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Tokamaks have made steady progress toward fusion conditions. Self-sustaining fusion
reactions should be achieved in the proposed Compact Ignition Tokamak (CIT) to be built

in Princeton, New Jersey.

reactor because the amount of
fusion power produced at
temperatures around 100,000,000°C
increases with pressure, and the
larger magnets required to provide
the counteracting pressure are
expensive; thus, magnetic pressure
is a rough indication of the system
cost. The beta required for
economic D-T fusion depends on the
type of device, but the minimum
level is in the range of 5 to 10%.

A brief description of a
conceptual D-T magnetic fusion
reactor can help in identifying the
goals of magnetic fusion. The
reactor will operate with a plasma
at 100,000,000°C and a density of
some 250 trillion particles/cm?®.
The plasma will have a volume of
500 m?® and, under these conditions,
will produce ~3500 MW of fusion
power.

About 700 MW of alpha power
will be used to sustain the plasma
temperature. The remaining 2800
MW of neutron power will be
collected in a blanket of lithium
contained in a metal structure
surrounding the plasma. This
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blanket and the metal wall nearest
the plasma—the first wall—will be
cooled by water or gas. The heat
removed by this coolant will be
used to make steam, which will
drive turbine generators to produce
~1400 MW of electricity.

About 200 MW of this electricity
will be recirculated to run the reactor
provide initial plasma heating, and
sustain the magnetic field. Systems
at the edge of the plasma will
handle the direct plasma heat load
and remove the products of
fusion—helium produced by fusion
and material ablated from the first
wall. Outside the blanket, a thick
metal shield will intercept any
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episodes the toroidal field had
reversed direction in the interior of
the plasma. This phenomena was
explained in the 1960s. Devices that
capitalize on this natural, improved
magnetic configuration are called
reversed-field pinches (RFP).

In the U.S. program in the early
1950s, two other important
magnetic configurations were
developed—the stellarator and the
mirror.

It is said that while skiing the
Princeton astrophysicist, Lyman
Spitzer, had time to think about a
topical newspaper report claiming
that an Argentinian scientist had
developed a fusion reactor. Spitzer
asked himself, “What would I do to
make such a device?” The ultimate
product of his thoughts was the
stellarator, a toroidal device in
which the beneficial twisting of the
field lines is accomplished by
twisting the coils around the torus.
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A completely different approach,
developed at Lawrence Livermore
National Laboratory (LLNL), was
based on the knowledge that charged
particles can be reflected when they
enter a region of increasing magnetic
field. In this stmple mirror fusion
device, a straight magnetic field is
produced by a line of circular coils
having a higher magnetic field
strength at each end to produce a
region of increased field (see figure
on p. 3). Charged particles move back
and forth, reflecting at the magnetic
mirrors. The same concept was
developed independently in the
U.S.S.R.

There are two main difficulties
with the simple mirror:

(1) particles moving nearly parallel
to the field are not reflected and
escape through the ends and (2) in
terms of the concept of a magnetic
bottle, plasma between the mirrors
is in one sense on the outside, not
the inside. The latter situation
exists in a simple mirror because
the field decreases away from the
plasma in the region between the
mirrors, making it possible for the
plasma and field to exchange
places. The situation is analogous to
balancing one fluid on another—as
in a multilayered drink. It works
only if the upper fluids are lighter
than the lower ones.

The solution to the latter
problem was proposed separately in
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each set of mirrors to produce an
average magnetic well. Initial
results were encouraging, but
subsequent, more-detailed
measurements in the United States
and Japan, coupled with improved
theory, showed that this interesting
configuration did not perform
adequately. Based on this new
understanding, an improved
configuration was proposed—the
bumpy square. The concept is no
longer under investigation because
of a shift in funding priorities.

At LLNL and independently at
Novosibirsk and ORNL, proposals
were made to block the end losses
of charged particles from a mirror
by using electric fields. Such a
device is a tandem mirror. The
effects predicted theoretically have
been demonstrated, but efficient
plugging has not yet been
demonstrated at high densities.
Some research is continuing in the
U.S. program, and even more is
ongoing in the U.S.S.R. and Japan.

