
aware of people in magnetic fusion getting 
interested in liquid walls. They almost domi- 
nated the discussion." Designing liquid 
walls for a magnetic fusion reactor is a chal- 
lenge, because the strong magnetic fields 
they generate can interfere with the flow of 
liquid metals. But smallish, university-scale 
experiments could begin to address the chal- 
lenges, says Logan. 

Another intersection between these 
long-separated areas of fusion research 
emerged from IFE. The IFE effort is thriv- 
ing, with plans-and funding-to briefly 
crush and ignite fuel pellets with 200 con- 
verging lasers at the $1.2 billion National 
Ignition Facility (NIF), scheduled to be in 
operation at Livermore sometime after 
2001. Yet although no one doubts the utility 
of NIF for studying bomb physics, some 
MFE researchers say they don't believe the 
concept will lead to a practical energy 
source. Among the biggest problems: 
Lasers are far too expensive and inefficient 
for a power plant. 

"Rightllly, the MFE community is say- 
ing we haven't worked out all those ques- 
tions," says Logan. One possible answer 
came from Sandia National Laboratory in 
Albuquerque, New Mexico, where the so- 
called Z machine has achieved a series of 
striking results by imploding a pellet of fuel 
using x-rays generated with blasts of electri- 
cal current (Science, 18 July 1997, p. 306 
and 3 April 1998, p. 28). But Siemon of Los 
Alamos suggested a hybrid approach that 
might solve both the IFE's driver problem 
and the challenge of producing a stable plas- 
ma in MFE. 

Called magnetized target fusion, the 
concept would resemble the Z machine in 
using a burst of current to crush fusion 
fuel. But instead of a pellet, the fuel is a 
hot plasma caged in a magnetic field. The 
pulsed compression would not only com- 
press and heat the plasma but also amplify 
the magnetic field, enhancing its insulating 
properties and relaxing the need to start 
with huge fields. "I think it's kind of in- 
triguing:' says Sandia's Craig Olson, who 
is working on the Z machine. "It's poten- 
tially relatively low cost." 

The MFE community is also trying to 
get its house in order. As in a less compre- 
hensive meeting last year (Science, 8 May 
1998, p. 8 18), researchers generally agreed 
that creating a burning plasma should be 
their next major milestone. "What we're ar- 
guing about is the best way to do it," says 
Dale Meade, head of advanced fusion con- 
cepts at the Princeton Plasma Physics Lab- 
oratory. One route might be the so-called 
ITER Lite, a slimmed-down version of the 

3 original that would cost roughly half as 
g much. Another option, with a price tag of 

about $1 billion, would be Meade's Fusion 

Ignition Research Experiment-a smaller 
tokamak that would eschew ITER's super- 
conducting magnet coils for plain copper. 
A tokamak called the Ignitor, being de- 
signed at the Massachusetts Institute of 
Technology, would also create very strong 
magnetic fields with copper coils and be 
still smaller and less expensive. 

The debate revealed that "there's a lot of 
potential yet to be discovered in the tokamak 
line," says Ron Stambaugh, a physicist at 
General Atomics in San Diego. At the same 
time, Snowmass participants agreed that 
MFE researchers should explore reactor de- 
signs that rely on alternative ways of caging 
a fusion plasma (see following story). 

Similar conclusions about MFE appear in 
a draft report by the high-level Task Force on 
Fusion Energy of the Secretary of Energy 
Advisory Board, some of whose members 
were at Snowmass. Now its report and the re- 
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sults of Snowmass, along with a third report 
on fusion still being prepared by the National 
Research Council and other sources, will fig- 
ure in the deliberations of the Fusion Energy 
Sciences Advisory Committee (FESAC). By 
September, FESAC will make comprehen- 
sive recommendations about fusion's 
roadrnap, including the balance of funding 
between MFE and IFE and the next steps to- 
ward a burning plasma, to Martha Krebs, di- 
rector of the ofice of energy research at the 
U.S. Department of Energy. 

"We delayed answering the charge from 
Martha Krebs . . . to be able to hear what peo- 
ple had to say at Snowmass," says John 
Shefield, a physicist at Oak Ridge National 
Laboratory and the University of Tennessee, 
who is the FESAC chair. By bridging some 
of their differences, U.S. fusion scientists 
may have helped shape their future. 

