a wide range of conditions. 
Synchrotron measurements were made and were 

consistent with predictions. The core electron tem-
perature was raised to 1.1 keV with 200 kW of 
28-GHz power. It was demonstrated that core elec-
tron parameters followed neoclassical scaling. 
Steady-state, 20-kW ion cyclotron heating (ICH) 
was applied, and substantial heating of the ener-
getic tail of the ion distribution was observed. 
More extensive ring-plasma stability calculations 
were made, including nonlocal and high frequency 
effects. Scaling laws for the ring power balance 
were established. Further developments of the sym-
metrizing coil concept, to improve the magnetic 
geometry, were made with application to an EBT 
reactor d.-Mgn. Final selection of the site for the 
EBT Prooi-of-Principle (EBT-P) device was made 
by DOE, and it will be constructed by McDonnell 
Douglas Astronautics Company in the Oak Ridge 
Valley Industrial Park. The site dedication was 
attended by Representatives M. Bouquard (Tennes-
see) and R. Young and H. Volkmer (Missouri). 
Two developmental 7.4-T superconducting coils for 
EBT-P were built and operated successfully by the 
superconducting magnet section. The 60-GHz 
gyrotrons developed at Varian Associates and at 
Hughes Aircraft Company for EBT-P and other 
fusion devices were operated pulsed to 200 kW. 

The satellite link to the National Magnetic 
Fusion Energy Computer Center (NMFECC) at 
Lawrence Livermore National Laboratory (LLNL) 
became operational. 

Measurements and theoretical calculations of 
excitation-autoionization effects showed substantial 
increases ir. cross sections for some ions. Progress 
was made on the evaluation of charge exchange 
cross sections of hydrogen atoms on multiply 
charged impurity ions. The accuracy of the multi-
channel Faraday rotation system for plasma current 
measurement on ISX-B was improved. 

Measurements were made of hydrogen recy-
cling on ISX-B. Extensive testing of graphite lim-
iters coated with titanium carbide, made by Sandia 
Laboratories, continued. Laser fluorescence meas-
urements of neutral aluminum, made in EBT-S in 
collaboration with the Kernforschungsanlage (KFA) 
JUlich, Federal Republic of Germany, showed that 
sputtering was the main source. 

vi 



Various materials were irradiated with neu-
trons in the Oak Ridge Research Reactor (ORR) 
and the High Flux Isotope Reactor (HFIR) at 
ORNL. Extensive measurements were made of 
swelling and fatigue behavior in type 316 stainless 
steel, including the effects of helium production. 
Some long-range-ordered (LRO) alloys were found 
to have low swelling characteristics. Measurements 
made at 4 K of irradiated insulators and copper for 
superconducting magnets showed that more shield-
ing than allowed for in the reference Experimental 
Power Reactor (EPR) design would be required. 

An improved model for neutron and gamma 
shielding was obtained by upgrading the code to 
match measured spectra found in a 14-MeV neu-
tron shielding experiment. A version of the 
MORSE code for neutron transport with toroidal 
geometry was prepared for analysis of the Tokamak 
Fusion Test Reactor (TFTR) at Princeton Plasma 
Physics Laboratory (PPPL). 

In the superconducting area, the Large Coil 
Test Facility (LCTF) is close to completion. A coil 
with a Nb3Sn insert and a 22-cm bore was operated 
at 12 T. A small forced-flow NbTi magnet was 
operated successfully and showed very good stabil-
ity properties. 

. .eutral beam injection systems developed at 
ORNL delivered 8.0 MW of deuterium beams on 
the Poloidal Divertor Experiment (PDX) at PPPL. 
At ORNL, a direct recovery system was operated 
at 40 keV and 18 A with ~60% efficiency, and a 
calutron negative ion source was tested to a beam 
current of 250 mA at 25 keV. 

In rf heating development, Varian Associates 
operated a 28-GHz gyrotron at 340 kW, In the 
pellet fueling area, a 4-pellet pneumatic injector 
was operated, and an improved mechanical pellet 
injector was spun up to a tip speed of 1000 m/s. 

The technical basis for a Generic Environmen-
tal Impact Statement (GEIS) on fusion was 
developed. Finally, the preliminary design of the 
Fusion Engineering Device (FED) was completed 
by the Fusion Engineering Design Center (FEDC). 



INTRODUCTION 
Nuclear energy is released when the nuclei of 

light elements are fused to form heavier elements. 
The fusion reaction of greatest interest, because it 
imposes the least stringent conditions, is that 
between the nuclei of two isotopes of hydrogen, 
deuterium (D) and tritium (T): 

4 He 
3.5 MeV 

n 
14.1 MeV 

17.6 MeV 
ENERGY 

YIELD 

Tritium is not a naturally occurring isotope and to 
close the cycle, it must be manufactured by nuclear 
reactions of the fusion neutrons with a lithium 
blanket, 

6Li + n — 4He 4- T + 4.8 MeV, 

7Li + n 4He + T + n - 2.5 MeV. 

The natural abundance of lithium makes this an 
attractive cycle. 

Ultimately the pure deuterium cycle, which is 
the second easiest to exploit, might be used. This 
cycle involves four processes, which amount to 

3D 4He + 'H + n + 21.6 MeV. 

* It is conventional in fusion research to use the electron 
volt (eV) as a measure of energy. When the electron volt 
is used as a temperature, 1 eV = 11,600 K. At 
temperatures above 1 eV, atoms break up into free 
positive ions and free electrons. This state of matter is 
known as a plasma. As the temperature is raised, more 
and more electrons are stripped away so that hydrogen is 

j fully stripped at a few electron volts, while, for example, 
•' oxygen is stripped at 0.9 keV and iron at 9.3 keV. 

FUSION CONDITIONS 
Temperatures T of 10 to 100 kilo electron 

volts (keV)* are required to overcome the electro-
static repulsion of the reacting nuclei, so that they 
can fuse. For the temperature to be self-sustained 
by the energy deposited by the charged products of 
the fusion reactions, the fuel must hold its energy, 
that is, be confined, for a certain time TE. The 
reaction rale depends on the density, defined as the 
number of fuel particles per unit volume, n. 

In total, the requirement is that the volume-
averaged product nr E must exceed a certain value 
for reactions to be self-sustaining. A convenient 
parameter, proposed by McNally and combining 
temperature and confinement, is the product 7 > I T £ . 

The critical value for self-sustaining fusion is plot-
ted as a function of temperature in Fig. 2 for the 
main fusion cycles. It is seen that the deuterium-
tritium (D-T) cycle represents the most easily 

l I I I llfct) 
He i3Hc(0. = 12,900 KeV) 

,02,1 I ' 
1 10 100 1000 

T(heV) 
Fig. 2. The <M7 /T£> criterion. 
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attainable case. The principal problems for the 
fusion program have been how to heat and confine 
the fusion fuel. Two confinement approaches are 
being pursued. 

• In inertial confinement, a small sphere of solid 
or liquid fuel is heated very rapidly by irradia-
tion with energctic laser or particle beams. 
The beams compress the fuel core to very high 
densities (~100 times solid density) at high 
temperatures, and the energy confinement time 
may be as short as r E — 10~® s. 

• In magnetic confinement, the fuel is a lower 
density plasma and the confinement is provided 
by magnetic fields. Generally, plasma heating 
is separate from the production of the magnetic 
field, and the required energy confinement 
times are long. Typical parameters for a D-T 
fusion reactor are 

axial losses, as in a t?.ndem mirror. An alternative 
solution is to make the magnetic field toroidal. A 
simple toroidal magnetic field does not confine 
plasma because the charges drift perpendicular to 
the field gradient (Fig. 3c). The drifts may be 
overcome by causing the particles to rotate in the 
poloidal direction about the toroidal axis. There 
are two ways of achieving this rotation: by virtue 
of a poloidal magnetic field that leads to a helical 

MAGNETIC 
FIELD 

B 

T = 10-20 keV, 
n = 1 - 2 X I014 cm - 3 , 
te = l ~ 2 s. 

The ORNL Fusion Program is involved in magnetic 
confinement only. 

MAGNETIC CONFINEMENT 
The magnetic confinement concept makes use 

of the fact that the motion of charged particles per-
pendicular to a magnetic field is constrained. The 
design of a useful magnetic container for the free 
electrons and positive ions in a plasma is, however, 
complicated, because charged particles may drift 
across the magnetic field as a result of gradients 
and the curvature of the magnetic field, and addi-
tional drift motion is caused by electric fields. Par-
ticle trajectories in some representative situations 
are illustrated in Fig. 3. The ideal limit on con-
finement in a given magnetic configuration is sut by 
the energy loss, due to particles traveling along 
magnetic field lines that intercept the walls, by 
radiation, and by interparticle collisions that lead to 
diffusion of particles and conduction of energy out 
of the plasma. 

While linear magnetic systems (Fig. 3a) have, 
in principle, the attraction of engineering simplicity, 
they suffer from direct losses from the ends. These 
looses may be minimized by increasing the end 
magnetic field, as in a magnetic mirror (Fig. 3b), 
and by setting up axial electric fields to inhibit 

MAGNETIC 
COIL 

^ / ' "-TRACK OF CHARGED 
' PARTICLE 

Fig. 3. Representative particle trajectories. 
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Fig. 4. M a g n e t i c c o n f i n e m e n t c o n f i g u r a t i o n s . 

structure for the total field and a helical motion for 
the charged particles, and by virtue of a bumpy 
toroidal field, the gradients of which lead to a 
poloidal drift motion of the charges. Toroidal sys-
tems being studied at ORNL are: 

fusion neutrons with wall, blanket, and supercon-
ductor materials, both for damage analysis and for 
shielding analysis. ORNL is involved in research in 
all of these areas. 

tokamaks, in which the poloidal field is pro-
duced by a current flowing in the plasma 
(Fig. 4c), 

stellarators, in which the poloidal fields are 
produced by helical field windings placed 
around the torus outside the plasma (Fig. 4d), 
and 

ELMO Bumpy Tori (EBTs), in which a bumpy 
toroidal field consisting of a set of simple mir-
rors provides confinement, and relativistic 
poloidal electron rings in each mirror cavity 
provide stability (Fig. 4e). 

FUNDAMENTAL PROCESSES 
Four sets of fundamental processes are being 

studied in magnetic fusion research. These are 
(1) the basic plasma processes, such as particle dif-
fusion, heat conduction, and microscopic and 
macroscopic stability; (2) the atomic physics 
processes, such as charge exchange, excitation, ioni-
zation, and spectral radiation; (3) the interaction 
processes of the plasma with the walls of the vessel 
that contains it (under vacuum), some of which are 
illustrated in Fig. S; and (4) the interactions of the 

\ \ \ 
PLASMA BOUNDARY 

REGION 

ELECTRONS > 
FUEL IONS > 
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| FUEL NEUTRALS > 
1 IMPURITIES > 

ELECTRONS 

^ FUEL IONS 

PHOTONS 

« FUEL NEUTRALS 

<( IMPURITIES 

BACK SCATTERING 
REFLECTION 
SECONDARY EMISSION 
PHOTOELECTRONIC EMISSION 
OPTICAL ANO X-RAY EMISSION 
RE COMBINATION 
SURFACE IONISATION 
AO ANO OESORPTION 
CHEMICAL REACTIONS 
SPUTTERING 
THERMIONIC EMISSION 
THERMAL RADIATION 
EVAPORATION 

Fig. 5. T r a n s i t i o n r e g i o n s ( s c h e m a t i c ) be tween 
p l a s m a a n d wall a n d list of e l e m e n t a r y p rocesses o c c u r -
r ing a t wall . 

Central to the understanding of the plasma 
behavior are the plasma diagnostics and the data 
acquisition systems. An illustrative set for a 
tokamak is shown in Fig. 6. 
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Fig. 6. (a) Representative diagnostics on a tokamak. (b) Schematic diagram of a data acquisition and 
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Fig. 7. Schematic diagram of a generic fusion reactor. 

FUSION TECHNOLOGY 
A primary goal of fusion development is the 

economical production of electricity in a fusion 
rtactor. An important parameter for characterizing 
fusion capability is beta (/3), which is the ratio of 
plasma pressure to magnetic pressure. This is a 
crude measure of unit power cost because fusion 
power density is approximately proportional to the 
square of the plasma pressure and magnetic 
pressure is a measure of the cost of a magnetic 
confinement system. Typical magnetic fusion reac-
tors are expected to operate with 0 — 5-10% at a 
magnetic field of about 5 T, with a maximum Held 
on the magnetic coils of about 10 T. The plasma 
volume for a reactor to produce about 500 MW(e) 
is about 500 m3. A schematic diagram of a generic 
fusion reactor is shown in Fig. 7. Deuterium and 
tritium fuels are injected into the plasma to main-
tain the correct balance, while helium ash (pro-
duced by fusion reactions) and wall-generated 
impurities (nonhydrogenic materials) are removed. 
The plasma temperature may be maintained by 
heating from the fusion alpha particles as they slow 
down, or by a combination of alpha heating and 
external heating. The reaction products that carry 
most of the fusion energy are captured in a blanket 
structure, where they give up their energy for a par-
ticular end use, e.g., heating the blanket and pro-

ducing steam to drive turbines and generate electri-
city. The neutrons produce tritium by the fusion of 
lithium in the blanket. The tritium is then 
extracted from the blanket and recirculated as fuel. 

While the success of the magnetic fusion pro-
gram depends on a physics understanding of the 
behavior of high temperature plasmas in magnetic 
fields from theoretical and experimental studies, the 
rate of progress and the ultimate reactor viability 
also depend on the development of system com-
ponents that make the experiments viable. The key 
technology components are materials, magnets, and 
heating and fueling systems. ORNL has major 
programs in all of these areas. 

Materials development encompasses materials 
for the first wall of the plasma chamber, which in a 
reactor must withstand both plasma and neutron 
bombardment; insulators for magnets and heating 
systems; superconductors; tritium breeding materi-
als; target materials to withstand the localized high 
heat flux environment in the plasma chambers; and 
materials for heating systems. 

The economic success of magnetic fusion 
depends in part on development of superconducting 
high field magnets. Superconducting magnets will 
replace the power-intensive, water-cooled magnets 
that are currently in use. 

/ 
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Fig. 8. Systems used to heat fusion plasmas. 

The two main heating techniques are energetic 
neutral atomic beam heating and radio 
frequency (rf) heating—a term used loosely to 
describe heating by electromagnetic waves in the 
frequency range from 30 kHz to 300 GHz. No-
tably in tokamaks, significant heating is obtained 

from the current flowing in the plasma. Heating 
has also been achieved by adiabatic compression of 
the plasma. These heating methods are shown 
schematically in Fig. 8. The most important tech-
nique for fueling the plasma in the long term is the 
injection of small pellets of solid hydrogen at about 
1000 m/s. 
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2 t m u i m n 

TOKAMAKS AND STELLARATORS 

The development of tokamaks and stellarators 
at ORNL began in the early 1970s with the con-
struction of the Oak Ridge Tokamak (ORMAK). 
ORMAK was one of the first tokamaks with 
substantial neutral beam heating; it operated from 
1972 to 1976. In 1977 the next tokamak, the 
Impurity Study Experiment (ISX-A), started what 
was to be a brief but fruitful period of operation 
from late 1977 to early 1978. During 1978, ISX-A 
was modified to provide for the addition of 
1.8 MW (later upgraded to 3 MW) of neutral 
beam heating and to allow operation with both cir-
cular and noncircular plasmas (b/a — 1-1.6). 

The tokamak is a toroidal magnetic field de-
vice in which a current is driven in the toroidal 
direction in the plasma. The poloidal field of the 
current provides plasma confinement, and the 
current itself provides the initial plasma heating. 
Limits are predicted for both tbe level of plasma 
current and the plasma pressure (beta). The study 

of beta limits is a significant part of the tokamak 
theory effort and is the main program on ISX-B. 
To date, volume-averaged betas of 2.5% and peak 
betas of 10% have been achieved. 

The tokamak is one of a class of devices that 
use a helical magnetic field to provide equilibrium 
and confinement of the plasma. This helical mag-
netic field may also be provided by external helical 
windings. An advantage of the latter approach is 
that the device may be inherently steady state, 
while a tokamak with inductive plasma current 
drive is inherently pulsed. On ISX-B, studies will 
be made of noninductive current drive. In parallel, 
a design study is under way for an Advanced 
Toroidal Facility (ATF-J) that will replace ISX-B 
in 1986. The goal of the program is to build a 
facility that combines in an optimum way the 
features of steady-state operation, good transport at 
high beta (>5%), and simplicity of design. The 
ORNL toroidal helical development program is 
summarized in Fig. 9. 