Key reasons for the substantial
progress that continued through
the 1970s are
¢ improved theory models and
substantially improved computing
capability, both for obtaining
solutions and for comparison with,
and analysis of, experimental
results;
¢ improved diagnostics and data
acquisition techniques;

e improved experimental techniques;

e key developments in the
technology areas of heating, fueling,
and materials to withstand the
plasma.
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by plasma currents in tokamaks
led, starting in the early 1970s, to a
more aggressive auxiliary heating

fusion, the program. Successes in the world
wvelop a program (notably the achievement
tified and of an ion temperature of

development 70,000,000°C in the PLT using
r, in the face neutral beams developed at ORNL)

confinement were a key factor in the promotion

became of major tokamak initiatives: the

erm needs of Tokamak Fusion Test Reactor

ments. The (TFTR) at PPPL, the Joint

revival of European Torus (JET) of the

3 well as European Economic Community,

meeting JT-60 (Japan), and T-15 (U.S.S.R.).
In 1986 the TFTR achieved ion

0s, sources temperatures of 200,000,000°C using

rgetic injectors developed at Lawrence

al beams) Berkeley Laboratory (LBL).

plasma in The 1980s have seen the

s, that emergence of a variety of powerful

sma current. rf systems, which are now widely

gby used in the world’s fusion

was used, experiments for selectively coupling

3 heat to ions or electrons—in a

ting. The manner similar to the workings of

18 in heating a microwave oven—and for driving
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efficient reactor. However, under
certain conditions the losses exceed
the collisional level.

Progress has been made in
understanding such behavior, and
remedial action has worked in some
situations. It is generally observed
that the electron heat losses far
exceed calculated values. The
connection between theoretical
models of this behavior and
experimental results is a topic of
current research. In the absence of
proven theory, we rely on empirical
models that are based on the
wealth of experimental data, much
as we rely on such empiricism to
calculate the flow of water through
a pipe. Confinement times of about
1 s have been achieved in TFTR and
JET.

As the pressure increases
in a magnetic confinement device,
currents are induced that modify
the magnetic field. As a result, the
plasma can become unstable and,
generally, a beta limit is reached in
which the plasma can no longer be
stably supported by the field. It has
been suggested that the magnetic
confinement of plasma is analogous
to trying to hold a blob of jelly in a
mesh of elastic bands. This is the
case in a conventionally operated
tokamak, stellarator, or RFP.
However, progress has been made
toward reaching a reactor level of
stability. The DIII-D tokamak at
GA Technologies has sustained a
beta of 6%. The RFP has already
achieved 15% beta; a new device
(ZT-H) is being built at LANL to
advance the concept further.

In the 1970s, researchers at the
Massachusetts Institute of
Technology (MIT) and in France
realized that, in a conventional
tokamak, if it were possible to raise
the pressure even higher than this
initial limit, the plasma could again
be held stably. Two theoretical
solutions have been found which
lead to this so-called “second
stability” region: a tokamak having

12

w
=
—
[
2 l ! l
LEU
Z A_G
z 0% OwggL FOR IGNITION
g —_— REACTORS R

" Cir 10
* E 100 ~ —
S ~ |
=g { TFTR\\+_/
z s \ 1983-1989 )
WE 10 HEATED N y 107 |engs
- a "SIMPLE""TOKAMAKS "~ xe/ L GAIN

- 1978-1985
Zz 5 TOKAMAK Q
S 0 4l 1975-1981 2| =
w 'S 10
Z = TOKAMAKS
zZ = BEFORE 1975 -
O 0.1 [ 10 J -
w
o
= 0.0f 1 l
a’ { 10 100 1000
2 TEMPERATURE {millions of degrees Celsius)
a modified plasma cross section, or fields,
“bean” (Princeton Beta RFPs ir
Experiment), and a carefully 1ew
designed torsatron (ATF at ORNL). lleviate
In the compact torus, very high ition on
beta (up to 90%) has been achieved, rrent”
and a new device to increase isma
understanding of this configuration een give
will be built by Spectra oretical
Ten‘\nn]nn:nn by its

A weakness of

the pasic okamak and RFP is that
their plasma current is driven by a
transformer action, which limits jous ki1
the pulse length. In contrast, 7 pellet
stellarators require no plasma better
current and are inherently capable s in tun
of running continuously as long as ad
the plasma is heated. The key near the
development issues are efficiency of
the drive and control of the current wrly day
distribution in the plasma. om
Techniques for driving plasma
current by the use of rf waves have er than
been developed, notably at MIT and : walls
Princeton. These techniques allow nd from
the tokamak to operate itures,
continuously and give a measure of rge
plasma control, which should lead ic
to enhanced performance. An plasma
alternative method, which uses the wreful
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attention is paid to cleanliness; the
choice of wall materials near the
plasma, such as carbon, which do
not radiate significantly; techniques
for isolating the plasma from the
walls (divertors); and techniques
for flushing impurities from the
plasma—note that ultimately in
burning D-T plasmas, the helium
produced by fusion must be
removed. A simplified divertor
developed on the DIII tokamak at
GA Technologies is being used on a
variety of tokamaks and will be
used on the Compact Ignition
Tokamak (CIT).