-JAMES CLANZ 

Fusion Power From a 
Floating Magnet? 

In one radical design for a magnetic fusion reactor, energy-producing 
plasma would be trapped around a levitating ring of superconductor 

At first glance, something seems to be miss- ets like Jupiter and Earth. Funded by the 
ing from the diagram Jay Kesner is describ- Department of Energy, the $6 million col- 
ing. With a wave of a pointer he indicates a laboration between MIT and Columbia Uni- 
pumpkin-shaped vacuum vessel, 3 meters versity in New York City is under construc- 
tall and 5 across, designed to contain a plas- tion at the Plasma Science and Fusion Cen- 
ma of hot electrons 
and ions. Kesner, a 
physicist at the Mas- 
sachusetts Institute of 
Technology (MIT) 
Plasma Science and 
Fusion Center, ex- 
plains that a ring hov- 
ering at the center of 
the diagram with no 
visible means of sup- 
port is a supercon- 
ducting magnet that 
weighs nearly 500 
kilograms. The lack 
of supports is not a 
draftsman's oversight. 
Kesner and his col- Concentration through levitation. In the Levitated Dipole Experiment, a 
leagues plan to h i -  floating superconduding coil traps plasma in its magnetic field (blue lines). 
tate the ring magneti- 
cally as part of a novel experiment that may ter on the MIT campus and should begin op- 
ultimately lead to a simple, safe, and inex- eration by the summer of 2000. In the cur- 
pensive fusion power source. rent phase of the project, which will stop 

The Levitated Dipole Experiment (LDX) short of actual fusion, principal investigators 
is a 5-year study of a plasma confinement Kesner and Michael Mauel of Columbia 
scheme inspired by observations of ionized hope to determine whether a dipole-based 
gases trapped in the magnetic fields of plan- machine-a sharp departure from current 
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reactor designs--can generate the condi- 
tions for fusion. The project is part of a 
wave of experimentation now sweeping 
through the field of magnetic fusion as ex- 
perimenters seek alternatives to current re- 
actor designs (see sidebar). 

Thermonuclear fusion is the engine that 
powers the sun and stars. At tremendous stellar 
temperatures and the pressures of intense 
gravitational fields, hydrogen nuclei are driven 
together until they fuse, forming helium and 
releasing energy. Similar reactions occur 
briefly during the detonation of thermo- 
nuclear warheads. In magnetic confinement 
fusion machines, physicists mimic the condi- 
tions inside stars by heating plasma trapped 
in magnetic, rather than gravitational, fields. 

For nearly 30 years, doughnut-shaped 
magnetic confinement machines called 
tokamaks received the most attention and 
funding for potential fusion power produc- 
tion. These intricate devices have produced 
impressive bursts of energy and remain at 
the forefront of fusion research. But accord- 
ing to Dale Meade, who heads the Ad- 
vanced Fusion Concepts group at Princeton 
University, tokarnaks and related machines 
are plagued by various types of turbulence 
that cause the plasma to leak out. Surmount- 
ing these challenges, says Meade, requires 
either advances in machine design or dra- 
matically scaled-up, and expensive, devices. 
"We know that we can overcome plasma 

turbulences by building huge systems," ex- 
plains Meade, "but it wouldn't be practical 
or attractive to persons interested in produc- 
ing electricity." The United States recently 
withdrew from the International Thermo- 
nuclear Experimental Reactor (ITER) toka- 
mak project, a collaboration with Russia, 
Japan, and the European Union, in part due 
to the estimated $10 billion price tag. 

Levitated dipole reactors, in contrast, are 
the least complex fusion machines yet con- 
ceived. Current-carrying loops (like the su- 
perconducting ring at the heart of LDX) and 
common bar magnets generate dipole fields, 
the simplest of magnetic field configurations. 
So do planets, such as Jupiter. It was the Voy- 
ager I1 spacecraft's detection of plasma 
trapped in the fields of Jupiter's magneto- 
sphere in the late 1980s that inspired Akira 
Hasegawa, then a Bell Labs physicist c o l l h  
rating on the Voyager space missions, to p m  
pose the dipole design for a h i o n  machine. 