EXPERIMENT EXPERIMENTAL STUDIES 
RELATED 

THEORETICAL STUDIES 
DIAGNOSTICS 
DEVELOPED 

TECHNOLOGY 
TESTED 

ORMAK 

1172 - 1976 

• ELECTRON HEA1 
TRANSPORT 

• SEAM HEATIND IT,(0> -
I.S k lVI 

• HIGH 2 IMPUNITIES 
( U N I ) 

• DENSITY LIMIT n, « S/r 

• ANOMALOUS 
ELECTRON 
TRANSPORT 

• SEAM HEATINO 
• NEOCLASSICAL 

IMPURITY TRANSPORT 

• FAR UV 
SPECTROSCOPY 

• SEAMS 

ISX-A 

1177 - 1 1 7 * 

• TRANSPORT OF PLASMA 
IMPURITIES (OA) 

• CONFINEMENT SCALING 
• PELLETS 

• DISRUPTION THEORY 
• IMPURITY 

TRANSPORT (GA) 

• HIGH SETA TOKAMAK 

• IR LASER • PELLETS 

I I X - I 

1171 -> 

• HIGH SETA 
• SHAPED PLASMA 
• RIPPLE 
• ECH (NRL, ORNL) 
• SEAM IMPURITY 

TRANSPORT 
• 0IVERT0R 

• 1-0 DISRUPTION CODE 
• ORIFT MODE 

TRANSPORT 
• RIPPLE EFFECTS 
• IMPUNITY FLOW 

REVERSAL 
(GEORGIA TECH, 
ORNU 

• ECH CURRENT DRIVE 
• PLASMA-WALL 

RECYCLING 

• FARAOAY ROTATION 
• DYE LASER 
• FLUORESCENCE 

(GA, JULICHI 
• ION S U M (RPI) 

• SEAMS 
• PELLETS 
• MATERIALS 

(SANOIA) 
• SURFACE PHYSICS 

ATF-1 

ISGS-» 

• HELICAL 
CONFIGURATIONS 

• LONG PULSE TO 
STEADY-STATE 

• NIGH (ETA 
MAINTENANCE 

• IMPURITY CONTROL 

• FUNDAMENTAL 
LONG PULSE 
PROCESSES 

• TRANSPORT 
ANALYSIS 

• ADVANCED 
TOKAMAK AND FED 
MODELING 

• IR LASERS. DATA 
ACQUISITION 

• WALLS, UMITERS 
• TARGETS 
• SEAMS 
• RF LAUNCHERS 
• PELLETS 
• PUMPING 

Fig. 9. Highlights of ORNL's helical toroidal development program. 
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isx-a 
The ISX-B tokamak, illustrated in Fig. 10, 

consists of a rectangular vacuum vessel with 
independently controlled poloidal field (PF) coils 
that allow operation with circular and noncircular 
plasmas of dimensions up to major radius 
R = 0.93 m, minor radius a = 0.27 m, and 
b = 0.50 m. The toroidal field is provided by 18 
demountable water-cooled copper toroidal coils 
capable of providing up to 1.8 T on the plasma 
axis. The maximum plasma current capability is 
230 kA, and the pulse length is typically 300 ms. 

While beta and transport studies constitute the 
main program on ISX-B, there are also significant 
programs in the areas of impurity transport, pellet 
fueling, magnetic ripple effects, electron cyclotron 
heating (ECH), plasma-materials interactions, 
pumped limiters, and advanced diagnostics. A bun-
dle divertor has been constructed for installation in 
the near future. During 1981 the following pro-
gress was made. 

Beta 
To date, with circular and noncircular plasmas 

and neutral beam injection power up to 2.5 MW, 
volume-averaged beta values of </3> = 2.5% have 
been achieved, corresponding to a rms beta 0* 
4% and a central beta 0(0) = 9%. 

It is encouraging that these beta values may 
have exceeded thresholds theoretically predicted for 
ideal magnetohydrodynamic (MHD) instability 
with the measured profiles. However, at the higher 
beam powers, the increases in </3> are not linear 
with applied beam power {Pb). Recent ISX-B 
experiments have attempted to understand this 
problem. These experiments focused on systematic 
single-parameter scans involving change in only one 
of the main operational parameters (fl r , Ip, ne, and 
Ph). The overall results confirmed earlier empirical 
scaling results, which suggested that 
Pplj;/2 - Pl'3 (nearly independent of other 
experimental parameters), indicating that poloidal 
beta Pp (rather than <0>) saturates with beam 
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Fig. 11. T h e empirical parametr ic scaling of < j}> is found to hold over a 
wide range of plasma conditions. 

power. This scaling implies that <(}> oc 
Ip/2Pb/3/BK 1 + k2), where the noncircularity of 
the plasma is k — b/a. This relationship is found 
to hold experimentally over a wide range of condi-
tions, as shown in Fig. 11. 

In experiments where BT was varied from 0.7S 
to 1.4 T with other parameters held constant, 0p 
and r l remained constant while <0> decreased 
from 2.4% to 0.6%. This lack of dependence of r*E 
on <P> indicates that confinement is not limited by 
ideal MHD modes. This scaling law differs from 
those for ohmically heated plasmas, both in the 
strong Ip dependence and in the relatively weak ne 
dependence. The deterioration in confinement with 
increasing beam power is most strongly correlated 
with increased electron heat losses; however, ion, 
particle, and momentum confinement are degraded 
as well. Measurements and calculations suggest 
that this is not due to beam particle losses, nor can 
the observed (distorted m = 1; n — 1) MHD 
activity be a major cause, as shown in Fig. 12, 
since the confinement is degraded even in its 
absence. Toroidal plasma rotation velocities 
estimated from spectroscopic measurements 
(~107 cm; see Fig. 18) are on the order of the ion 
thermal velocity, and particle and impurity confine-
ment differs significantly between coinjection and 
counterinjection. Thus, the role of plasma rotation 
may be important and is under further study. 

SOFT 
X-RAY 

-A k 10 ms 

Fig. 12. The energy confinement remains degraded 
as the toroidal field BT and safety factor q^ are varied 
while the low m,n number M H D modes vary substan-
tially. 
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Impurity Transport 
The presence of small quantities of impurities 

in a reactor-grade plasma can lead to substantial 
energy losses due to radiation. These losses may 
shorten 'he length of the burn cycle or prevent igni-
tion. The studies of impurity transport mainly 
involve the application of spectroscopy to the 
plasma to identify the presence of impurities by 
their line radiation. 

Impurity accumulation has been observed in 
ohmic discharges with deuterium plasmas, but not 

in hydrogen plasmas, indicating a competition 
between neoclassical effects and anomalous diffu-
sion. 

Strong neutral beam effects on impurity trans-
port have been observed; coinjctfion inhibits accu-
mulation in the center while counterinjection 
enhances accumulation (Fig. 13). These results are 
in qualitative agreement with thcorctical predictions 
of beam-induced impurity flow reversal. 

i f Ar INTRODUCTION 
I — I NEUTRAL BEAM INJECTION 

COINJECTION IN DEUTERIUM 
COUNTERINJECTION IN DEUTERIUM 

100 <50 
TIME (ms) 

250 
TIME (ms) 

Fig. 13. Effects of neutral beam injection on impurity transport. 
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Confinement Experiments 

Pellet Fueling 
Fueling of a reactor plasma by the injection of 

frozen pellets of hydrogen is likely to be a more 
efficient method of providing fresh fuel to the hot 
plasma core than the conventional technique of 
puffing cold gas into the plasma edge. Pellet injec-
tors developed by the ORNL Fusion Energy 
Division's Plasma Technology Section have been 
used to examine the ablation of pellets in the 
plasma, as well as the effects of pellets on the 
plasma itself. Pellets 1 mm in diameter have been 
successfully injected into ISX-B at velocities of 
1 km/s using a pneumatic injector. Density rises 
of up to a factor of 3, as shown in Fig. 14, have 
been observed in both ohmically heated and beam-
heated discharges without adverse effects on stabil-
ity or confinement. Holographic interferometry and 
shadowgraphy of pellets in flight have aided in 
developing the physics of pellet ablation. Successful 
repetitive injection of 1-mm-diam pellets at a velo-
city of 300 m/s has been achieved using a proto-
type centrifugal injector capable of producing ISO 
pellets per second (Fig. 77), 
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Fig. 15. Ion temperature measured by charge 
exchange decreases by about a factor of 2 in the confi-
guration with nine T F coils, The ripple transport coeffi-
cients must be multiplied by a factor greater than unity, 
typically 2-6, to reproduce the measured ion temperature 
in a transport simulation. 
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Fig. 14. The time history of the line-averaged den-
sity in ISX-B (a) with gas puffing of 30 torrliter/s H2 
and (b) with injection of a single hydrogen pellet 
("4 X 1019 H° atoms) at I km/s. 

Ripple Studies 
The effects of toroidal field ripple on the 

plasma are important to the Fusion Engineering 
Device (FED) and reactor design efforts because 
the permissible amount of ripple affects the number 
and design of the toroidal field (TF) coils required. 
In addition, the application of a bundle divertor for 
impurity control necessitates the introduction of 
some ripple. ISX-B can be operated with either 18 
or 9 TF coils to alter the amount of ripple from 
0.01% on axis to 1.5% on axis. Effects of local rip-
ple and ripple injection are also studied using the 
eyeglass ripple coils. Comparison of plasma proper-
ties obtained with 18 and 9 TF coils (see Fig. 15) 
indicates that ripple losses of ion energy are com-
parable to those estimated from present theory. 
While some localized ripple-trapped fast ion losses 
were observed with nine TF coils, there were only 
minor changes in power input to the plasma. 

Variation of local ripple up to a value of 1 % on 
axis using the eyeglass coils resulted in no substan-
tial effects on the plasma or fast ion losses. Ripple 
injection experiments using the vertical diagnostic 
beam and the eyeglass ripple coils showed enhanced 
penetration of the beam particles with the ripple on. 
Subsequent fast ion confinement is still being inves-
tigated. 
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Electron Cyclotron Heating 
Bulk electron heating with an increase in cen-

tral electron temperature 7,(0) of up to 50% has 
been demonstrated. Large reductions of =40% of 
the initial breakdown voltage around the torus have 
been obtained with both 28-GHz and 35-GHz 
preionization. Substantial volt-seconds savings dur-
ing the plasma initiation phase have been measured. 
The program will continue in 1982 in collaboration 
with the Naval Research Laboratory, using a new, 
more powerful (300-kW), 35-GHz gyrotron. 

Pumped Limiter 
The pumped limiter concept is an alternative to 

magnetic divertors for impurity control and particle 
handling. The plasma edge is defined by a mechan-
ical limiter, which either scrapes off some plasma to 
be subsequently neutralized and pumped away or 
presents a surface from which energetic reflected 
particles can enter a pumping chamber (ballistic 
collection). Both systems will be examined using 
movable limiters inserted into the plasma scrapeoff 
region on ISX-B. A probe-type limiter to test the 
concept of ballistic particle collection is shown in 
Fig. 16. 

Initial scoping studies on ISX-B with an instru-
mented probe have shown that a relatively simple 
model is adequate to describe the ballistic particle 
collection concept and that the particle collection 
efficiency could be sufficient for pumped limiter 
applications. Design has begun of a scraper/limiter 
that will provide significant particle control and a 
test of toroidal power sharing. 

Bundle Divertor 

The bundle divertor is another of the magnetic 
configurations proposed as a means of controlling 
plasma impurity levels. The divertor coil system 
produces a separatrix in the magnetic field so that a 
flux bundle from the plasma edge is bent into an 
external chamber, where the diverted plasma can be 
neutralized and pumped away. The divertor acts in 
several ways: it serves as a magnetic limiter that 
constrains the size of the plasma to keep it from 
touching material surfaces within the main torus, it 

PLASMA 
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E 
P 
RGA 

MEASURED QUANTITIES 
ION SATURATION CURRENT 
TOTAL ENERGY 
PRESSURE RISE 
He PARTIAL PRESSURE E-

IS 

RGA 

Fig. 16. Ballistic pumped limiter. 
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provides a shielding layer of plasma that ionizes a 
large fraction of incoming cold neutral particles 
(particularly impurities) and sweeps them out, and 
it provides a scrapeoff layer that transports escap-
ing ions (impurities and hydrogen) out of the torus 
before they can sputter material from the wall. 
The ISX-B divertor is illustrated in Fig. 17. The 
complete system has been built, with the divertor 
coil assembly designed by the Francis Bitter 
National Magnet Laboratory at the Massachusetts 
Institute of Technology (MIT). Preparatory work 
on ISX-B has begun for its installation. 

Future Plans 
The main efforts during 1982 and 1983 will 

concentrate on tackling the beta issue. During 
1981, spectroscopic measurements confirmed that 
there is substantial plasma rotation, as shown in 
Fig. 18, with the existing neutral beams, which 
both inject in the same direction. In order to 
resolve the question of whether bulk toroidal plasma 
rotation, neutral beam power density, momentum 
input, or plasma pressure is responsible for the 
observed effects, an additional neutral beam system 
will be added in the direction counter to the 
existing beams. To aid in these studies, more 

extensive diagnostics are being designed, con-
structed, and installed. These diagnostics will study 
plasma profiles with greater accuracy, the current 
profile, higher m and n modes, fine-scale 
fluctuations, and, in collaboration with Rensselaer 
Polytechnic Institute (RPI), the radial plasma 
potential. 

\ 8 ~ 

80 100 120 140 160 180 200 
TIME (ms) 

Fig. 18. Toroidal plasma rotation velocity, measured 
from the Doppler shift of impurity spectral lines. Closed 
circles are for measurements of Ti XV at a radius of 
— 10 cm; open circles are for measurements of C V at a 
radius of —20 cm. 
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ATF-1 

The purpose of the ATF-1 is to act as a test-
bed for advanced toroidal concepts, which lie within 
an envelope defined by systems with nested closed 
flux surfaces of the tokamak/stellarator type. The 
goal is to identify the system that combines in the 
optimum way the features of steady-state operation, 
good transport at high beta (>5%), and simplicity 
of design. The possibilities that might be con-
sidered to have steady-state capability range from a 
tokamak with noninductive current drive to a full 
stellarator configuration with either continuous or 
modular coils. In between lie various hybrid de-
vices. The current state of knowledge, both theoret-
ical and experimental, is not adequate to define the 
best stellarator configuration, and certainly not to 
define the best hybrid options. Furthermore, tests 
of noninductive current drive can be made on a 
number of existing tokamak facilities. ATF-1 will 
therefore be designed with a helical coil system 
capable of providing adequate rotational transform 
to run as a pure stellarator. In addition, other coil 
systems (ohmic heating, toroidal field, vertical field, 
etc.) will be designed to permit variation of the 
basic configuration and evaluation of the relative 
importance of such factors as the magnetic well, the 
degree of shear, etc. The device will also be able to 
operate as a tokamak. With this approach, it 
should be possible to define the characteristics of an 
optimum configuration. 

Stellarator devices produce closed magnetic 
surfaces using nonaxisymmetric coil windings that 
produce helical magnetic fields. There are many 
ways to arrange these windings. Figure 19 shows a 
conceptual design for a stellarator device called a 
torsatron, which has two continuous helical wind-
ings. Such a device would be useful as an experi-
ment, but may prove difficult to build as a reactor. 
Figure 20 shows a conceptual design for a modular 
stellarator with 24 identical coils that rotate 
poloidally with increasing toroidal angle. Such a 
system is easier to assemble and disassemble. The 
TF coils shown in both of these figures serve only 
to modify the magnetic configuration for physics 
experiments and might not be used on a reactor. 

Because stellarator devices are nonaxisym-
metric, the cross section of the magnetic surfaces 
changes with toroidal location. Figure 21 shows the 
magnetic surfaces of a torsatron at two different 
toroidal angles. 

The complex geometry of stellarator devices 
makes it necessary to develop new techniques for 
analyzing their physics properties. The main goal 
of the ATF studies to date has been the develop-
ment of the analysis techniques and three-
dimensional (3-D) computer codes needed for quan-
titative assessment of various stellarator configura-
tions in the areas of magnetic field structure, parti-
cle confinement, MHD equilibrium and stability, 

SIDE PORT (10) 
T F COIL (10) 

COIL 
NO. 2 

Fig. 19. Conceptual design for a continuous coil torsatron. 
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Fig. 21. Torsatron magnetic surfaces at two toroidal unglcs, <f> = 0 ° and 0 = 18° 

and engineering design. In the coming months, 
these tools will be used to refine the candidate con-
figurations and choose one for the ATF-I device. 

The ATF-1 designs have a major radius of 
—2 m, an average minor radius of — 0.25 m, and a 
field of 2 T. Plans are to select a design during 
1982 and start operations in 1986. 

This design activity has benefited from the 
advice and support of personnel from General 
Atomic Company (GA), MIT, Princeton Plasma 
Physics Laboratory (PPPL), New York University, 
and the University of Wisconsin. 
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ELMO BUMPY TORUS 

The ELMO Bumpy Torus (EBT) is a modified 
combination of the simple mirror and the simple 
toroid in a steady-state, current-free configuration. 
The device has a large aspect ratio (R/a > 10), 
with a toroidally connected set of simple mirrors. 
The periodic radial gradient in the magnetic field 
imparts an azimuthal or circular drift to the 
charged particles and thereby creates the azimuthal 
mixing for compensation of the vertical drift 
inherent to a toroid; thus, EBT confines single par-
ticles. In each simple mirror, a high beta, relativis-
t s electron ring is driven by high frequency rf 
fields. While a simple bumpy torus would be sus-
ceptible to MHD instability in the field bumps, the 
EBT is stabilized by the changes in magnetic field 
that are produced by the high beta, relativistic elec-
tron rings. A schematic diagram of the EBT-Scale 
(EBT-S) device (Fig. 22) illustrates the relation-
ships between the toroidal plasma, the hot electron 
rings, and the toroidal field magnets. 

While the national magnetic fusion program is 
currently emphasizing the development of tokamak 
and mirror concepts, the EBT is receiving increas-
ing attention because of its steady-state operation 
(an important reactor consideration), modular 
design, high accessibility, and potential for high 
beta. The technology and power requirements asso-
ciated with its heating and magnets are no more 

demanding than those of tokamaks and mirrors and 
will require " '.tie incremental development. 