The
Tk 1k at rrinceton ana tne
European JET tokamak are the
first experiments designed to use
D-T fuel. They have the potential to
produce as much power from fusion
as is used to keep the plasma hot.
Under this “breakeven” condition
(known as @ = 1), the alpha power
in the plasma will be 20% of the
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externally applied power, and the
plasma will not be self-
sustaining—*“ignited.” Therefore,
this achievement will give only a
first glimpse of the fusion process.

The CIT, by contrast, is designed
to go to the ignited state in which
the plasma is entirely sustained by
the fusion alpha power. Following
the development of the CIT, an
ETR will be constructed that can
extend the burning plasma over
much longer periods and validate
technology and engineering
solutions. The ultimate development
will be a power-producing fusion
reactor.

Fusion research has been
characterized throughout its history
by its breadth of requirements in
physics and technology, by the
innovativeness of its contributors,
and by the extent of its
collaborative ventures. The

program has often been critic
for retaining such breadth, bt
study of its history shows tha
program has not been relucta
stop nonproductive lines of re
or to revisit old areas when
innovation revitalizes them.
However, the time scale for n
carefully documented tests is
least 5 years; consequently, cl
tend to occur on the timescale
decade.

The tokamak is the most
successful of the magnetic bot
and because we know it so we
can more readily see its fault:
the international program, w
working to overcome tokamal
weaknesses and to understans
tokamak and related configur
so that we can identify the m
attractive configuration. At t
same time, while focusing on
the ongoing program and on -
future, we are developing the
supporting theory, diagnostic
computing, and technology
necessary to support fusion
applications.

This brief history of fusio
progress shows that internat:
collaboration has played a ke
in the development of fusion.
emphasis on collaboration is
increasing—multinational efi
have been organized under tk
auspices of the International
Atomic Energy Agency, the
International Energy Agency
various bilateral agreements.

An important new initiati
the proposal for joint studies
ETR—the International
Thermonuclear Experimenta
Reactor (ITER)—by the Unit
States, the European Econon
Community, Japan, and the
U.S.S.R. The ITER will follov
and with parallel developme:
programs in theory, diagnost
advanced concepts, and techr
it will establish the scientific
technological base for fusion
energy








































































cer,
unwerswy of Lalyornwa rress, L.os
Angeles (1987), 258 pp. Reviewed by
James E. Turner, ORNL’s Health
and Safety Research Division.

The Dragon’s Tail is a carefully
researched and documented account
of radiation protection during the
development, testing, and use of
nuclear weapons from 1942 through
the end of 1946. It is the first single
document that describes radiation-
safety practices during all phases of
the Manhattan Project.

The idea for producing this work
originated in 1977 at the Nevada
Operations Office of the Depart-
ment of Energy. A second volume,
starting with the creation of the
Atomic Energy Commission on
January 1, 1947, is in preparation.
It will deal with the conflict
between the testing of nuclear
weapons and mounting concerns
about the long-term effects of low-
level radiation exposure of the
population.

Barton Hacker, a professional
writer and historian, extensively
researched his subject. He had
access to DOE repositories
throughout the country and
interviewed numerous persons who
played a part in this story. The
chapters had to pass the scrutiny of
a peer review group of some 50
scientists and key participants. The
author has done a thorough job of
providing extensive, detailed notes
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(over 50 pages); lists of sources,
persons interviewed, and reviewers;
a 20-page bibliography; and an
excellent index. The work is
scholarly and well written; the
focus on personalities and use of
narration enliven the story and
sustain reader interest.

The first of the book’s six
chapters describes the origins of
radiation-protection standards and
the state of knowledge about the
harmful effects of radiation on
humans in 1942, when the
Metallurgical Project started at the
University of Chicago. “The Role of
the Chicago Health Division” is the
title of Chap. 2. According to
Robert S. Stone, director of the new
division, when the first self-
sustaining fission reaction was
observed on December 2, 1942, the
“problems of the Health Division”
ceased to be “mainly theoretical.”

Chapter 3 describes radiation
safety at Los Alamos.
Unprecedented problems were
anticipated and, indeed, became
real in 1944 when plutonium
started arriving in quantity from
the pilot plant in Oak Ridge.
Techniques for monitoring
plutonium, methods of assessing
exposure (e.g., nasal swabs),
systems of personnel dosimetry,
“acceptable” levels in the work
place, and “acceptable” body
burdens for workers were all
unknown.

Chapter 4 describes the planning
and execution of the Trinity test.
This chapter is more exciting than
most fiction. It recounts the drama,
the uncertainties, and, finally, the
success of Trinity. It also deseribes
the concerns for radiation safety
and the followup surveys.