The Jupiter observations, along with 
theoretical predictions, suggest that dipole 
magnets could confine plasmas more effi- 
ciently, with weaker magnetic fields, than 
the complicated coils in tokamaks and re- 
lated fusion machines. As LDX physicist 
Darren Garnier explains, in tokamaks and 
related machines, magnets push on the 
plasma from the outside, while the dipole in 
LDX will pull on the plasma from the in- 
side. "I think it was Richard Feynman," 

says Garnier, "who said trying to make 
[tokamak-style] magnetic confinement 
work is like trylng to compress Jell-0 with 
rubber bands." Dipoles, on the other hand, 
pull on the plasma, just as gravity pulls 
down on Jell-0 sitting in a bowl. 

In a planetary magnetosphere, plasma 
captured from the solar wind is lost as it fol- 
lows the magnetic field lines into the poles, 
where the atmosphere neutralizes it. For a 
dipole formed by a current loop, however, 
field lines pass through the center of the loop 
unobstructed. The plasma forms a hot cloud 
trapped on the field lines surrounding the 
magnet and flowing through its center. To 
keep plasma from cooling down or sticking 
when it hits magnet supports or power ca- 
bles, Hasegawa recommended doing without 
them. His scheme included a levitated, su- 
perconducting dipole loop with currents that 
flow perpetually once established. 

After 20 years of steady progress in toka- 
mak technology, however, the scientific com- 
munity was not yet ready for his proposal. 
"Timing is everyhng," says Kesner, "and at 
that time only tokarnaks were fundable." That 
has changed, as the LDX project testifies. 

In the current design, a thermally insulated 
ring of niobium-tin wire will begin by resting 
in what Kesner calls a chaqyg station at the 
base of the vacuum vessel. The wire, which g 
becomes a superconductor below 15 kelvin, is g 
cooled to about 5 degrees and a current is in- 
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troduced. Researchers will use a crane to raise 
the ring about a meter and a half above the 
vessel floor, then switch on a magnet at the 
top of the chamber. Its field, while too weak 
to interfere much with the ring's, is strong 
enough to levitate the ring at the chamber 
center. There the coil should float for up to 8 
hours, warming slowly, before it must be low- 
ered and recooled. 

In addition to being simple, levitated 
dipole reactors could also be safer than other 
fusion schemes. Tokamaks and most other 
reactor designs fuse the hydrogen isotopes 
deuterium and titium. These reactions gen- 
erate copious neutrons, which deposit heat in 
the reactor walls. The heat generates power, 
but the neutrons ultimately render the reactor 
components radioactive, resulting in tons of 
hazardous material that must eventually be 
discarded. Because neutrons pose severe bi- 
ological hazards, a tokamak reactor would 
also need to be heavily shielded. 

Dipole-based reactors, with their high 
plasma-confinement efficiency, should be 
able to generate higher temperatures and 
pressures, enabling them to burn more ad- 
vanced fuels. These fuels mainly produce not 
neutrons, but energetic gnd electi- 
cally charged particles. The photons would 
heat the reactor, producing power, while the 
charged particles remain trapped in the mag- 
netic fields. Dipole-based reactors must use 
these advanced fuels-neutrons, which can't 
be confined with magnets, would inevitably 
pierce the magnet, heating it until it ceased 
to function as a superconductor. As a 
bonus, the fusion products are less likely to 
make the reactor components radioactive or 
threaten bystanders. 

The fuel most frequently touted for a lev- 
itated dipole reactor is a mixture of deuteri- 
um and He3, a helium isotope containing 
two protons and one neutron. He3 is scarce 
on Earth, although conventional fission re- 
actors produce enough He3 to conduct sci- 
entific experiments. But to fuel levitated 
dipole power plants, Kesner proposes that 
we eventually may have to mine the moon, 
where He3 is relatively plentiful. Kesner can 
afford to relax about the source of fuel for 
his reactor, as commercial energy produc- 
tion based on D-He3 fusion is several 
decades away-at best. 