The national EBT program, which is coordi-
nated by ORNL, is structured to develop a 
sequence of devices, each of which defines issues 
and provides important scaling and technology 
information for the next-generation design. This 
sequence is shown in Fig. 23, which also lists the 
performance parameters of each device. Ihe first 
EBT device, EBT-I, established that hot electron 
rings could be effectively formed in a torus by elec-
tron cyclotron resonance heating (ECRH) and that 
the rings stabilize the toroidal plasma. The scaled 
version of EBT-I, EBT-S, used increased magnetic 
field levels and higher microwave power (at 
28 GHz) to confirm that electron confinement is 
consistent with neoclassical scaling and that ion 
cyclotron resonance heating (ICRH) is effective in 
the EBT configuration. The next device, the EBT 
Proof-of-Principle (EBT-P) experiment, represents a 
significant scaleup from EBT-S and will address ihe 
critical issues of ring scaling, confinement, and 
attainable core beta. The EBT-Q is expected to be 
a deuterium-deuterium (D-D) device, wUh an 
energy enhancement factor of Q — 1 if operated 
in a deuterium-tritium (L>-T) burning mode. The 
EBT-R is planned to be a reactor-grade D-T burn-
ing facility with Q » 1. 

Fig. 22. Schematic diagram of a section of EBT. 
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EBT-I EBT-S EBT-P EBT-Q EBT-R 

Bres <T> 0.64 1.0 2.1 %4.0 1,4.0 

R <m) 1.5 1.5 4.5 1.17.0 1-30.0 
a (m) 0.10 0.09 0.18 1-0.55 i-l.O 

"coils 24 24 36 36 >24 
n (cm-3) 5 x 10 u - 1.5 x 1012 5 x 1011 - 2.5 x 1012 1.5 x 1013 8 x 1013 i-l.O x lO1* 
Te (keV) 0.2-0.5 0.2-1.0 5 15 1,15 
T1 (keV) 0.02-0.05 0.02-0.05 2.5 10 1,15 

8 (X) 0.2 0.4 5 15 1,25 

te (ms) 3-6 3-6 60 1250 5000 
nt (cn"3/s) 1,5 x 109 -HO10 1012 1 x 101* 2 x lO1* 

Fig. 23. Timetable for EBT development and list of characteristic device parameters. 

Currently the EBT-S device is operating in the 
Fusion Energy Division's facility at the Y-12 Plant. 
The EBT-P device is to be constructed in the Oak 
Ridge Valley Industrial Park, about 2 km from the 
Y-12 Plant. McDonnell Douglas Astronautics 
Company (MDAC) has been selected to be the 
industrial participant in the EBT-P project. As 
ORNL's subcontractor, MDAC is responsible for 
the design, construction, and checkout of EBT-P. 
ORNL will manage the experimental phase of 
EBT-P in collaboration with MDAC. 

EBT-S 

The EBT-S device, shown in Fig. 24, consists 
of 24 water-cooled copper toroidal magnets and 24 
aluminum vacuum chambers linking them. The 
magnets are operated continuously with motor-
generator sets at power levels up to 12 MW. The 
10.6-GHz (30-kW), 18-GHz (60-kW), and 28-GHz 

(200-kW) ECRH systems used to create tbe rings 
and core plasma are also steady-state, and the de-
vice is routinely operated for pulses of several hours 
at a time. Additional heating for the ions is pro-
vided by steady-state ICRH at powers up to 20 kW 
and at pulsed powers, for —5 ms, up to 100 kW. 
The frequencies are in the range of 5-30 MHz, 
though for propagation studies frequencies up to 
50 MHz are applied. 

Diagnostics 
The plasma diagnostics on EBT are essentially 

the same as those currently used on tokamaks for 
measuring density, temperature, impurities, etc., 
with one notable addition—a heavy ion beam probe 
built and operated by staff from RPI is used to 
determine the local plasma potential. The steady-
state nature of the plasma is ideal for making 
plasma measurements, although considerable 
development work was required to adapt some of 
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Fig. 24. The EBT-S device. 

the tokamak diagnostics to the hostile microwave 
environment and the relatively low densities 
(1012 cm"3) of EBT. 

Modes of Operation 
Three distinct modes of operation are observed: 

the (cold) C-mode, the (toroidal) T-mode, and the 
(mirror) M-mode. The C-mode is characterized by 
a relatively high electron density, a low core elec-
tron temperature, and no appreciable hot electron 
ring formation (i.e., little stored energy). The T-
mode is characterized by the existence of high beta, 
relativistic (hot) electron rings; an electrostatic 
potential well within the core; and improved con-
finement manifested by higher core temperatures 
(>100 eV) at moderate densities. The M-mode is 
characterized by a very tenuous and unstable 
plasma, and steady-state operation in this mode is 
not possible. 

The neutral pressures at which the rings form 
and the pressures at which the transitions from C-
to T-mode (C-T) and from T- to M-mode (T-M) 
occur all vary as the square root of the microwave 
power. Thus, the operating window increases with 
power level, as shown in Fig. 25. Most experimen-
tal effort is focused on understanding plasma 
confinement in the stable T-mode and on 
understanding the limits on this mode—that is, the 
physics associated with the C-T and T-M transi-
tions. 

During 1981 advances were made in under-
standing the relativistic ring behavior, in increasing 
the core plasma parameters, in understanding tran-
sport properties, and in demonstrating ICRH. 

Ring Plasma Physics 
A critical ring beta of a few percent is required 

to stabilize the core plasma (that is, to permit the 
C-T transition to take place). This critical ring 
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Fig. 25. EBT-S mode transitions. 

beta is constant within a factor of 2 for large varia-
tions in microwave power and density, as shown in 
Fig. 26. The spectral shape and intensity are con-
sistent with the predictions of simple models. 

Experimental estimates based on ring buildup 
times and calculations of ring power loss are shown 
in Fig. 27. The measurements are greater than the 
calculated values but are within a factor of 
about 4, which is within the uncertainties of the 
model and of the measurements. 

It was noted that the electron temperatures in 
all ECRH plasmas with single frequency heating 
could be related to the magnetic field strength and 
scale length and that, in particular, the ratio of the 
electron Larmor radius p to the magnetic field scale 
length L was in the range p/L = 0.05-0.06 (as 
shown in Fig. 42). 

8 10 12 14 16 48 20 
P (xlO"6 torr) 

I 10 
« 

cc 
UJ 
CL 

CE 
UJ S o 
CL 

MEASURED ' 
RING POWER 

CALCULATED X j \[ 
RING POWER X IT k 

K \ 

K 
0.1 

2 4 6 8 10 12 
NEUTRAL PRESSURE ( 1 0 - 6 torr) 

14 

Fig. 27. Experimental estimates and calculated 
values of ring power losses. 

Core Plasma Physics 
The core electron temperature increases with 

increasing power at constant pressure, as shown in 
Fig. 28. An electrostatic well is observed to form 
abruptly at the C-T transition. This potential is 
measured with a heavy ion beam probe. In the T-
mode, the potential is positive with respect to the 
walls near the rings and negative at the center of 
the plasma. The magnitude of the potential well 
depth is observed to vary with the electron tempera-
ture as e<t> ~ 0.67V. The empirical observation 
that e<t>/Te is constant permits the derivation of a 
simplified expression for the neoclassical relation 
between the microwave power and electron density 
and temperature: PH — n T h i s propor-
tionality is observed experimentally, as shown in 
Fig. 29, and suggests that neoclassical scaling is 
followed. Diffusion coefficients have been derived 
experimentally and theoretically; they agree within 
a factor of 2 under a variety of conditions. 

Fig. 26. Critical ring beta values for C-T transition. 
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Fig. 28. The increase of electron temperature with 
increasing microwave power in EBT. 

l-'ig. 29. The relationship between the microwave 
power and the electron temperature and density, 
P„ or. n2/Ty\ at the T - M transition. 

Ion Cyclotron Heating 
Fast wave ion cyclotron heating (ICH) experi-

ments were carried out on EBT-S at power levels 
up to 20 kW steady state and 100 kW pulsed in 
the frequency range of 15-50 MHz. The experi-
ments were performed in pure hydrogen and in 
majority deuterium plasmas under a wide range of 
plasma conditions. An all-metal Faraday-shielded 
single loop antenna, shown in Fig. 30, was used. 

Wave propagation around the torus was 
observed to begin above 25 MHz in deuterium 
plasmas as predicted by simple models. Substantial 
ion heating was observed, as shown in Fig. 31. 
When propagation occurred the heating was 
observed in several cavities away from the antenna. 
The ion heating is much greater than predicted by 
present theory. 

Fig. 30. I C H antenna on EBT-S. 
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Fig. 31. The energetic tail of the ion distribution 
function increases with increases in the applied 1CH 
power. 

Future Plans 
An additional 28-GHz, 200-kW gyrotron sys-

tem will be added to raise the ECH power to 
400 kW in 1983. The ICH power will be raised to 
100 kW steady state in 1982 with the installation 
of a new antenna built for high power applications. 
Diagnostic capabilities will be increased to improve 
accuracy and to make fluctuation measurements. 

Theoretically the plasma confinement increases 
with the aspect ratio of the bumpy magnetic field. 
Various coil configurations have been proposed to 
enhance this aspect ratio while maintaining the 
same plasma major radius. These are known as 
aspect ratio enhancement (ARE) or symmetrizing 
(SYM) coils. Tests will be undertaken on EBT-S 
in 1984. 

EBT-P 

The EBT Proof-of-Principle (EBT-P) experi-
ment represents a significant scaleup from EBT-S 
and will address the critical issues of ring scaling, 
confinement, and attainable core beta. It will pro-
vide the supporting information for EBT-Q, which 
is expected to be a D-D device with a plasma 
energy enhancement factor of Q ~ 1 if operated 
in a D-T burning mode. The parameters of these 
devices are listed in Fig. 23. The main physics 
issues for EBT-P are 

• ELMO ring scaling: power balance, produc-
tion, and control stability and the effect on 
these properties of coupling between the ring 
and toroidal core plasmas; 

• transport scaling: dependence of plasma and 
impurity transport on magnetic field strength 
(fl), ion and electron temperatures ( T h Te), 
plasma density («), ambipolar potential (<f>), 
aspect ratio (a), etc.; and 

• beta limits on the core plasma: dependence of 
maximum stable core beta on operating param-
eters of the ring and core plasmas. 

The EBT-P reference design, shown in Fig. 32, was 
developed by the community of EBT advocates as 
an optimal approach to addressing these issues. In 
the process of optimizing the design it was found 
that steady-state operation did not result in a sub-
stantial cost increment; thus it was possible to pro-
vide a unique fusion research facility for advancing 
the physics and technology of steady-state systems. 
It was judged that a reasonable advance, compati-
ble with existing microwave source and magnet 
technology, was to go from a 28-GHz to a 60-GHz 
system. (The development of the 28- and 60-GHz 
gyrotrons is discussed in Sect. 4, Fusion Technol-
ogy.) In order to obtain adequate confinement, as 
scaled from EBT-S, so that the nominal plasma 
parameters could be obtained at modest power lev-
els, the device aspect ratio was increased over that 
of EBT-S and 36 coils and cavities will be used. To 
achieve the magnetic fields required for ECRH 
while maintaining a good magnetic field geometry, 
high current density, 5-T coils with small field 
errors are required. Superconducting NbTi coils 
were chosen for this duty, and in fact the magnets 
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Fig. 32. T h e E B T - P re fe rence design. 

have been designed for a peak field of 7.4 T, which 
will allow an upgrade to 90-GHz heating. Perfor-
mance characteristics expected of EBT-P are shown 
in Fig. 33. The initial microwave heating system 
will have 800 kW at 60 GHz and 400 kW at 
28 GHz. Power supplies for ICRH at the 1-MW 
level will also be installed initially. An additional 
400 kW of 60-GHz heating will be added early in 
the program in order to produce toroidal plasmas 
with significant beta values. 

In 1981, the preliminary design for EBT-P was 
completed by MDAC, and reviews were held of all 
the key device elements. The site in the Oak Ridge 
Valley Industrial Park was purchased by MDAC. 
Two prototype superconducting coils were built at 
ORNL and operated successfully at 7.4 T. In the 
gyrotron development program, which is managed 
by ORNL, both Varian Associates and Hughes 
Aircraft Company successfully operated pulsed 
60-GHz gyrotron sources at the —200-kW level. 
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Fig. 33. Progress in E B T devices, including projec-
tions for EBT-P. 
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PLASMA THEORY 
Theoretical analysis plays a central role in the 

development of a fusion reactor system. Theory 
develops models that predict plasma performance 
parameters («, T, r, j8, (?) as a function of 
device geometry, heating technology and power 
level, fueling scenarios, impurity concentrations and 
fluxes, and energy and particle losses. Theory pro-
vides stability estimates for various plasma states 
and a detailed description of kinetic processes in the 
plasma so that physical and technological difficul-
ties may be circumvented. The design of a techni-
cally viable fusion reactor remains the ultimate goal 
of this work, and it relies on a strong collaboration 
between the theoretical and experimental programs 
at ORNL and with the advanced systems studies 
efforts of the Fusion Engineering Design Center 
(FEDC). These interactions are shown schemati-
cally in Fig. 34. 

Significant progress has been made during 
1981 in all areas of the theoretical 
effort—tokamaks, stellarators, ELMO Bumpy Tori 

(EBTs), advanced systems analysis, and a key con-
tributory activity, computing support. Major con-
tributions in all of these activities have been made 
by Union Carbide Corporation Nuclear Division 
(UCC-ND) Computer Sciences staff. 

TOKAMAK THEORY 
Magnet ohydrodynamics 
In magnetohydrodynamics (MHD) theory the 

plasma is treated as a moving conducting fluid con-
tained by a magnetic field. Because this description 
of the plasma is somewhat simplified, it may be 
used to describe complex magnetic geometries in 
the study of equilibrium and stability. During 1981 
a significant contribution was made in a study of 
low mode number (m,n = I, 2, 3, ...) resistive 
modes in the Impurity Study Experiment (ISX-B). 
A comparison of the predictions of a three-
dimensional (3-D) nonlinear code with experimental 
results is given in Fig. 35. The correlations 

Fig. 34. The central part played by theoretical analysis in the progression toward 
a viable fusion reactor concept. 
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Fig. 35. A comparison of theoretically predicted soft x-ray signals with experimental data from ISX-B. 

observed here between the theoretically predicted 
behavior and that observed experimentally are par-
ticularly striking. However, as seen in Fig. 12, the 
presence of these modes in ISX-B is not required 
for the transport to be anomalously high. This sug-
gests that anomalous transport arises from other 
mechanisms; for example, higher mode numbers 
than are presently observable. Alternatively, there 
could be a trade-off between added transport from 
low m and n modes and reduced transport from 
high m and n modes. The answer to this question 
awaits improved resolution in the measurements 
and the code calculations. 

Transport Simulation 

Increasingly sophisticated models have been 
developed, incorporating progressively more 
accurate treatments of alpha particle heating and 
neutral beams. One-and-one-half-dimensional 
(1 Vz-D) codes begun in 1972 were used to interpret 
ISX-A and ISX-B data and at present represent the 
state of the art in transport modeling. They were 

used to estimate plasma effects resulting from pellet 
fueling. At the core of these studies are present-
generation tokamak studies and applications to 
advanced tokamak concepts, including ignition and 
reactor devices. Application to present tokamaks 
yields physical understanding of loss processes such 
as that shown in Fig. 36. 

Impurity Studies 

Principal studies of plasma-wall interactions 
deal with the transport of the impurities resulting 
from the impingement of high energy particles on 
the wall. A new code calculates directly the 
sputtering caused by the particles. The resulting 
impurities affect the rate of heat loss from the 
plasma, but neoclassical studies have shown that no 
reasonable value of Zeff accounts for the demon-
strated heat loss. Present studies deal with lowering 
the impurity level to Ztff = 1 and with study-
ing impurity profiles consistent with low Zeff plas-
mas. These are being calculated by coupling the 
impurity codes with the transport codes; an example 
is shown in Fig. 37. 

24 



Fundamental Processes 

ltm») 
Fig. 36. Transport modeling of the density clamp in 

ISX-B. (a) Increase in line-averaged density ne for an 
ohmic discharge is stopped by neutral beam injection, 
indicating a sudden loss of particle confinement because 
of injection. Only part of the loss is due to decreased 
recyling; magnetic confinement must also decrease, 
(b) The average recycle coefficient Rw and wall pumping 
rate p (the rate of deposition of particles in the wall 
versus the total recycle rate) increases because of neutral 
beam injection. Injection heats the ions, and this hardens 
the neutral charge exchange flux incident on the wall. 
The more energetic neutrals are less likely to be reflected 
and are deposited more deeply in the wall. These effects 
increase p and decrease Rw for a plasma heated by 
injection rather than by ohmic heating. 

Plasma Systems Analysis 
The plasma systems analysis effort develops, 

maintains, and documents a very complete transport 
code for a burning plasma. This code incorporates 
a two-dimensional (2-D) equilibrium code, pellet 
fueling, and divertor models. During 1981 the code 
was applied to the Fusion Engineering Device 
(FED) baseline design. An important result, show-
ing a favorable operating regime in <n> and <T> 
space with neutral injection heating, is shown in 
Fig. 38. 

EXPERIMENT 

0 SO 100 <50 200 250 • 50 100 < 50 200 250 
TIME ( m i ) TIME (ma) 

SIMULATION 

Fig. 37. Studies of impurity transport in ISX-B have 
been made in conjunction with experiments. There has 
been some success in modeling the time evolution of 
impurity radiation from the experiment. 