Chapter 5, “From Japan to
Bikini,” briefly describes the
Hiroshima and Nagasaki events
and the collection of effects data.
Also discussed is the development
of plans, approved by President
Truman, for conducting a series of

atomic tests in the Pacific Ocean.
Chapter 6 covers Operation
Crossroads and radiation safety
during these tests. The epilogue
“Continuity and Change in
Radiation Safety” completes the
text.

Several ingredients make this
book outstanding: the important
story, the intriguing way in which
it is told, the care in docu-
mentation, and the philosophical
perspective in which the events are
placed. In addition, the author has
a clear grasp of the underlying
radiation-safety issues as they
surfaced in the Manhattan Project
and as they continue today, with
extensive public involvement in
trying to balance risks and benefits.

Hacker arrives squarely at a
fundamental point in radiation
protection: “Commonly cast as
questions for science, the real
debate often involved philosophy
and public policy. Social concerns in
the widest sense always molded
safety standards, science at best
setting guidelines for decision
makers. The key issue was and
remains: How much radiation
exposure should a worker or a
member of the public be allowed?
Controversial from the outset, this
question nonetheless had, in one
sense, an easy answer: not enough
to cause harm. Unfortunately, the
easy answer simply translated the
first question into a second: How
much is harmful? And that
question, after almost a century of
research, has yet to receive a final
answer.” A notable achievement of
the book is the way it catches the
fundamental essence of issues in
the philosophy of radiation
protection.

The Dragon’s Tail should be of
special interest to Oak Ridgers who
recall when Clinton Laboratories at
Site X became Oak Ridge National
Laboratory (1945, after the war).
Activities at Oak Ridge are
described or mentioned throughout
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ultrasonic device that mimics a
CAT scanner would not be practical
in the clinical setting. Unlike
conventional CAT scanners, which
measure only the intensity of
X rays passed through the body,
ultrasonic tomography requires the
measurement of both acoustic wave
amplitude and phase. A rotating
CAT-scanner-like ultrasound device
would lack the capacity to measure
phase precisely because of the
movement of the device.

Medical ultrasound uses sound
waves having lengths of about
1 mm. Uncertainty in the location
of the detector of only a fraction of
one wavelength is too large for
successful imaging with diffraction
tomography. Thus, for ultrasonic
imaging, the minute mechanical
detector vibrations resulting from
rotation (as in a CAT-scanner-like
device) are unacceptable. Such
rotating devices must operate very
slowly, allowing time for damping
of vibrations before collecting data,
and scans take several hours or
more to complete. Because patient
motions have the same detrimental

N
)

Step 5 is the physical depiction of the
mathematical operation of image
formation by the application of a
holographic lens. In holography, a
hologram is produced on a photographic
plate using information from the
interference of a reference laser beam
with another beam illuminating the
object to be imaged. In ultrasonic
diffraction tomography, the
“holographic” image is created instead in
a computer’s memory.
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effect as instrument motion, data
collection must be accomplished in
one second or less.

To overcome this limitation, Joe
Tuggle of the Computing and
Telecommunications Division and I,
together with Robert Waag at the
University of Rochester, developed
a new concept for an ultrasonic
device. Our idea was to use an
instrument having no moving
parts—a fixed array of ultrasonic
transmitters and detectors that can
surround the body part to be
imaged (e.g., the breast).

Our team also modified the
theory of diffraction tomography.

) -

Previously, the theory assumed
perfect instrumentation—that is,
ultrasonic transmitters that
emitted “perfect” waves and
receivers that detected these waves
perfectly. Tuggle, Waag, and I
extended the theory to incorporate
the performance of real
instruments. This extension was
based on a concept suggested
earlier by John Molyneux of
Widener University and me for
geophysical imaging.

The new concepts for ultrasonic
tomography were proven by Tuggle,
Waag, and me in a pioneering
experiment at the University of
Rochester. In this experiment, we
used ultrasound to image a soft-
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The final image shows variations in sound speed in the region of the soft-tissue-
mimicking target to be imaged—concentric cylinders of gelatin and agar. The dark inner
circle represents the cross-section of the inner cylinder; the white annulus, the cross-
section of the outer cylinder; and the gray area is the water bath. The faster the sound

speed, the darker the shading.
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Alan Witten (right) and Chris King of the US. Army inapect new OENL equipment for imaging underground features. The
apparains consists of o commercially available "noise rource"—a cannon-like device that is weed aboveground to create low-
frequency sound waves in the soil; o streamer—an array of listening devices lowered to a desired depth in a borehols; an
innovative J2-channel data-acquisition system developed by Witten, ond a “supervizory”™ personal computer that controls
data collection. See sidebar on pp. 42-41.