Meade, for example, thinks plenty of 
problems with the levitated dipole concept 
could yet emerge. He believes that toka- 
maks, or devices related to them, are still the 
best bet for future controlled fusion ma- : chines. "Nevertheless," he says, "I think 

2 LDX is a wonderful research tool to help us 
;I 2 understand the stability issues of plasma 

confinement in other machines a n d  of 0 
E course, in astrophysics." And after the recent 
$ ITER troubles, says Steve Fetter, a professor 

at the University of Maryland School of 

Public Affairs who studies energy and envi- 
ronmental policy, long-term research efforts 
like LDX are what the magnetic fusion field 
needs. "At this stage, it is better to let a hun- 
dred flowers bloom rather than focus so nar- 
rowly on the tokamak," he says. 

In any case, few physicists expect fusion 
to be a viable energy source before the mid- 
dle of the next century. Levitating a half-ton 

magnet may seem like an impressive feat of 
engineering sleight of hand but it's a small 
t ick compared to bottling the fusion genie 
that powers the sun and stars-the ultimate 
goal of plasma physicists like Kesner, 
Mauel, and their LDX colleagues. 

-JAMES RIORDON 

James Riordon is a science writer in  Greenbelt, 
Maryland. 
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JET Staff OKs Pay Settlement 
The end is in sight for a 20-year-old dispute 
over disparities in pay and working conditions 
at Europe's premier fusion laboratory, the 
Joint European Torus (JET) near Oxford, U.K. 
Last month a majority of the 217 professional 
U.K. staff members voted to accept a 24 mil- 
lion euro (US$24.7 million) compensation 
package. Half of the money is expected to 
come from tightening JET's 1999 operating 
budget, including reducing the number of 
hours the machine will be running. 

Justice, which in 1996 found that this prac- 
tice was discriminatory and ordered the 
commission to change its employment prac- 
tices and negotiate a settlement. The Euro- 
pean Parliament tried to mediate, but the 
staff turned down a 9 million euro offer and 
decided to go back to the European court. 

The cases were unlikely to be heard until 
the middle of next year, however. So once 
again the European Parliament stepped into 
the breach. with Detlev Samland chair of 

next-g 
chine. 
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Jan 

fusi 
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The out-of-court settle- the parliament's budgets 

ment clears the way for committee, acting as medi- 
changes in the management ator. The Parliament must 
of JET, which since 1979 still give its approval to 
has been Europe's major 
contributor to the interna- 
tional effort to design a 
next-generation fusion ma- 
chine. In January responsi- 
bility for the facility 
be transferred from t 
Commission to the Un 
Atomic Energy Authority 
which will run it on behalf of 
the commission's Euratom program 
and Europe's 17 national fusion as- 
sociations. 

Fearing a costly settlement, sever- 
al associations had threatened to pull Pay up. Deal compensates for pay disparity a t  JET. 
out if the dispute wasn't settled. The 
UKAEA had said that it couldn't afford to transfer public money to pay for the settle- 
operate the facility alone and that it needed ment, but little opposition is expected. "The 
an agreement this month in order to prepare Parliament has always considered that there 
properly for the new management scheme. has been a discrimination," says one Parlia- 
'Wow I think our doubts will fall and we will ment official. 
take part," says Roberto Andreani, head of As for financing the settlement, some 9 
the Italian fusion association. million euros were set aside after the 1996 

Historically, all of JET's professional compensation offer, and an operating reserve 
staff members have been commission em- contains another 3 million euros. The re- 
ployees, except for U.K. nationals, who re- mainder will be drawn from JET's 80 million 
mained on UKAEA's payroll and salary euro operating budget this year. In addition 
structure. As a result, U.K. staff members to a freeze on hiring, the lab's electic bill, a 
worked side by side with nationals from major expense, will be pared by reducing the 
other European countries who, as an induce- hours of operation. "JET will have to walk 
ment to sign up, earned higher salaries and for the rest of the year, at best," says Francis 
were promised preferential treatment when Troyon, chair of the JET council. 
applying for other Euratom posts. The U.K. -JUDY REDFEARN 
staff complained to the European Court of Judy Redfearn writes from Bristol. U.K. 
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