Fig. 38. Contours of steady-state supplementary 
neutral deuterium beam power at ISO keV, total fusion 
power output, and total average toroidal beta for the 
FED baseline design. The supplementary power contours 
show increased heating requirements at low T and 
high n due to decreased beam penetration. A t high T 
and low n, increased power requirements are due to 
toroidal field ripple conduction losses. The optimum path 
to ignition follows the valley from low T and low n to 
high T and high n. 
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STELLARATOR THEORY 

Studies of stellarator/torsatron geometry plas-
mas represent a new direction for ORNL theory, 
but the course of tokamak research had already 
occasioned the exploration of nonaxisymmetric 
toroids, so many models and codes were easily 
modified and readily applied. Rapid and notable 
contributions have been made in the areas of mag-
netic field design, particle orbit analysis, and equili-
brium and stability in the MHD model. 

Figure 39 shows filament coils and magnetic 
surfaces for a new modular torsatron configuration 
developed at ORNL. Novel features include the 
small number of identical coils required and their 
identical orientation in the torus, both of which are 
advantageous for practical construction. The 
configuration provides good magnetic surfaces, and 
particle drift properties are now under analysis. 

Fig. 39. (a) Filament coils and (b) resulting mag-
netic surfaces for a 10-coil modular torsatron of the 
O R N L type. Each loop of the system represents a highly 
nonplanar coil; these are augmented by two vertical field 
coils that also partially cancel the effects of the "wind-
backs" of the modular coils. 

Fig. 40. Sample (a) confined and (b ) rapidly lost 
orbits in a poloidal plane for the modular torsatron of 
Fig. 39. 

Figure 40 represents the single-particle confine-
ment of a partially Optimized" modular torsatron, 
illustrating that a very high confinement fraction 
can be obtained. 

The resistive MHD codes of Carreras et al. 
(developed at ORNL) have been used to analyze 
stability using the method of averaging and stellara-
tor expansion. Analyses so far have been for hybrid 
tokamak/stellarator configurations with significant 
longitudinal current. 

An energy minimizing code initially developed 
by Chodura and SchlUter of the Max-Planck Insti-
tut fiir Plasmaphysik has been adapted for use in 
studying equilibrium beta limits for prospective 
designs of the ATF device. This provides (at lim-
ited resolution) a fully 3-D nonsymmetric equili-
brium. 
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EBT THEORY 
Progress has been made in all areas of EBT 

theory during 1981, notably in improved analysis of 
the stability of the relativistic electron rings, in 
establishing scaling laws for the rings, and in 
development of symmetrizing (SYM) coils, which 
are important for advanced EBT systems. 

Ring-Plasma Stability 
Macroscopic stability calculations have sug-

gested a symbiotic relationship between the local 
core plasma and the hot electron ring plasma: the 
hot electron rings produce a toroidal minimum in 
the magnetic field required to stabilize the toroidal 
core plasma, while the core plasma provides the 
cooler group of electrons necessary to stabilize the 
hot electron rings. Present stability theory 
emphasizes both the role played by the cooler elec-
trons and the high precessional frequencies of the 
hot electron rings—comparable to the ion cyclotron 
frequency. Initial MHD calculations for ballooning 
modes are being supplemented by kinetic calcula-
tions to project limitations on toroidal core beta, 
including nonlocal effects, as shown in Fig. 41. 
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Fig. 41. A radially dependent model for EBT stabil-
i: ' <s been solved numerically using shooting methods, 

jwn by the agreement between the model (closed 
circles) and a more approximate localized dispersion rela-
tion (solid line). Azimuthal mode = 2. 

Ring Scaling 
The principal loss mechanisms for the hot elec-

tron rings in EBT—collisional drag and synchrotron 
radiation—have been identified and a partial set of 
scaling laws has been developed. The areas of 
uncertainty have been identified and found to be 
dependent on coupling between the hot electron 
rings, the toroidal core plasma, and the microwave 
fields associated with electron cyclotron heating 
(ECH). Several partial kinetic treatments of this 
coupling have been formulated and some encourag-
ing initial results have been obtained, such as the 
dependence of the ring temperature on microwave 
frequency shown in Fig. 42. 
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Fig. 42. Scaling laws for E B T hot electron annuli, 
showing dependence of ring temperature on microwave 
frequency. The wide variety of conditions in these experi-
ments suggests that something very basic—particle 
orbits is responsible. The data from all the experiments 
meet the requirement that p/L — const, where p is 
the electron Larmor radius and L is the magnetic scale 
length. 

27 



Advanced Systems Studies 
The advanced systems studies activity investi-

gates EBT reactor systems. Two working codes 
have been developed: one to study various EBT 
magnetic configurations and another to study the 
ring power balance. An overall reactor modeling 
code is being generated. An advance in magnetics 
was the invention of SYM coils, which improve the 
EBT magnetic geometry. An example of their use 
in a reference reactor is shown in Fig. 43. 

ORNL-DWG 80-3400 FED 

COMPUTING 

The computing support activity operates the 
Oak Ridge node, known as the ORNL Fusion 
Energy Division User Service Center (USC), of the 
National Magnetic Fusion Energy Computing Net-
work (NMFECN). In addition, the group provides 
the interactive and real-time analysis computing 
facilities needed to augment the bulk capabilities of 
the USC and provides the data acquisition capabil-
ity required by the experiments. The USC com-
puter network configuration is shown in Fig. 44. 

In the near term, increased disk storage capa-
bility will be added, as will a high speed magnetic 
tape facility to be used for improving the backup 
copy capability for preserving the integrity of user 
and system files. In the longer term (2-4 years), it 
will be appropriate to seek added user service capa-
bility by replacing or augmenting the central pro-
cessors and memory. 

Fig. 44. USC computer network configuration. 

Fig. 43. Comparison of aspect ratio enhancement 
( A R E ) coils and S Y M coils. S Y M coils serve the same 
purpose as the earlier A R E coils but are easier to assem-
ble and maintain, are more accessible, and have less 
stringent material and current requirements. 
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ATOMIC PHYSICS 

The Atomic Physics Program is undertaken by 
the Physics Division of ORNL. Its activities are 
threefold: (1) the measurement and calculation of 
basic atomic processes relevant to fusion, (2) the 
compilation of data for such processes, and (3) the 
development of diagnostics for fusion experiments. 

ATOMIC PROCESSES 

These studies are primarily concerned with the 
atomic processes that are involved in the heating, 
cooling, and diagnostics of plasmas. 
Impurities—unwanted atoms of other heavier 
elements—are often found in a hydrogen plasma. 
Impurity ions are of current interest because their 
radiations represent both a power loss from the 
plasma and a rich source of diagnostic information. 
Further, the atomic collisions controlling the radia-
tion are not well understood. In this program, 
beams of multiply ionized impurity atoms are made 
to interact with beams of electrons, beams of neu-
tral atoms, or gaseous targets. Collision cross sec-
tions are measured for such inelastic processes as 
impact excitation, ionization, and charge exchange 
over a broad range of collision energies. A 
crossed-beams experiment for the study of 
electron-impact excitation and ionization of multi-
ply charged ions is shown in Fig. 45. This 

apparatus has been used for ionization cross section 
measurements on a number of typical impurity ions, 
including C J + , C3 + , C4 + , N3+ , N4 + , N s + , 0 3 + , 
0 4 + , 0 5 + , Al2+, and Ti3+. The measured cross 
section for Ti3+ is compared with theoretical pred-
ictions in Fig. 46. In this case, the process of exci-
tation of an inner-shell electron followed by 
auto'u nization causes the ionization cross section to 
be nearly ten times larger than the prediction for 
simple direct ionization (Lotz formula, dashed 
curve). The solid curve is a theoretical calculation 
(normalized to experiment), which takes 
excitation-autoionization into account, and the 
dash-dotted curve is the prediction, allowing for the 
finite energy spread in the experiment. 

Another significant atomic process in plasmas 
is electron capture by multiply charged ions from 
neutral hydrogen (charge exchange), which is 
important for an understanding of the plasma edge 
region and the energy deposition by injected neutral 
beams. Numerous cross sections have been mea-
sured by passing an ion beam in a given charge 
state through an atomic hydrogen gas target and 
measuring the fraction of ions whose charge has 
been reduced due to electron capture collisions. 
Results acquired with three different ion sources 
are shown in Fig. 47 for C5+ + H collisions over 
a wide range of collision energies. 

ULTRA-HIGH VACUUM CHAMBER 
( P < I O - » Torr) 

Fig. 45. Schematic of electron-ion crossed-beams experiment. 
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Fig. 46. Experimental and theoretical cross sections 
for electron-impact ionization of T i i + . 

The program incorporates theoretical studies to 
provide systematic characterization of processes 
such as excitation-autoionization (Fig. 46) and 
charge exchange (Fig. 47). Reliable theoretical 
representation of these processes is essential for pro-
viding the extensive collision database needed in 
plasma studies. 

CONTROLLED FUSION ATOMIC 
DATA CENTER 

The primary purposes of the Controlled Fusion 
Atomic Data Center are to make critical evalua-
tions of published data and to publish, in the form 
of a handbook, those atomic data of interest to 
fusion research. In addition to data compilations, 
the open and report literature on atomic physics is 
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Fig. 47. Experimental and theoretical cross sections 
for charge exchange in C 5 + + H collisions. 

searched on a current basis and brought to the 
attention of the fusion community in the form of a 
bimonthly newsletter. Because the total field of 
atomic and molecular processes is enormous, the 
center's aims are restricted so that a thorough and 
critical analysis can be done. Effort is concentrated 
on the following processes: (I) heavy particle-
heavy particle interactions, (2) particle penetration 
through matter, (3) particle interactions with sur-
faces, (4) electron interactions with particles, and 
(5) photon interactions with particles. 

Storage and manipulation of bibliographical 
data are accomplished through an on-line computer 
terminal. A yearly printout of the comprehensive, 
indexed bibliography is published and disseminated 
through the National Technical Information Service 
(NTIS). All graphs are composed using computer 
techniques, and additional computer programs to 
convert collision cross sections to plasma reaction 
rates are in use. During 1981, a critical compila-
tion of theoretical electron-impact excitation cross 
sections for about 800 transitions in iron ions has 
been completed. For oxygen ions, a compilation 
covering electron-impact excitation and electron 
capture from hydrogen is in progress as a joint 
endeavor with the data center at the Nagoya 
University Institute for Plasma Physics, Nagoya, 
Japan. 
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PLASMA DIAGNOSTICS 
DEVELOPMENT 

The research in plasma diagnostics is focused 
on the development of far-infrared (FIR) lasers 
near 0.4-mm wavelength for the measurement of 
such plasma parameters as electron density, current, 
ion temperature, and plasma fluctuations. A princi-
pal objective during 1981 was the development of a 
system for measuring the rotation of the laser 
polarization vector by the poloidal magnetic field of 
a tokamak plasma due to the Faraday effect. Only 
the magnetic field component parallel to the light 
propagation direction interacts with the polariza-
tion, producing the rotation. Thus, the magnitude 
of the Faraday rotation (0p) for a given vertical 
chord through the plasma depends only on the 
poloidal component of the magnetic field, which 
changes in time as the plasma current density 
changes. To determine the plasma magnetic field, 
the electron density <n t> along this chord must be 
simultaneously measured. A single channel of the 
multichannel interferometer-polarimeter system 
used on ISX-B is shown in Fig. 48. Recent 
development has concentrated on measuring the 
Faraday rotation with the same interferometer laser 
beam and on extending the technique to a working, 
multichannel, diagnostic system. The results u an 
initial single-channel measurement on ISX-B using 
a heterodyne detection system are shown in Fig. 49. 
The reference interferometer laser beam is used as 
a local oscillator for a superheterodyne receiver sys-
tem. The temporal variations of the Faraday rota-
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Fig. 49. S i m u l t a n e o u s s ing le -channe l h e t e r o d y n e 
m e a s u r e m e n t s of F a r a d a y ro ta t ion <j>p, e lec t ron dens i ty 
< / ! ( .> , and p lasma cu r ren t l p on I S X - B . 

tion (Bp), the electron density (<ne>), and the 
plasma current (/p) are shown. Work on expanding 
the system to five channels is in progress. 

In addition, the diagnostics development 
activity has produced a number of neutral particle 
analyzers. A current device for measuring low 
energy neutral hydrogen flux at the tokamak walls 
consists of a cesium vapor charge exchange cell in 
which a fraction of the neutrals are converted to 
negative ions, which are then energy dispersed by a 
4-channel electrostatic analyzer. Absolute fluxes in 
the 35- to 700-eV range have been measured on 
ISX-B, and the instrument will be recalibrated 
using a laser beam to produce a known neutral flux 
by photodetachment of H~. 
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PLASMA-MATERIALS INTERACTIONS 
The Plasma-Materials Interactions Program is 

undertaken by staff from the Metals and Ceramics 
and Solid State divisions of ORNL, working in col-
laboration with Fusion Energy Division staff. The 
program contributes to the understanding of 
interactions of the plasma with exposed surfaces in 
the vacuum chamber and to the development of 
approaches that minimize the adverse consequences 
of these interactions. Plasma-materials interactions 
include the recycling of hydrogen isotopes from 
walls and limiters, which is important for fueling 
and for tritium management in a reactor, and the 
erosion of exposed surfaces by sputtering and other 
processes, which can have deleterious effects on the 
performance of component materials and on the 
plasma itself through the introduction of impurities. 
Progress was made in 1981 toward the understand-
ing of hydrogen recycling and impurity introduction 
mechanisms in ISX-B and EBT-S. The highlights 
of this progress are summarized. 

HYDROGEN RECYCLING IN ISX-B 

Recycling of hydrogen isotopes has been stu-
died for nongettered ohmic discharges in ISX-B 
using optical spectroscopy and surface probe 
analysis. The results of puffing hydrogen into a 
deuterium discharge are shown in Fig. SO. The 
hydrogen signal rises rapidly to a level consistent 
with the ratio of H:D gas input and then remains 
constant for the remainder of the discharge. This is 
consistent with a recycling time of <20 ins and a 
recycling coefficient of >0.95 for the minority iso-

tope. The results suggest a thermally activated ( 
recycling mechanism controlled by diffusion and i 
surface recombination with molecular release. 

MATERIALS STUDIES 

Special coated materials for limiters have been 
tested in ISX-B. A vacuum transfer mechanism for 
moving the outer limiter in and out of ISX was 
constructed, and mushroom limiters consisting of 
low Z coatings (TiC, TiB2, B4C) on graphite sub-
strates were tested. The limiters were constructed 
by Sandia Laboratories, Albuquerque, New Mexico; 
the program is carried out in collaboration with 
Sandia. These coatings were selected for their 
adhesion properties and relatively low Z. The TiC 
coating proved to be the most useful and has been 
extensively tested for ohmically heated and 
neutral-beam-heated (up to 2.4-MW) discharges. 
At high power levels, the coating develops a net-
work of cracks that expose some of the underlying 
graphite. This does not seem to affect machine 
operation. Arcing and thermal shock appear to be 
the major contributors to the coating damage. The 
TiC limiter is preferred to stainless steel on ISX 
because of its higher melting temperature. Surface 
temperatures of 2000-3000 K have been observed 
on ISX-B limiters at the end of beam-heated 
discharges. A TiC-coated outer limiter that was 
extensively tested in ISX-B is shown in Fig. 51. 
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Fig. 50. Relative Hp and Dp spectral intensities for 
three successive D2 discharges in ISX-B with a short puff 
of H2 at 80 ms. 
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ELECTRON 
SIDE 

ION 
SIDE 

Fig. SI. TiC-coated graphite limiter after exposure 
lo 4000 discharges (1500 with neutral beam injection) in 
ISX-B. Most of the coating damage occurred during the 
initial phase of beam-heated operation. 

LASER-INDUCED FLUORESCENCE 
STUDIES 

A significant effort has gone into the develop-
ment of laser fluorescence spectroscopy as a plasma 
edge and near-surface diagnostic in fusion devices. 
The laser fluorescence technique offers advantages 
in neutral particle detection, space and time resolu-
tion, and velocity sensitivity. Laser fluorescence 
measurements have been undertaken in collabora-
tion with General Atomic Company; Kern-
forschungsanlage (KFA) Jliltch, Federal Republic 
of Germany; and Argonne National Laboratory 
(ANL). Preliminary laser fluorescence measure-
ments on ISX-B have demonstrated a detection sen-
sitivity of -~106 atoms/era3 for neutral iron with a 
velocity resolution of 600 m/s (0.1 eV for iron). 

Recently, the density and velocity distributions 
of neutral aluminum rele ased from the vacuum wall 

in the EBT-Scale (EBT-S) have been measured 
using laser-induced fluorescence. This research, 
undertaken in collaboration with KFA Jiilich and 
the Ruhr-Universitat Bochum, Federal Republic of 
Germany, clearly establishes sputtering as the dom-
inant erosion mechanism at the outer wall of the 
EBT-S dcvice. Neutral aluminum densities of 
1-20 X 107 cm - 3 were determined for various 
plasma conditions and distances from the wall. The 
measured velocity profile, shown in Fig. 52, can be 
fitted by a typical distribution for sputtered atoms 
with a mean energy of 1.6 eV. Measurements fol-
lowing the addition of argon to the plasma suggest 
that hydrogen sputtering is the source of the alumi-
num. 
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Fig. 52. Velocity distribution for neutral aluminum atoms perpendicular to 
and 5 cm from an outer cavity wall in EBT-S. Atoms moving away from the wall 
show a negative velocity shift. 

EXPERIMENTS USING SURFACE 
PROBES 

Ion scattering analysis of deposition probes has 
been used to provide quantitative information on 
deuterium fluxes and energies and impurity fluxes 
in the boundary layer plasma of ISX-B. Auger 
analysis of surface probes has been used to charac-
terize surfaces in 1SX and EBT. Recent progress 
has included measurements of erosion/deposition 
rates in EBT, development of a pinhole "camera" 
for determining neutral particle distributions, and 
measurements of the effects of gas puffing, neutral 
beam heating, and limiter materials on impurity 
levels in ISX. 

FUTURE PLANS 
A major emphasis in 1982 will be collaborative 

measurements of impurity behavior and edge 
characteristics in the TEXTOR tokamak at KFA 
JUIich. The long pulse (3- to 5-s) capability of 
TEXTOR will allow significant new experiments on 
impurity accumulation and erosion. Laser-induced 
fluorescence studies will be continued with the 
installation of a pulsed dye laser on ISX-B for den-
sity and velocity measurements of iron, titanium, 
and Ha. Materials studies will be expanded to 
include significant participation in pumped limiter 
experiments. Recycling studies and surface probe 
experiments will continue. 
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4 TECHNOLOGY 

At ORNL there is a broad-based development 
and technology program that supports experiments 
at ORNL and at other laboratories and develops 
technologies that will be needed in the longer term. 
In addition to the studies of plasma-materials 
interactions described in Sect. 3, there are studies 
of neutron radiation effects on candidate first wall, 
blanket, shield, and superconducting coil materials. 
The design of advanced systems is supported by 
neutronics calcuations and measurements. The 
development of superconducting magnets and of 
heating and fueling systems is a major part of the 
program. This program involves wide collaboration 
within ORNL and with industry, both nationally 
and internationally. 

RADIATION MATERIALS TESTING 

INTRODUCTION 
The materials program, undertaken in the 

Metals and Ceramics, Solid State, Engineering 
Technology, Engineering Physics, and Chemistry 
divisions at ORNL, is concerned with problems 
specific to fusion reactors arising in the blanket, 
shield, and magnet regions. The root cause of these 
problems is the interaction of penetrating 14-MeV 
neutrons with the materials of construction. The 
two types of basic phenomena that occur in metallic 
materials are the production of atomic displace-
ments (correlated in terms of displacements per 
atom or dpa) and the production of high concentra-
tions of helium and hydrogen within the lattice. As 
Table 1 shows, the levels of dpa and gas production 
rates vary in different candidate alloys, but, in all 
cases, the ratio of helium production to dpa is much 
higher than in core components of fast breeder 
reactors, for which extensive irradiation studies 
have been completed. Commercial fusion reactors 
are expected to operate for at least 20 
megawattyear/m2 (MW-y/m2) (e.g., 5 years with 
a 14-MeV neutron flux of 4 MW/m2), so that 
end-of-life damage levels are at least 20 times 
higher than those shown in Table 1. The major 
detrimental effects of high displacement levels and 

Table 1. Radiation damage In alloys typical 
of the alloy systems proposed for fusion 

first wall applications 

Per megawatt-year/m2 

Metal or alloy dpa at. ppm H at. ppm He 

Aluminum 14 296 316 
Ti-6 Al-4 V 16 175 142 
Ferrilic steel 

(Sandvik HT-9) 11 450 110 
Austenitic stainless 

steel (316) 11 532 147 
Nickel-base altoy 

(Nimonic PE-16) 12 780 240 
V-15 Cr-5 Ti 11 245 47 
Niobium 7 105 29 

hydrogen and helium contents in alloys are swelling 
and loss of strength and ductility. Good estimates 
of these effects are an essential prerequisite to the 
design of commercial reactors. It is also important 
to develop new alloys for fusion applications. 

FISSION REACTOR TESTING 

Since there are no high fluence 14-MeV neu-
tron sources available, various techniques are used 
to simulate specific aspects of the fusion reactor 
environment. These include energetic ion irradia-
tions, exposure in small volume 14-MeV neutron 
sources, and the use of fission reactors. At ORNL, 
emphasis is placed on the mixed spectrum fission 
reactors, the Oak Ridge Research Reactor (ORR) 
and the High Flux Isotope Reactor (HFIR), in 
which helium is produced in alloys containing nickel 
by a two-step thermal neutron reaction while 
atomic displacements are simultaneously produced 
by fast neutrons. A comparison of damage parame-
ters for type 316 stainless steel is shown in Table 2. 

In the HFIR, high levels of displacement dam-
age are achieved very quickly (as a crude guide, 
changes in mechanical properties become important 
at the 10-dpa level and gross swelling begins at 
20-30 dpa), and very high levels of helium are pro-
duced. Although the He/dpa level is higher for 
type 316 stainless steel in HFIR than in a fusion 
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Tabic 2, Damage parameters for type 316 
stainless steel Irradiations 

Facility 
Flux, >0.1 MeV 

( n / c m 2 , s ) 

Damage produced1 

dpa He 
(number /y ) ( p p m / y ) 

a 

H 
(ppm/y ) 

Fusion reactor wall6 2.7 X I 0 1 4 10 202 535 

H F I R - P T P position 1.5 X 101 5 35 1900c 440 

O R R E-7 position 2.0 X 101 4 4.2 55rf 53 

"Assumes 100% duty factor on all facilities. 
ftORNL blanket design, neutronic wall loading 1,0 M W / m 2 . 
r Helium production in HFIR is not linear with fluence. 

With spectral tailoring. 

reactor, HFIR irradiation tests are especially useful 
for studying helium effects. The correct He:dpa 
ratio occurs naturally in HFIR for alloys containing 
2% nickel. For type 316 stainless steel, which con-

tains 10-14% nickel, the correct He:dpa ratio can be 
achieved in spectrally tailored capsules in ORR 
(shown in Fig. 53). Here, the ratio of the fast-to-
thermal flux is gradually increased by removing the 

Fig. 53. The ORR (viewed from above). 
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moderator from around the capsule and by adding 
fuel. Spectrally tailored capsules also have the 
advantage of very large test volumes. Several alloy 
systems are being emphasized at ORNL. These 
include austenitic stainless steels, ferritic steels, 
vanadium alloys, and long-range-ordered (LRO) 
alloys. Recent accomplishments of the program are 
highlighted below. 

FIRST WALL MATERIALS 

• The Materials Handbook for Fusion Energy 
Systems has been prepared under subcontract 
with McDonnell Douglas Astronautics Com-
pany (MDAC) and has been made available to 
the fusion design community. The results of 
current research will be incorporated into the 
handbook on a continuing basis. 

• Major differences in swelling behavior in type 
316 stainless steel between material irradiated 
under helium-producing conditions and 
material irradiated under non-helium-
producing conditions were discovered and 
characterized. A design equation has been 
developed for incorporation into the Materials 
Handbook for Fusion Energy Systems 
(Fig. 54). 

IRRADIATION TEMPERATURE (*C) 

Fig. 54. Curves showing the temperature depen-
dence of swelling in 20% cold-worked type 316 stainless 
steel irradiated in the HFIR. 

CYCLES TO FAILURE 

Fig. 55. Strain range as a function of cycles to 
failure for 20% cold-worked type 316 stainless steel irra-
diated in HFIR at 550°C and tested at the same tem-
perature. Specimens had damage levels of 5-15 dpa and 
helium contents of 200-900 at. ppm. 

• Fatigue behavior at 550°C in HFIR-irradiated 
type 316 stainless steel was investigated and 
found not to be significantly degraded by irra-
diation (Fig. 55). 

• A 450-kg (1000-lb) heat of the prime candi-
date alloy (PCA) for fusion reactor first walls 
has been received and heat treatments 
developed to obtain a series of desirable 
microstructures. 

• A second spectrally tailored irradiation experi-
ment to obtain the fusion He:dpa value for 
stainless steels has been put into operation in 
the ORR. 

• Experimental techniques were developed to 
irradiate ferritic alloys to determine fracture 
toughness properties, and a large irradiation 
program was initiated in the HFIR. 

• Neutron irradiation data were obtained for 
LRO alloys that demonstrated low swelling 
characteristics and provided guidance for 
future modifications of this alloy class. 

• A remote electron microscope specimen 
preparation facility has been developed and 
constructed for use with highly radioactive 
specimens. 

• A remote tensile testing machine with high 
temperature and high vacuum capabilities has 
been installed for mechanical testing of 
radioactive specimens. 
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MATERIALS FOR SUPERCONDUCTING 
MAGNETS 

The allowable exposure to neutron irradiation 
for superconducting coils has a significant impact 
on the thickness of shielding required, the size of 
the coils, and machine costs. All of the components 
of a superconducting coil (the organic insulation, 
metallic stabilizer, and superconductor) are sensi-
tive to irradiation, with either the insulator or the 
stabilizer being limiting. Until now, there was no 
way of knowing which was the weakest link, but 
recent results at 4 K from the Bulk Shielding 
Reactor (BSR) on candidate insulators and on the 

increase of the resistivity of copper with periodic 
anneals to room temperature allow a comparison to 
be made (Fig. 56). Here, the neutron dose, the 
gamma ray dose to the insulator, and the reactor 
operating time are all scaled by use of the Experi-
mental Power Reactor (EPR) reference design. It 
is concluded that the shielding is inadequate in the 
EPR and that G-10 CR epoxy may be good 
enough. More data will be obtained on this 
material in the range 0.1-2 X 10® rad. 
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RADIATION TRANSPORT 

The nuclear performance of the blanket and 
shield assemblies of fusion reactors has a substan-
tial impact on the overall operation and capital 
costs of the reactors. These reactors will have a 
large number of sizable penetrations (injector ports, 
pumping ports, etc.) through the blanket and shield, 
and the combination of high energy neutrons and 
large penetrations will introduce design problems 
that can be both severe and quite different from 
those that have been encountered previously. To be 
able to make accurate calculations of neutron 
streaming effects and reactor shielding require-
ments, it is important to validate, experimentally, 
the nuclear data and transport methods that will be 
used to carry out the reactor design calculations. 
These data and methods must also be made avail-
able to those involved in nuclear design. 

NEUTRON ICS 

Experimental and complex analytic shield 
design programs have been carried out in the 
Er. jneering Physics Division of ORNL for many 
years. Calculations have been made in support of 
the Fast Flux Test Facility (FFTF), for the Clinch 
River Breeder Reactor (CRBR), for several fusion 
reactor designs, and for the Tokamak Fusion Test 
Reactor (TFTR) at Princeton Plasma Physics 

TRITIUM TARGET 

4 mgfctn2 TiT 
D-T REACTION 
YIELD • I09 n/ l ® - 14.1 MeV 

ELECTROSTATIC GENERATOR 

(250 KeV OEUTERONSI 

Laboratory (PPPL). The best method for deter-
mining the accuracy of transport calculations is 
comparison with experimental data. The transport 
of neutrons and photons through matter is described 
by the Boltzmann equation. The practical issue is 
to determine the best combination of discrete ordi-
nate and Monte Carlo solutions of the equation. 
The blanket and shield integral experiment, shown 
in Fig. 57, which has a 14-MeV neutron source, is 
used for this purpose to validate calculations. 

An experimental arrangement for streaming 
measurements is shown in Fig. 58. A comparison 
of computed and experimental neutron spectra is 
shown in Fig. 59. Streaming experiments, which 
are important because of the large ducts on fusion 
reactors, will continue in more complicated 
geometries. 

Neutron transport code calculations are used to 
design fusion materials testing experiments in the 
ORR and HFIR. A version of the MORSE code 
with toroidal geometry has been prepared and will 
be applied to analysis of the TFTR at PPPL and 
compared with experimental results. 

RSIC 
The Radiation Shielding Information Center 

(RSIC) is a multiagency-funded, information 
analysis and exchange center that provides state-
of-the-art information, including computational 
tools and a suitable cross section database, for 
fusion reactor shield design. 
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Fig. 57. The blanket and shield integral experiment. 
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SUPERCONDUCTING MAGNETS 

INTRODUCTION 

Large, high field superconducting magnet sys-
tems will be essential for the realization of economi-
cally attractive electrical power from magnetically 
confined fusion. The capabilities and requirements 
of such systems will have a profound influence on 
the design of any fusion power reactor. Therefore, 
the basic mission of the Fusion Engineering Device 
(FED) in demonstrating integration of reactor-
relevant technologies demands that the FED 
toroidal field (TF) magnets use superconducting 
coils. 

The magnets that will be needed in a tokamak 
(or a mirror) reactor will require major advances in 
superconducting magnet technology. A simple indi-
cation of the magnitude of the technology gap is 
shown in Fig. 60, where the stored magnetic 

energy, £"„ and peak field, BM, of existing and pro-
posed magnets are plotted. The largest magnet now 
in operation is on the Mirror Fusion Test Facility 
(MFTF) at Lawrence Livermore National Labora-
tory (LLNL). It has a stored energy of about 
700 MJ at 7.5 T. In contrast, magnets for ignited 
tokamak fusion reactors must have stored energies 
greater than 10,000 MJ and peak fields of 8-12 T. 
Not so simply shown is the step up in design com-
plexity from the circular bubble chamber magnets 
(nonfusion applications), which have simple force 
distributions, shapes, and conductors, to the config-
urations required in fusion reactors, which will have 
multiple coils and complex conductors with large 
asymmetric forces and may have superimposed 
pulsed fields. The special demands on TF coils for 
fusion reactors require further development to 
ensure magnet performance, reliability, economy, 
and safety. 
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Fig. 60. Schematic representation of the technology gap between supercon-
ducting coils in operation and those under conceptual design (or designed) for 
fusion applications. 
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The principal objective of the ORNL program 
is to ensure the existence of an adequate scientific 
and industrial base for the design, fabrication, test-
ing, and evaluation of superconducting coils for 
FED and for future advanced fusion reactors. Con-
currently, the magnet development program is sup-
porting the ELMO Bumpy Torus Proof-of-Principle 
(EBT-P) project and, on a modest scale, is explor-
ing advances in superconductor technology that 
promise improved reliability, lower cost, or better 
performance in future fusion magnet systems. The 
program has two activities, the Large Coil Program 
(LCP) and the Advanced Technology and Conduc-
tor Development (ATCD) activity. 

LARGE COIL PROGRAM 

The LCP was established in 1976 to accom-
plish the development of TF coils for a fusion reac-

tor; ORNL was assigned responsibility for planning, 
preparation of the Large Coil Test Facility 
(LCTF), and execution. The LCTF is shown in 
Fig. 61. It includes a stainless steel vacuum tank, 
12 m high and 11 m in diameter. Associated with 
it are a 1.1-kW helium refrigerator system; a liquid 
nitrogen system; and control, diagnostic, and data 
acquisition systems. The facility is near completion. 
Preliminary conceptual designs of a tokamak EPR 
and other superconducting tokamaks led to the cri-
teria for size and performance and the realistic test 
conditions prescribed for LCP coils. A peak field 
of 8 T was chosen for D-shaped coils with a bore of 
2.5 m X 3.5 m. The coils are required to be 
cryostable under pulsed fields of 0.14 T in 1.0 s, 
typical of transient fields expected during normal 
tokamak startup, with simulated radiation heating 
applied. 

In the LCP, six large coils are being designed 
and manufactured by industry. The parameters of 

} Ki?1^ 

Fig. 61. The L C T F during installation of test stand base. 
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the six coils are given in Table 3. These coils will 
be tested in the LCTF. In the U.S., coils are being 
produced by General Dynamics-Convair Division 
(GD), General Electric Company (GE), and West-
inghouse Electric Corporation. The LCP coil con-
cepts developed by the U.S. manufacturers are 
shown in Fig. 62. Under the auspices of the Inter-
national Energy Agency (1EA), an agreement 
characterized as the Large Coil Task (LCT) was 
reached in 1977 and 1978 for manufacture of three 
additional coils by Siemens AG for Euratom, by 
Hitachi for Japan, and by Brown-Boveri Company 
for Switzerland. The LCP also provides some 
research and development (R&D) support in the 
areas of conductor verification, cryogenic tests, pro-
tection scheme verification, and development of 
instrumentation and diagnostics for testing. A 
model of the 6-coil assembly is shown in Fig. 63. 

The test of a 3-coil assembly, using the coils 
from GD, GE, and Hitachi, will take place in 1983. 

ADVANCED TECHNOLOGY AND 
CONDUCTOR DEVELOPMENT 

All activities, other than R&D activities in 
support of the LCP, are covered under the ATCD 
activities. These include the 12-T Coil Develop-
ment Program, advanced conductor development, 
and magnet technology, which includes support for 
other groups [e.g., EBT-P, the Advanced Toroidal 
Facility (ATF), the superconducting cyclotron, 
etc.]. 

The essential aspect of the ATCD activity is 
the investigation of ideas that will lead to improved 
conductor performance and economics and that are 
not tied to the tight schedules of large-scale projects 
like the LCP. The 12-T Coil Development Pro-
gram and the advanced conductor development 
activity involve development of superconducting 
material, fabrication of the material into a multi-
component unit, analysis of its operating environ-
ment, and assessment of its performance in a de-
vice. These activities use conductors of advanced 

Table 3. LCP coil features 

Genera] Dynamics General Electric Westinghouse Euratom Japan Switzerland 

Core bore (specified) 2.5 X 3.5 m 2.5 X 3.5 m 2.5 X 3.5 m 2.5 X 3.5 m 2.5 X 3.5 m 2.5 X 3.5 m 
Peak field (design. 

specified) 8.0 T 8.0 T 8.0 T 8.0 T 8.0 T 8.0 T 

Ampere-turns (design) 6.65 X 106 6.98 X 106 7.36 X 106 6.62 X 106 6.76 X106 6.6 X 106 

Conductor current 
(design) 10,200 A 10,450 A 16,000 A 11,000 A 10,210 A 15,000 A 

Conductor material NbTi NbTi NbjSn NbTi NbTi NbTi 

Conductor configuration Flattened cable 16 subelements, Cable (insulated 22 subelements. Flattened cable Solder-filled 
in extended- spiraled around strands)in spiraled around in rough- cable sur-
surface copper copper core square conduit CrNi core, surface copper rounded by 
bar inside rectan- bar He-filled 

gular conduit copper cable 
in square 
conduit 

Helium conditions Pool boiling Pool boiling Supercritical, Supercritical, Pool boiling Supercritical, 
(4.2 K, 1 aim) (4.2 K, 1 atm) forced-flow forced-flow forced-flow 

Winding configuration Edge wound in Flat wound in Laid in spiral Flat wound in Edge wound in Pancakes(12) 
layers (14) pancakes(7) grooves in 26 pancakes (7) pancakes (20) 

structural 
plates 

Structural material 304L stainless 3I6LN stainless 2219-T87 plates. Stainless steel 304L stainless Stainless steel 
steel steel A286 bolts similar to steel similar to 

3I6LN 316LN 
3I6LN 

Structure configuration Fully welded case Welded case with Grooved flat Welded case, Welded case. Bolted case 
bolted closure plates, bolted bolted or bolted side 

welded closure plate closure 
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Fig. 62. L C P coil c o n c e p t s developed by U .S . m a n u f a c t u r e r s . 

Fig. 63. Annotated model of 6-coil assembly, showing manufacturers and countries. 
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design from industry and evaluate and analyze the 
performance of these conductors in realistic 
reduced-scale systems. Key performance parame-
ters are current-carrying capability, higher field 
operation, stability margin, ac losses, and mechani-
cal strength. During 1981 three magnets were con-
structed and tested, and a number of new conduc-
tors were procured for testing. The Coil Winding 
Test Experiment (CWTX), which is an 8-T, 
40-cm-bore magnet (shown in Fig. 64), was suc-
cessfully upgraded with a Nb3Sn insert coil to a 
12-T, 22-cm bore system. Short sample critical 

current measurements up to 4500 A were con-
ducted at 12 T in this facility 

In order to assess the problems of cooling and 
operating a forced-flow magnet, a small NbTi 
cable-in-conduit magnet was designed, fabricated, 
and tested. It is shown in Fig. 65. All the experi-
mental and theoretical concepts on the stability of 
this type of conductor were verified, including sta-
bility with stagnant helium. MF-NbjSn cable-in-
conduit conductor for forced-flow magnet testing 
has been fabricated in irciustry and delivered. A 
cable-in-conduit sample was prepared to test the 

r v 
i'l t&x V K •• 

Fig. 64. The CWTX. 
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Fig. 65. Internally cooled superconducting ( ICS) 
magnet. 

Fig. 66. Prototype EBT-P coil. 

new "induced flow-enhanced stabilization" concept, 
and testing was carried out successfully. 

The principal magnet technology project under-
taken in 1981 was the construction and testing of 
two development coils in support of EBT-P, one of 
which is shown in Fig. 66. Both coils were success-
fully tested to full design value under simulated 
anticipated x-ray heating loads. 

In the coming year, advanced NbjSn conductor 
will be tested in the 12-T CWTX facility. The con-
ductor will be in the form of a cable with full FED 
current-carrying properties similar to the GE con-
ductor design for a 12-T FED coil. A cable made 
by the new and interesting, potentially less costly, 
modified jellyroll process has been procured from 

Teledyne Wah Chang. A cable that will be 
obtained from Intermagnetics General Corporation 
(IGC) will use the external diffusion process. Sta-
bilizing material will also be procured from IGC 
and will be used with existing external diffusion 
material to make a third cable. 

The NbjSn internally cooled magnet will also 
be tested in the coming year; it will be operated in 
a closed cycle with a laboratory refrigeration and 
liquefaction system. 

A design study will be undertaken to study the 
options for a high field FED coil to determine if a 
12-T model FED coil (i.e., LCP size) is preferable 
to a full-size FED coil for testing in the LCTF 
when the present LCP experiments are completed. 
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HEATING AND FUELING 
INTRODUCTION 

In addition to use of confining magnetic fields 
(as in plasma current heating and adiabatic 
compression in tokamaks), there are two main tech-
niques for heating plasmas. One technique is neu-
tral beam heating, in which an intense beam of neu-
tral atomic hydrogen or deuterium is injected into a 
plasma and is ionized, with the resultant energetic 
ions thermalizing and heating the background 
plasma. The other technique is radio frequency (rf) 
heating, in which energy is coupled to the plasma 
by electromagnetic waves. The term rf is used 
loosely to describe waves at frequencies in the range 
30 kHz to 300 GHz. The main fueling technique 
with long-term relevance is the injection into the 
plasma of small, solid pellets of hydrogen or deu-
terium. Neutral beam and pellet injection systems 
are being developed and used at ORNL. In addi-
tion, a collaborative effort is under way with indus-
try to develop very high frequency (tens to hun-
dreds of gigahertz), high power (hundreds of 
kilowatts) generators. During 1981, substantial 
progress was made in all areas. 

NEUTRAL INJECTION 

Positive Ion Systems 
Neutral injection systems based on the neutral-

ization of energetic positive ions have been the prin-
cipal supplementary heating technique on many 
magnetic fusion devices during the past two 
decades. A schematic diagram of a positive-ion-
based system is shown in Fig. 67. Injection sys-
tems developed at ORNL have played a major role 
in the achievement of high temperatures and high 
beta on a number of tokamaks, including the Oak 
Ridge Tokamak (ORMAK) and the Impurity 
Study Experiment (ISX-B) at ORNL and the 
Princeton Large Torus (PLT) and the Poloidal 
Divertor Experiment (PDX) at PPPL. The param-
eters of the ORNL injection systems are shown in 
Table 4. 

Fig. 67. Schematic of a neutral injection system. The plasma generator pro-
vides a quiescent, uniform, and dense plasma from which the ions (hydrogen or 
deuterium) are extracted. The extracted ions, with a current density of about 
0.3 A/cm2 , are accelerated to provide a beam of low angular divergence ( < l ° e-
fold). The beam emanating from the source, several hundred square centimeters in 
cross section, is generally closely coupled to a conductance-limiting duct or neutral-
izer cell in which a fraction of the ions are converted into energetic neutrals by 
charge exchange with the background gas. The unneutralized component of the 
beam is magnetically deflected to a beam dump, and the neutrals stream straight 
into the plasma through a drift duct that serves as an interface between the injec-
tor and the plasma edge. 
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Table 4. Parameters of neutral beam systems developed or planned by ORNL 

Device 

Beam 
energy 
(keV) 

Beam 
current 

(A) 

Pulse 
length 

(s) 

Machine 
acceptance 

angle 
(sr) 

Transmission 
efficiency 

(%) 

Size of 
extracted 

beam 
(cm) 

Beam 
line 

length 
(m) 

Existing 
ORMAK 20-30 10 0.05 5.0 X 10~ 3 Not measured 15 circular - 1 . 1 

PLT 40 60 0.1-0.3 3.1 X 1 0 " J 41 22 circular 3.7 

ISX-B, phase I 40 60 0.1 3.7 X 1 0 " 3 55 22 circular 4.1 

ISX-B, phase II 40 100 0.2 4.8 X 1 0 - 3 70 30 circular 3.7 

PDX 50 100 0.5 5.0 X 1 0 - 3 70-77% 30 circular 4.5 

Planned 
MFTF-B 80 50-60 30 TBD0 TBD 13 X 43 

rectangular 
4.0 

(typical) 

ATF-1 40-60 50 Steady-state TBD TBD TBD TBD 

°TBD: To be determined. 

Practical positive-ion-based injection systems 
are limited to particle energies below 100 keV per 
nucleon due to a rapid decrease in neutralization 
efficiency with increasing energy, as shown in 
Fig. 68. This limit can be extended to approxi-
mately 200 keV per nucleon with the application of 
a direct energy recovery scheme developed at 
ORNL. Should energies above 200 keV per 
nucleon be required, negative-ion-based systems 
appear to offer the most practical approach to neu-
tral beam injection. 

The technology of producing multimegawatt 
beams of neutrals at energies in the range of 
20-120 keV has advanced considerably in recent 
years. Of particular note are the PDX/ISX-B neu-
tral beam systems developed at ORNL. Each of 
these systems is capable of delivering a 1.5-MW H° 

(2.0-MW D°) beam of 50-keV particles to the 
plasma in O.S-s pulses. 

Currently, there is a major thrust in the field 
to increase the beam pulse length to many seconds 
in support of MFTF-B and ATF-1. During 1981, 
with the development of a reliable, high current 
density, long pulse arc cathode, stable ion source 
arc plasmas with parameters of 120 V and 1100 A 
were produced for pulse lengths greater than 30 s. 
In addition, accelerator physics was studied on the 
High Power Test Facility (HPTF) shown in 
Fig. 69, using grids designed with the aid of a fast, 
accurate, and reliable two-dimensional (2-D) 
plasma optics code developed at ORNL. These 
experiments confirmed the reliability of the com-
puter calculations; in 1980 the grids produced 10-A 
beams at 90 keV for 5 s and at 100 keV for 1.5 s. 
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Fig. 68. The neutralization efficiency of an ion beam, shown as a function of beam energy. 

48 



Fusion Technology 

Fig. 69. The HPTF. 

Direct Recovery 

ORNL has developed a unique energy recovery 
system that employs a combination of crossed mag-
netic and electric fields at the gas or neutralizer cell 
exit. A schematic of the present experimental con-
figuration is shown in Fig. 70. Since the ion source 
is maintained slightly positive with respect to 
ground and the gas cell is at negative high poten-
tial, the ions proceeding from the gas cell exit 
return their energy to the high voltage supply, los-
ing only the small amount by which the ion source 
is biased above ground. 

The retarding field seen by the emerging full 
energy ion also tries to accelerate electrons from the 
gas cell. The role of the transverse magnetic field 

is to impede the electron flow. Coupling of the 
magnetic field with the axial electric field causes 
the electrons to E X B drift into a concentric 
electron collector that is slightly positive with 
respect to the gas cell, thereby losing a negligible 
amount of energy (patent pending). No other 
recovery system has dispatched the electrons with 
so little effort. 

Direct energy recovery experiments have 
operated at 40 keV and 18 A for 100 ms with 
approximately 60% recovery. Adequate magnetic 
blocking of electrons has been demonstrated. Con-
figurations are being optimized with the aid of a 
newly developed 2-D plasma code, and measure-
ments of the recovery efficiency are being refined. 
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CONVENTIONAL 

1) ION SOURCE AT HIGH POSITIVE 
POTENTIAL; NEGATIVE SIDE OF 
ACCEL POWER SUPPLY AT GROUND 
POTENTIAL. 
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Fig. 70. Schematic diagram of the energy recovery scheme. 

MAGNETIC FIELD 

Negative Ion Systems 
Two negative ion sources are under develop-

ment at ORNL: a calutron source (described 
below) and a modified version of the ORNL posi-
tive ion source that includes a region with cesiated 
plates for conversion of positive hydrogen ions to 
negative ions. 

A schematic of the modified calutron negative 
ion source is shown in Fig. 71. As indicated, a thin 
plasma ribbon is formed in front of a cesiated 
convertor plate. This convertor plate is biased to 
attract positive ions from the plasma ribbon and 
preferentially reflect negative ions to an extraction 
slit, where they are accelerated to high energy. 
Electrons that would normally be accelerated with 
the negative ions are forced by the magnetic field to 
travel up the extraction surface to a region where 
they are captured at low energy. During 1981 this 
source produced a 250-mA negative ion beam at 
25 keV for 5 s. Furthermore, multislit extraction 
with full coritrol of electrons was demonstrated. A 
detailed system analysis was made of a 200-keV, 
10-A design from which it was concluded that a 
practical full-scale system could be built using 
existing technology. 

— V « C E L 

POSITIVE ION / r ^ T B i f T Q B ' -
ARC COLUMN / EXTRACTOR 

H * — H " CONVERTER PLATE 

Fig. 71. Schematic diagram of the calutron negative ion source. 

Future Plans 
Development will continue on long pulse, 

positive-ion-based systems in support of MFTF-B 
and ATF-1. Direct recovery studies should benefit 
from the development of a new double Vlasov 
plasma code in two dimensions and of a three-
dimensional (3-D) code emphasizing neutralizer 
electron transport and transverse end effects. 
Negative ion source work will be directed toward a 
1-MW system demonstration. Finally, to broaden 
the heating program at ORNL, a rf heating tech-
nology development program plan is being 
prepared. 
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GYROTRON DEVELOPMENT 
Electron cyclotron heating (ECH) is currently 

considered to be a strong candidate for plasma 
startup and bulk heating in fusion devices. In order 
to realize the benefits of ECH, magnetic fusion 
experiments (both ongoing and anticipated) will 
require large amounts of power in the millimeter 
wavelength portion of the microwave spectrum. 
Historically, millimeter wavelength power genera-
tion devices [klystrons, magnetrons, traveling wave 
tubes (TWTs), and solid-state devices] were re-
stricted by their basic principles to dimensions on 
the order of, or less than, the wavelength being gen-
erated. Because of this restriction, these devices 
were incapable of producing the power required for 
successful fusion applications. On the other hand, 
the gyrotron (which is an electron beam vacuum 
tube that uses technologies similar to those of lower 
frequency, high power microwave tubes) uses struc-
tures that are, to a significant degree, free of the 
constraints imposed by the wavelength of the 
energy being generated; it is therefore potentially 
capable of producing extremely high output power. 
A schematic diagram of a gyrotron is shown in 
Fig. 72. 

The gyrotron development program, managed 
by ORNL, is undertaken by Varian Associates and 
Hughes Aircraft Company. The program with 
Varian was started in 1976 and led to the successful 
development of a continuous wave (cw), efficient, 
200-kW, 28-GHz gyrotron. During 1981 a gyro-
tron of this type was operated at 340 kW with 37% 
efficiency. Gyrotrons have been used on EBT-S 
and ISX-B at ORNL, on the JFT-2 tokamak in 

Japan, and on other magnetic fusion devices in 
Japan, Italy, and England. Photographs of Varian's 
28- and 60-GHz gyrotrons and of a Hughes gyro-
tron arc shown in Fig. 73. 

More recently, the gyrotron program was 
expanded to include the development of pulsed and 
cw, 200-kW, 60-GHz tubes; this work is undertaken 
by both Varian and Hughes. The development 
schedule is shown in Fig. 74. During 1981, 
60-GHz pulsed tubes were operated by both com-
panies. At Varian, three experimental pulsed tubes 
were operated at 200-kW peak power for 100 ms. 
At lower peak power, over 10-kW average power 
was achieved. At Hughes, the first experimental 
pulsed tube operated at 160-kW peak power with a 
15-/JS pulse width and an average power of 15 W. 

During 1981 studies were started, in collabora-
tion with the industrial developers and the ORNL 
Metals and Ceramics and Engineering Technology 
divisions, of the cyclic thermal fatigue life of the 
gyrotron electron beam collector. The window 
through which the output power leaves the vacuum 
envelope of the gyrotron is recognized as a critical 
item. Measurements of the relevant electrical and 
mechanical properties of candidate window materi-
als are being made in a collaborative program with 
the Metals and Ceramics Division and the Mas-
sachusetts Institute of Technology (MIT). Follow-
ing this initial phase, efforts will be made to find 
and develop improved window materials. The 
longer-term plans are to develop gyrotrons to a 
higher unit power level ( — 1 MW) and to higher 
frequencies (~1 GHz). 

1. MAIN MAGNET COILS 
2. GUN MAGNET COIL 
3. ELECTRON GUN 
4. CAVITY 
5. OUTPUT WAVEGUIDE ANO WINDOW 
6. BEAM COLLECTOR AREA 

7. COLLECTOR MAGNET COILS 
( . OUTPUT GUIDE UP-TAPER 
». OUTPUT GUIDE DOWN TAPER 

10. LOWER COLLECTOR GAP 
11. TRANSVERSE FIELD MAGNET 

Fig. 72. Schematic diagram (longitudinal view) of a cw gyrotron with tapered 
output waveguide. (Figure courtesy of Varian Associates.) 
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Fig. 73. Gyrotrons developed by Hughes (at left) and Varian (at right). Photo courtesy of Hughes and 
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Fig. 74. Gyrotron development schedule. 
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PELLET FUELING 
The nature of pellet injection in a reactor is 

suggested by the FED-oriented systems diagram 
shown in Fig. 75. In FED operation, tritium and 
deuterium would be fed into a pellet fabricator that 
cools the gas mixture into a soft solid and then 
cither forms the pellet directly or extrudes the solid 
into a ribbon. The pellet accelerator (in the former 
case) takes the formed pellet and accelerates it, by 
either inertial or pneumatic means, toward the 
plasma. Once within the plasma, the pellet begins 
to ablate. It is estimated that pellet velocities of 
1-10 km/s are required for the pellet to reach the 
plasma centerline in a FED-scale plasma, where the 
plasma target density is 
/7,8 - 0 .5-5 X 1016 cm2. 

Fig. 76. Schematic diagram of a mechanical 
(centrifugal) injector. 

Mechanical Injectors 
As shown in Fig. 76, a centrifugal (or mechan-

ical) injector consists of a high speed extruder that 
continually extrudes a 0.8-mm-diam cylindrical fila-
ment into the path of a 30-cm rotating arbor. The 
two metal U-tubes attached to the face of the arbor 
sever the pellets from the end of the filament (by 
the guillotine action of the knife-edge entrance sec-
tion) and provide an enclosed acceleration path. 
The acceleration track is designed so that pellets 
must exit from the arbor tangentially. If the effects 
of friction are small, the final pellet speed should 
exceed the peripheral speed of the arbor by a factor 
of 2. A mechanical injector has been operated on 
ISX-B. It produces 150 0.5-mm-diam pellets per 

GAS GAS 

Fig. 75. Pellet fueling injector system. 

second with a speed of 300 m/s. Figure 77 shows 
fueling by multiple pellet injection of ISX-B. The 
advanced mechanical injector (AMI) has a scaled-
up speed of I km/s and a scaled-down repetition 
rate. Its rotor is made of an advanced composite 
material, Kevlar. This device has been assembled 
and spin-tested to a tip speed of I km/s. 
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Fig. 77. Four deuterium pellets injected into ISX-B 
with the centrifugal pellet injector. 
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Pneumatic injectors Future Plans 

With pneumatic injection, there are two 
methods of pellet formation, In the first, an 
extruder forms pellets that are subsequently loaded 
into a miniature gun chamber. Pressurized hydro-
gen or helium gas admitted to a chamber behind 
the pellet drives it from the device at high speed. 
In the second method, a disk the same thickness as 
the pellet (pellet carrier) and capable of 180° rota-
tion is positioned inside a liquid-helium-cooled 
copper housing. Hydrogen gas is admitted to the 
housing, condenses, and fills a hole in the disk with 
liquid. The liquid eventually freezes and the 
resultant frozen plug is transported to the gun 
mechanism. Pressures of 30 bar are sufficient to 
accelerate a I-mm hydrogen pellet to 1 km/s in a 
16-cm launch lube. A single-pellet injector has 
been operated on ISX-B. A series of photographs 
showing a pellet ablating in ISX-B is shown in 
Fig. 78. A final upgrade of this injector in 1981 
extended its capability to 1.8-mm-diam pellets. A 
4-pellet device, of the type shown in Fig. 79, is 
currently in operation on the PDX tokamak at 
PPPL. Additional devices are being prepared for 
the Alcator-C tokamak at MIT and for ISX-B. 

The AMI will be tested and an advanced pneu-
matic injector (API) capable of producing 20 pel-
lets per second will be constructed. 

1 (t = 0 ) 

V = 7 2 0 m / s 

B = 1 .45 T ® 

U i_l 
5 c m 

8 (t* 154 fj.s) 

Fig. 78. Ablation of a pellet injected into an 1SX-B 
plasma. 
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INTRODUCTION 

Advanced systems studies are undertaken in 
both the tokamak and ELMO Bumpy Torus (EBT) 
programs at ORNL. In the tokamak area, the bulk 
of the work is in support of the design of the Fusion 
Engineering Device (FED) and of the International 
Tokamak Reactor (INTOR) study. The Fusion 
Engineering Design Center (FEDC) at ORNL is 
responsible for the development of FED design 
under the guidance of a Technical Management 
Board (TMB). In addition, the FEDC is responsi-
ble for developing the preconceptual engineering 
design for the U.S. contribution to the INTOR 
studies. The FEDC organization involves strong 
collaboration with industry and with other fusion 
laboratories, as indicated in Fig. 80. 

Progress in the FED studies in 1981 and pro-
gress in one other area undertaken at ORNL, the 
development of a Generic Environmental Impact 
Statement (GEIS) for fusion, are described. 

FUSION ENGINEERING DEVICE 
During 1981, a baseline design was developed 

for the FED. Although not optimized, it represents 

a reasonable design with feasible concepts for all 
the major systems and components. The TMB 
established an initial set of working parameters and 
design guidelines and also specified that the FED 
should incorporate toroidal field (TF) coils designed 
to operate nominally at a maximum field of 8 T at 
the conductor, but capable of limited operation at 
10 T. The 10-T capability does not drive the 
design; only about 10% of the total machine opera-
tion is at the 10-T level. The 10-T capability 
allows for enhanced plasma performance and pro-
vides for additional engineering scaling tests, if 
needed. 

MACHINE CONFIGURATION 

An elevation view of the FED baseline config-
uration is given in Fig. 81. Table S lists key 
parameters of the baseline design for the 8-T and 
10-T operating modes. 

Maintenance was a significant consideration in 
developing the FED configuration. The mainte-
nance approach for FED consisted of the following 
key elements. 

PLASMA 
SVSTEM 

PPPL MIT 
GA ORNL 

MAGNETIC 
SYSTEMS 

MIT/GE 

SVSTEMS 
ENGINEERING 

ORNL/GAC 

W: WESTINGHOUSE ELECTRIC CORPORATION 
PPPL: PRINCETON PLASMA PHYSICS LABORATORY 
GA: GENERAL ATOMIC COMPANY 
McOAC: MCDONNELL QOUGIAS ASTRONAUTICS COMPANY 
GE: GENERAL ELECTRIC COMPANY 
MIT: MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
GAC: GRUMMAN AEROSPACE CORPORATION 

Fig. 80. The centralized design team assembled for the F E D C organization. 
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Fig. 81. FGD reference configuration (elevation view). 

Table 5. Key parameters of current FED baseline concept 

8 T 10 T 

Major radius 5.0 m 5.0 m 

Plasma radius 1.3 m 1.3 m 

Plasma elongation 1.6 1.6 

Fusion power 180 MW 450 MW 

Neutron wall loading 0.4 M W / m 2 1.0 M W / m 2 

Heating power 
Initial SO MW 50 MW 
Burn 36 MW 0 MW 

Energy enhancement factor, Q 5 Ignited 

Burn time >100 s ~ 5 0 s 

Duty cycle 0.65 0.50 

Average D-T density 0.8 X 1020nr3 
1.2 X 10ZOnT3 

Average total beta 5.2% 5.2% 

Plasma current 5.4 MA 6.5 MA 

Clear bore, width times height 7.4 m X 10.9 m 7.4 m X 10.9 m 

Field on axis 3.6 T 4.6 T 

Number of full field pulses 2.5 X 10s 2.5 X 104 

Availability" 10-20% 10-20% 

a Defined as percent of time scheduled to be pulsing. 
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Advanced System Studies 

• Modularity. Where possible, modularity has 
been a design goal for all components expected 
to require replacement or frequent maintenance 
(e.g., the pumped limiter blade). 

• Accessibility. Good access has been a central 
design consideration of the overall configura-
tion and has strongly influenced the design of 
the TF coils (size and number) and the design 
of the torus. 

• Hands-on capability. For all device com-
ponents external to the shield, hands-on access 
appears to be a practical necessity for many 
operations and was adopted as a design 
requirement. Hands-on capability is available 
approximately one day after shutdown. Pro-
viding this capability has strongly influenced 
the design of the outboard shield. 

• Component lifetime categories. Two categories 
were established: long-lifetime components are 
expected to operate for the lifetime of the de-
vice without replacement (e.g., the TF coils), 
and short-lifetime components are expected to 
require relatively frequent replacement (e.g., 
the pumped limiter blade). This designation 
has been important in developing the FED 
maintenance needs, including maintenance 
equipment. 

EF - EQUILIBRIUM FIELD 
CF - CONTROL FIELD 
OH - OHMIC HEATING 

Fig. 82. F E D 8-T/ IO-T baseline magnet system. 

Access was the dominant consideration in the 
selection of a 10-coil arrangement for the TF coil 
system. These coils react against a central bucking 
cylinder and have a 7.4- by 10.9-m bore. Together 
they produce a 3.6-T field on axis when operating 
at 8 T and a 4.6-T field on axis when operating at 
10 T. There is enough room to insert or withdraw 
a torus sector solely by radial motion between the 
outer legs of the TF coils. 

MAGNETIC SYSTEMS 
The magnetic system components comprise the 

superconducting TF coils; the poloidal field (PF) 
coils, which include the superconducting ohmic 
heating (OH) solenoid, superconducting equilibrium 
field (EF) coils external to the TF coil bore, and 
normal copper coils located internal to the TF coil 
bore; and the cryostat. Figure 82 gives a schematic 
arrangement of the FED magnet system. Fig-
ure 83 compares the FED superconducting magnets 
with magnets in ongoing programs. 

3M 

FEO SOLENOID LANL SOLENOID 
134 T « T 

Fig. 83. Comparison of F E D superconducting 
magnets' size and weight with those of magnets 
in ongoing development programs. 
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TF Coils 
A conductor capable of operating at up to 

10 T is required for FED. Three candidate coil 
technology approaches are capable of achieving the 
required 10-T field; these are pool-boiled 
superfluid-cooled NbTi at 1.8 K, forced-flow sub-
cooled NbTi at 3 K, and a Nb3Sn/NbTi 
combination cooled to 4.2 K. There is no clear 
technical basis for a preferred option at this time. 
For purposes of illustrating design considerations, 
the NbTi forced-flow subcooled (3 K) option was 
selected as the FED baseline. 

An overall winding current density of 
2200 A/cm2 has been used in assessing 10-T opera-
tion at 3 K. The coils are pancake-wound with a 
total of 444 turns and use NbTi strands in a steel 
conduit cooled by supercritical forced-flow helium. 
The overturning moments are reacted by an inter-
coil support structure at the top and bottom of the 
TF coils. The dead weight of the TF coils is sup-
ported by a series of outboard pedestal supports 
designed to also withstand a 1-gravity seismic load. 

PF Coils 
The design of the superconducting (NbTi) OH 

and EF coils is scaled from the Los Alamos 
National Laboratory (LANL) design for the 20-MJ 
Pulsed Coil Program. The design of the interior 
normal copper EF coils is dominated by the require-
ment for demountable mechanical joints to facili-
tate assembly and coil replacement. These coils are 
structurally supported from the torus permanent 
spool. 

NUCLEAR SYSTEMS 
The nuclear systems include the torus (spool 

assembly, shield sectors, and support), the first wall 
(actively cooled outboard panels and inboard 
armor), and the mechanical pumped limiter. 

Torus 

The assembled torus constitutes the plasma 
vacuum chamber. It is made up of ten sectors 
inserted into a spool structure. Each sector is 
assembled into the spool solely by radial motion 
(see Figs. 84 and 85). Maintainability has been a 
dominant consideration in the design. The spool 
structure provides high vacuum integrity and high 
electrical resistance. The shield sectors attenuate 
nuclear radiation, convert neutron kinetic energy 
into heat, provide for the removal of this heat, and 
support the first wall and limiter components. The 
spool is constructed of Inconel, selected because of 
its high electrical resistance. The shield sectors are 
constructed of Nitronic 33, selected because it is 
highly corrosion-resistant, exhibits low levels of 
long-life radionuclides, and is commercially 
available. The shield is cooled with pressurized 
water and is 60 cm thick on the inboard side and 
120 cm thick on the top, outboard, and bottom 
sides. The shield limits radiation damage at the 
TF coil insulation to <109 rad and allows hands-on 
maintenance by limiting the activation level exter-
nal to the shield to <2.5 mrem/h about one day 
after shutdown. 

Cryostat 

A common vacuum cryostat contains all of the 
superconducting coils. The cryostat has separate 
enclosures for each of the outboard legs of the TF 
coils. This approach maintains the good access 
between the TF coils and requires no penetration of 
the cryostat boundary for torus access; it also 
separates the warm and cold components of the 
FED configuration. 

SHIELD 
SECTOR 
SEAL 
FRAME 

BOTTOM 
SPOOL 
PANEL 

TOP 
SPOOL 
PANEL 

SPOOL 
RA0IAL 
FRAME 

INBOARD 
SPOOL 
PANEL 

Fig. 84. Torus support spool. 
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Fusion Technology 

- TOP EXTERNAL SHIELD 
- SPOOL RADIAL FRAME 

-SHIELD POST 
- SHIELD SECTOR SEAL FRAME 

SHIELD SECTOR 

SHIELD POST 

SPOOL PANEL ASSEMBLY 

SHIELD SECTOR 
FRONT PANEL 

ECRH INTERFACE FLANGE 

ICRH INTERFACE FLANGE 

PUMP LIMITER 

VACUUM OUCT FLANGE 
INTERFACE FLANGE 

Fig. 85. T o r u s sector assembly . 

First Wall 

The FED first wall system consists of actively 
cooled stainless steel panels on the outboard wall 
(Fig. 86) and passively cooled graphite armor tiles 
on the inboard and top walls (Fig. 87). This design 

can accommodate the nominal startup and burn 
heat loads and the anticipated disruption energy 
without replacement for the design life of the device 
(ten years). The outboard first wall panels are of 

INLET 

OUTLET 

Fig. 86. Outboard first wall panels. 
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type 316 stainless steel, and there are six panels on 
each torus sector, so that each panel is about 2 m 
on a side and 7 cm thick. The vertical facet serves 
also as a startup limiter. The armor tiles are 
coated with titanium carbide to limit chemical ero-
sion and are attached to the torus chamber with 
graphite bolts. Each tile is 5 cm thick and 15 cm 
on a side. About 5300 tiles are required in the de-
vice. 

Mechanical Pumped Limiter 
The FED baseline has a mechanical pumped 

limiter for particle and impurity control. The lim-
iter is located at the bottom of the vacuum chamber 
and is continuous in the toroidal direction 

(Fig. 88). The limiter establishes the plasma edge, 
pumps helium ash and hydrogen particles, and helps 
protect first wall components from large particle 
and energy fluxes. The limiter is divided into ten 
removable segments, one in each torus sector of the 
device, and each segment can be removed without 
moving the shield sector. The segments are made 
up of a reusable core structure, consisting of an 
internally stiffened Nitronic 33 box, and a replace-
able protective surface, consisting of surface armor 
tiles attached to a copper substrate. The segments 
are water cooled and are electrically connected with 
metal bellows and copper bus plates along one edge 
of each segment. Analysis indicates that the limiter 
will provide the desired particle pumping (at least 

Fig. 88. Limiter construction. 
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Advanced System Studies 

ECRH LAUNCHER 

BULK SHIELD CARRIAGE FACILITY 

WINDOW ^ ~ 8 

/fOEZE^j T 

STEPPED REFLECTOR 

Fig. 89. E C R H launcher mounting details. 

5% of the total ion flux leaving the plasma). 
Depending on the assumed plasma edge condition 
(which is highly uncertain, at present), the predicted 
erosion of the armor tiles varies from —0.3 cm/y 
to —7.0 cm/y. This results in a predicted tile life-
time of between —4 years and —2 months. The 
alternative to the pumped limiter is a single null 
poloidal divertor for particle and impurity control. 

PLASMA HEATING SYSTEMS 
Systems for plasma initiation and startup and 

for plasma bulk heating make up the FED plasma 
heating systems. A radiofrequency (rf) system is 

used for initial heating of the plasma. This consists 
of — I MW of electron cyclotron resonance heating 
(ECRH) [90 GHZ (8 T) and 113 GHz (10 T)] 
launched through waveguides on the high field side 
of the plasma using the extraordinary mode of wave 
propagation (Fig. 89). The FED bulk heating is 
based on ion cyclotron resonance heating (ICRH) 
(Fig. 90). Second harmonic deuterii!in species used 
for majority heating is the baseline approach for 
bulk heating and heating during burn (8 T). The 
f r t ; ; .icies required are —54 MHz (8 T) and 
- 6 8 MHz (10 T). A total of 50 MW is provided 
for the bulk heating phase. The alternative to 
ICRH for bulk heating is 150-keV positive ion neu-
tral beams. 

SHIELD 
PLUG LAUNCHER 

END SHIELD 
PLUG 

SHIELDED 
BULK HEATING 

LAUNCHER 
ASSEMBLY COAXIAL 

TRANSMISSION' 
LINE 

Fig. 90. Elevation view of F E D with E C R H launcher highlighted. 
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REACTOR SUPPORT SYSTEMS 

Particle Control 

The FED fueling system consists of gas puffers 
and pellet injectors, Two injectors wil be used to 
inject 4-mm-diam pellets of deuterium and hydro-
gen at a velocity of 2 km/s and at an injection rate 
of up to 20 pellets/s. The tritium system, which 
will handle fuel cleanup, isotope separation, tritium 
analysis, waste treatment, and tritiated water 
recovery, will have an inventory of up to 1470 g for 
continuous 10-T operation. Vacuum pumping will 
be done by 20 turbomolecular pumps, each with a 
speed of about 6 m3/s and each backed up by a 
scroll pump. 

General Facilities 

The maximum required ac power system capa-
city is 350 MVA for pulsed power loads. The 
energy storage required for the poloidal field system 
and for the rf systems is ~ 6 GJ. This energy will 
be provided by two motor-generator flywheel units. 

A substantial diagnostic system is required 
both for the plasma and for machine control and 
safety. Two torus sectors will be devoted to diag-
nostics, and additional diagnostics will be installed 
in the other sectors. Many of the instruments will 
have to be replaced in FED once deuterium-tritium 
(D-T) operations commence because of the radia-
tion environment, The cryogenic system for FED 
will consume 63 MW of power on the room tem-
perature side. This is several times larger than any 
existing or planned refrigeration system. 

An extensive list of remote maintenance equip-
ment required for FED has been developed. It 
includes both general-purpose equipment, such as 
manipulators and cranes, and specialized equip-
ment. 

The proposed reactor building is a rectangular 
building approximately 60 X 50 X 40 m with a 
small (3- to 5-psi) overpressure capability. The 
walls and roof are 2 m thick to provide shielding 
beyond that provided on the FED itself. The build-
ing has been designed to deal with the consequences 
of postulated accident conditions. The hot cell 
facilities to support operation and maintenance are 
~80 X 50 X 30 m in size and have 2-m-thick 
concrete roof and walls. 

FUTURE PLANS 

This baseline design represents a workable 
tokamak concept that satisfies the FED objectives 
under a range of reasonable assumptions. It pro-
vides the basis on which a full conceptual design 
effort may be initiated. During 1982, the FEDC 
will continue to work toward confirming the techni-
cal feasibility and economic viability of the FED 
baseline design. Activities will concentrate on the 
definition and incorporation of cost reduction ideas, 
on resolution of major design uncertainties, and on 
investigations of the benefits of advanced plasma 
performance. It is anticipated that the investigation 
of options will be completed in 1982. 
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ENVIRONMENTAL ASSESSMENT 

INTRODUCTION 

As fusion technology approaches commercial 
reality, environmental and safety issues will play an 
increasingly substantive role in determining its 
acceptability and, in turn, the extent of its deploy-
ment. The National Environmental Policy Act of 
1969 (NEPA) requires that the Department of 
Energy (DOE) prepare a program environmental 
impact statement before the national fusion pro-
gram reaches "a stage of investment or commitment 
to implementation likely to determine subsequent 
development or restrict later alternatives.'' With 

the recent enactment of the Magnetic Fusion 
Energy Engineering Act of 1980 (PL 96-386), 
which mandates development of a fusion engineer-
ing device by 1990, DOE is accordingly committed 
to the performance of a NEPA program review. 
For this review, ORNL is assisting DOE in the 
development of a Generic Environmental Impact 
Statement (GEIS) on magnetic fusion energy. The 
GEIS will provide a basis for proper consideration 
of environmental factors in program-level decision 
making. 

MCUTAOM» 
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Fig. 91. Schematic of a magnetic fusion power plant. 
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TECHNICAL BASIS FOR GEIS 

Since fusion technology is at an early stage of 
development, the extent to which the potential 
environmental implications of fusion energy can be 
meaningfully evaluated is in question. Thus, the 
immediate focus of the environmental assessment 
work has been development of the technical basis 
for the GEIS. Specifically, the following aspects of 
steam-to-electric power plants based on thermal 
conversion of fusion energy were considered: 
radioactive inventories, plant effluents, occupational 

health and safety, reactor safety, radioactive waste 
management, and availability of basic constituent 
materials. Based on this work, DOE has concluded 
that sufficient basis exists for developing a GEIS, 
and plans are now under way to implement the 
NEPA process for developing the GEIS. Figure 91 
is a schematic of a magnetic fusion power plant; 
Fig. 92 shows the environmental considerations that 
should be taken into account. 
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Fig. 92. Typical power plant environmental interactions. 

64 



6 H a W M S P ® " * " 

The ORNL Fusion Program is a part of the 
national magnetic fusion energy program directed 
by the Office of Fusion Energy (OFE) of the U.S. 
Department of Energy and administered through 
DOE's Oak Ridge Operations Office (ORO). 

ORNL ACTIVITIES 
The ORNL Fusion Program, which is 

managed by the staff of the Fusion Energy Divi-
sion, involves wide collaboration within the Labora-
tory and with other parts of the Union Carbide 
Corporation Nuclear Division (UCC-ND). These 
interactions are shown in Fig. 93. 

While the bulk of the program's work is car-
ried out in the main Fusion Energy Division facili-
ties in Bldgs. 9201-2 and 9204-1 at the Y-12 Plant, 
the program's activities are widely spread, as shown 
by Fig. 94. 

EXTERNAL COLLABORATION 
The ORNL Fusion Program involves extensive 

collaboration with industries, with other labora-
tories, and with the academic community. In fact, 
some 25% of the program budget was subcontracted 
to industry in 1981. Table 6 lists the institutions 
that work with the program. 

OAK RIDGE NATIONAL LABORATORY 
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DIRECTOR 
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ASSOCIATE OIRECTOR 
NUCLEAR AND ENGINEERING 

TECHNOLOGIES 

ATCCIATE DIRECTOR 
AOVANCEO 

ENERGY SYSTEMS 

ASSOCIATE DIRECTOR 
BIOMEDICAL AND 

ENVIRONMENTAL SCIENCES 

ASWCIATE OIRECTOR 
r m S K A l . SCIENCES 

OICCMER IMO 

Fig. 93. Fusion Program interactions with other ORNL and UCC-ND divisions. 
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Fig. 94. Map of X-10, Y-12, and Oak Ridge Valley Industrial Park, showing locations of Fusion Program 
activities. 
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Fusion Program Activities 

Table 6. Institutions collaborating in the ORNL Fusion Program 

Laboratories Industries 

Airco 
Applied Microwave Plasmas, Inc. 
Bechtel Group, Inc. 
Burns & Roe, Inc. 

Foster-Miller Associates, Inc. 
Astrophysics 

General Atomic Company 
General Dynamics-Convair Division 
General Electric Company 
Gilbert Associates 
Grumman Aerospace Corporation 
Hughes Aircraft Company 
Intermagnetics General Corporation 
JAYCOR 
McDonnell Douglas Astronautics 

Company 
Science Applications, Inc. 
Tennessee Valley Authority 
TRW, Inc. 
United Technologies 
Varian Associates 
Westinghouse Electric Corporation 

Argonne National Laboratory 
Brookhaven National Laboratory 
Hanford Engineering Development 

Laboratory 
Idaho National Engineering 

Laboratory 
Joint Institute for Laboratory 
Los Alamos National Laboratory 
Lawrence Berkeley National 

Laboratory 
Lawrence Livermore National 

Laboratory 
Francis Bitter National Magnet 

Laboratory 
Mound Laboratory 
National Bureau of Standards 
Naval Research Laboratory 
Princeton Plasma Physics 

Laboratory 
Sandia Laboratories 

Universities 

Auburn University 
College of William and Mary 
Cornell University 
Georgia Institute of Technology 
Harvard University 
Johns Hopkins University 
Kansas State University 
Louisiana State University 
Massachusetts Institute or Technology 
New York University 
Oak Ridge Associated Universities 
Rensselaer Polytechnic Institute 
University of Arkansas 
University of Connecticut 
University of Illinois 
University of Maryland 
University of Michigan 
University of Missouri-Rolla 
University of Nebraska 
University of Tennessee 
University of Texas 
University of Wisconsin 
Virginia Polytechnic Institute and State 

University 
Wesleyan University 

INTERNATIONAL COLLABORATION 

The ORNL Fusion Program participates in the 
U.S.-Japan and the U.S.-ORNL collaborative 
agreements as part of the U.S. fusion program. 
The former collaboration plays a particularly 
important role in the ELMO Bumpy Torus (EBT) 
program, with extensive interchanges of personnel 
and information taking place on a regular basis 
with the Nagoya Bumpy Torus (NBT) group at the 
Institute for Plasma Physics at Nagoya University, 
Nagoya, Japan, under the guidance of the 
U.S.-Japan EBT coordinating committee. The 
Large Coil Program involves collaboration with 
Japan, Switzerland, and the European Atomic 
Energy Community (Euratom) under the auspices 
of the International Energy Agency (IEA). In the 
plasma-materials interactions area, there is collab-
oration with the Institute for Plasma Physics at the 
Kernforschungsanlage (KFA) in Julich, Federal 
Republic of Germany, on the TEXTOR tokamak, 
also under the auspices of the IEA. There are sub-
stantial international exchanges of information 
through the Controlled Fusion Atomic Data Center 
and the Radiation Shielding Information Center 
(RSIC). The RSIC has bilateral agreements with 
members of the Organization for Economic 
Cooperation and Development (OECD) and with 
the Nuclear Energy Agency (NEA). The Fusion 
Engineering Design Center (FEDC) contributes on 

a regular basis to the International Tokamak Reac-
tor (INTOR) design activity of the International 
Atomic Energy Agcncy (IAEA). 

FUSION ENERGY DIVISION 
ACTIVITIES 

EBT-P SITE DEDICATION 
During 1981 the EBT Proof-of-Principle 

(EBT-P) site in the Oak Ridge Valley Industrial 
Park was dedicated. Present for the dedication 
were United States Representatives Marilyn Lloyd 
Bouquard (D., Tennessee), R. Young (D., Mis-
souri), and H. Volkmer (D., Missouri); E. E. 
Kintner, then head of the OFE; H. Postma, direc-
tor, and M. W. Rosenthal, associate director of 
ORNL; E. F. Branahl, vice president of McDonnell 
Douglas Astronautics Company (MDAC); and Don 
Maxwell of the Bank of Oak Ridge. A photograph 
of the dedication ceremony is shown in Fig. 9S. 
An aerial view of the EBT-P site appears in 
Fig. 96. 

DIVISION CONSTRUCTION PROJECTS 

A satellite communications transceiver has 
been installed to carry communications between the 
ORNL computer systems and the National Mag-
netic Fusion Energy Computer Center (NMFECC) 
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Fig. 95. EPT-P site dedication. Left to right: Don Maxwell, M. W. 
Rosenthal, H. Postma, M. L. Bouquard, R. Young (partially obscured), 
H. Volkmer, E. F. Branahl, and E. E. Kintner. 

Fig. 96. Aerial view of Oak Ridge Valley Industrial Park area. 
EBT-P site is at lower left; Y-12 Plant is in the upper portion of the 
photo. 



Fusion Program Activities 

at Lawrence Livermore National Laboratory 
(LLNL). A new FEDC building, shown in 
Fig. 97, has been erected and is occupied by FEDC 
and EBT-P personnel. This building resulted from 
a contract between UCC-ND as lessee and a 

private contractor as lessor. A new cafeteria and a 
remodeled auditorium were recently completed at 
the Division's main facility, Bldg. 9201-2, and res-
toration of the cooling towers at this building has 
begun. 

Fig. 97. The FEDC building. 

MEETINGS 

The Fusion Energy Division has organized or 
cohosted the following meetings. 

November 1980: U.S.-Japan Workshop on 
Tokamak Results, held in Oak Ridge. 
Cosponsored by DOE, the Japanese Sci-
ence and Technology Administration, and 
the Japanese Ministry of Education. 

December 1980: Meeting of the Fusion Power 
Coordinating Committee, held in Oak 
Ridge. 

May 1981: Ambipolar Potential Workshop, held 
in Oak Ridge. Cosponsored by LLNL, 
MDAC, and Nagoya University. 

October 1981: U.S.-Japan Theory Workshop on 
3-D MHD Studies fo Toroidal Devices, 
held in Oak Ridge. 

October 1981: Third Workshop on the Develop-
ment of Neutral Beam Injectors for 
Plasma Heating, held in Gatlinburg, 
Tennessee. Organized by ORNL and cos-
ponsored by DOE and IAEA. 
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November 1981: Fusion exhibit at the American 
Vacuum Society Symposium, held in 
Anaheim, California. 

December 1981: Second EBT Ring Physics 
Workshop, held in San Diego, California. 
Cohosted with JAYCOR. 

DIVISION REPORTS OFFICE 

During 1981, the Division Reports Office pro-
cessed 47 technical reports, 233 journal articles and 
conference papers, and 306 abstracts. The graphic 
arts section of this office produced 2850 original 
drawings and 160 posters, covers, and signs for spe-
cial events and presentations. Journal articles and 
conference papers published during 1981 are listed 
in Appendix 1. 

Tabic 7. ORNL Fusion Program budget 

Program budget (millions of dollars)" 

FY 1980 FY 1981 FY 1982 

Tokamak and stellarator 
experiments 12.8 12.3 12.8 

EBT experiments 10.1 15.3 26.2 
Theory 3.3 3.6 3.7 
Atomic physics 1.1 1.2 1.3 

Plasma-materials interactions 0.9 1.0 0.9 

Radiation-materials interactions 3.3 3.9 4.5 
Radiation transport 0.8 0.8 0.7 

Superconducting magnets 17.6 18.5 20.2 
Gyrotron development 3.6 3.8 4.2 
Plasma heating 7.7 6.4 5.4 
Pellet fueling 0.5 0.8 1.0 

Environment assessment 0.5 0.6 0.7 
Fusion Engineering Design 

Center 3.8 3.8 3.9 

TOTAL PROGRAM BUDGET 66.0 72.0 85.5 

"Operating, equipment, and construction funding summed. 

Table 8. ORNL Fusion Program personnel 

FY 1980 FY 1981 FY 1982 

ORNL scientific 152 166 177 

Scientific support 25 25 34 

Non-UCC-ND scientific 23 27 29 

UCC-ND Computer Sciences 29 30 29 

UCC-ND Engineering 76 80 85 

TOTAL PROGRAM PERSONNEL 305 328 354 

VISITORS 

During the period from October 1980 to 
December 1981, there were 1720 visitors to the 
Fusion Energy Division, including 264 foreign visi-
tors. 

BUDGET AND PERSONNEL 

The program budgets for FY 1980, 1981, and 
1982 are shown for the program activities in 
Table 7. For FY 1982, the total budget included 
S52.9 million in operating funds, $6.2 million in 
equipment funds, and $12.9 million in construction 
funds. Staff levels of scientific, technical, and 
engineering personnel are shown in Table 8. 
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APPENDIX 1 

PUBLICATIONS 

S. E. Attenberger, W. A. Houlbcrg, and S. L. Milora, "Numerical Simulation of Fueling in 
Tokamaks," to be published in the Journal of the American Vacuum Society. 
J. K. Ballou, R. L. Brown, W. A. Fietz, J. W. Forseman, W. H. Gray, W. J. Kenney, and R. B. 
Wysor (ORNL); W. D. Markiewicz and R. G. Van Aletyne (IGC), "Design and Testing of a Dual 
8-Tesla 380 mm/12-Tesla 220 mm Split Superconducting Solenoid for ORNL," IEEE Trans. 
Magn, MAC-17, 2278 (1981). 

S. D. Berry and C. Bottcher, "Time-dependent Response of a Two-Level System with Degenerate 
Levels to Coherent Radiation," Chem. Phys. Lett. 81, 320 (1981). 
L. Bighel and T. L. White, "CW Thomson Scattering for Plasma Diagnostics Using Millimeter-
wave Gyrotrons," to be published in IEEE Transactions on Plasma Science. 

L. Bighel and J. A. Cobble, "Electron Heating and Confinement Measurements in EBT-Toroidal 
Core Plasma Using Thomson Scattering," Phys. Rev. Lett. 46(6), 430 (1981). 
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APPENDIX 2 

ABBREVIATIONS 

ac alternating current 
AMI advanced mechanical injector 
ANL Argonne National Laboratory 
API advanced pneumatic injector 

ARE aspect ratio enhancement 
ATCD Advanced Technology Conductor Development 

ATF Advanced Toroidal Facility 
at. ppm atomic parts per million 

BSR Bulk Shielding Reactor 
CRBR Clinch River Breeder Reactor 

cw continuous wave 

CWTX Coil Winding Test Experiment 
D deuterium 
dc direct current 

DOE Department of Energy 

dpa displacements per atom 

EBT ELMO Bumpy Torus 
EBT-I Initial EBT experiment 
EBT-P EBT Proof-of-Principle 
EBT-Q EBT breakeven device 
EBT-R EBT reactor 
EBT-S EBT-Scale 

ECH electron cyclotron heating 
ECRH electron cyclotron resonance heating 

EF equilibrium field 

EIS environmental impact statement 
EPR Experimental Power Reactor 

Euratom European Atomic Energy Community 

FED Fusion Engineering Device 
FEDC Fusion Engineering Design Center 
FFTF Fast Flux Test Facility 

FIR far-infrared 
FY fiscal year 
GA General Atomic Company 

GCFR Gas-Cooled Fast Reactor 
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GD General Dynamics-Convair Division 
GE General Electric Company 

GEIS generic EIS 
HFIR High Flux Isotope Reactor 
HPTF High Power Test Facility 
IAEA International Atomic Energy Agency 

ICH ion cyclotron range of frequencies 
ICRH ion cyclotron resonance heating 

ICS internally cooled superconductor 
IEA International Energy Agency 
IGC Intermagnetics General Corporation 

INTOR International Tokamak Reactor 
ISX Impurity Study Experiment 

KFA Kernforschungsanlage 

LANL Los Alamos National Laboratory 

LCP Large Coil Program 
LCT Large Coil Task 

LCTF Large Coil Test Facility 

LLNL Lawrence Livermore National Laboratory 
LMFBR liquid metal fast breeder reactor 

LRO long-range-ordered 

MDAC McDonnell Douglas Astronautics Company 
MFTF Mirror Fusion Test Facility 

MHD magnetohydrodynamics 

MIT Massachusetts Institute of Technology 
NBT Nagoya Bumpy Torus 
NEA Nuclear Energy Agency 

NEPA National Environmental Policy Act 

NMFECC National Magnetic Fusion Energy Computing Center 
NMFECN National Magnetic Fusion Energy Computer Network 

NRL Naval Research Laboratory 

NTIS National Technical Information Service 
OECD Organization for Economic Cooperation and Development 

OFE Office of Fusion Energy 
OH ohmic heating 

ORELA Oak Ridge Electron Linear Accelerator 

ORMAK Oak Ridge Tokamak 
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ORNL Oak Ridge National Laboratory 

ORO Oak Ridge Operations Office 

ORR Oak Ridge Research Reactor 

PCA prime candidate alloy 

PDX Princeton Divertor Experiment 

PF poloidal field 

PLT Princeton Large Torus 

PPPL Princeton Plasma Physics Laboratory 

R&D research and development 

rf radiofrequency 

rms root mean square 

RSIC Radiation Shielding Information Center 

SYM symmetrizing 

T tritium 

TF toroidal field 

TFTR Tokamak Fusion Test Reactor 

TMB Technical Management Board 

TWT traveling wave tube 

UCC-ND Union Carbide Corporation Nuclear Division 

u s e User Service Center 

0-D zero-dimensional 

1-D one-dimensional 

l-'/i-D one-and-one-half-dimensional 

2-D two-dimensional 

3-D three-dimensional 
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