
Turbulence May Sink Titanic Reactor 
The $10 billion InternationalThermonuclear Experimental Reactor project is meant to show that fusion 

is a practical energy source. But a new set of calculations says ITER will fizzle 

DENVER-For morethanadecade,hundreds 
of fusion mearchers around the world have 
been working toward an audacious dream: 
an enormous machine called the Interna-
tional ThermonuclearExperimentalReactor 
(ITER).A $10billion megaprojectsponsored 
by the United States, Russia, Europe, and Ja-
pan, ITER is envisioned as a building-sized, 
donut-shaped device called a tokamak that is 
threaded with spiraling magnetic fields. The 
fields would cage milliondegree deuterium 
and tritium ions,longenoughforthemto fuse 
and generate abundant power--enough, de-
signers hope, to kindle theworld's fustcun-
trolled, self-SuS- won bum.sckntim 
have struggled for decades to demonmate 
that fusion could be a practical source of 
power. ITER, duetobeupandrunning&re 
2010 if COIMWU~~~OII fundsmaterialize, issup-
posed to prove the case. 

But thatgrand visionmaybe collidingwith 
physicalreality, in theformof resultsthathave 
beenmilingthefusioncommunity for months 
andwere discussed publicly here at a Novem-
ber meetingoftheAmericanPhysicalSociety's 
division of plasma physics. Two researchers 
at the Institute for Fusion Studies (IFS) of 
the University of Texas, Austin-William 
Dorland and Michael Kotschenreuther-
have comeupwith what-1uth, 
a physicii at theUniversityof C&omia, San 
Diego (UCSD), calls "a rendable intellec-
tual achievementn:a new theory of how tur-
bulence rattleshot,ionized gas caged within 
powerful magnetic kids in a tdramak.That 
theorvmavbebadnewsforFTEEL 

time in ITER to the mint where. far from 
generating the 1.5 bhlion watts 'in fusion 
power that ITER's officialdocumentsproject, 
it may giveback no more than afewtimes the 
energy used to heat the plasma in the k t  
p k e - m u c htoolittleto ignitea fusionbum. 

Dorland and Kotschenreuther say their 
analysis shows that, because of its size, ITER 
will be more prone to &- than dw 
smaller,existingtokamaksonwhichtheopti-
misticprojectionsfor ITER's performanceare 
based (see box). And it won't benefit from 

says Kotschenreuther, ITER ''wouldn't work. 
and by a substantialmargin!' 

On the face of it, the dculations are 
"pretty worryingforITER," saysRosenbluth, 
a member of the iTER Joint Central Team, 
although he &inks they are still far from 
conclusive enough to seal ITER's fate. 'The 
theory's tpredictionsjshouldbetaken at least 
as~ o u s l yas-and probably more seriously 
than--other scalings," adds Diethelm Diichs 
ofthe Max Planck Institute for Plasma Phys-
ics in Garchirig, Gewany, and the former 

For d&, physicists designingnew &-
makshave been f d to extrapolatefrom ex-
periments to estimate how fast this compli-
cated turbulencewill cauw heat to leak across 
such fields. Instead, the IFS work derives the 
rates directly from basic physics peinciples. 
'This differs from all previous attemptsto un-
derstand[plasma]~ , " s a y s I F S d i r e c t o r  
Richard Hazeltine. who was not involved in 
thework.~ccordi&tocomputermodelsbased 
on the theory, turbulent heat umduction in 
ITER will likely be strongenough to seriously 
undermine its performance. 

ITER's power output, like any tokamak's, 
will depend in an exquisitelysensitiveway on 
how well it can confine thermal energy. Sci-
encehas learned that since Match of last year, 
Dorlandand Kotschenreutherhave been tell-
ing lTER scientists and officials that turbu-
lence could shorten the energy confinement 

No fire In itsbelly? ITER's 1Bmeterdonut 
would dwarf existing tokamaks, but calcula-
tions (right.) basedon the new turbulence 
theory show that ITER's energy confinement 
and power output may fall far short of its goals. 
The fusion curve assumes 100 megawattsof 
heating power--until ignition, when the heating 
could be turned off. The upper prediction al-
lowsfor optimistically high temperatures near 
the edge of the fusion plasma. 

stabilizing influences at work in the smaller 
machines. These devbs, for example, are 
often heated by beams of fast particles that 
race around thedonutsand create "velocity 
shear"-spinning plasma flows that stretch 
and rip apart turbulent eddies. But the ITER 
plasma-tco large forbeams to penetrate and 
too massive to spin-would be heatedmainly 
by h i o n  reactions, which would impartlittle 
velocityshear. Becauseof theseshortcomings, 

phy~icistssaying ITER should be delayed. 
But officials of the project,whichhasalready 
arrived at a basic design and is spending 
about $55 milliona year in theUnited States 
alone-roughly 20% of the overall U.S. fu-
sion budget-aren't ready to change course. 
"I'm still personally feeling fairly confident 
that ITER's designswill achieve ignition," 
says Anne Davies, director of the Depart-
ment of Energy's (DOE'S) office of fusion 
energy.TheIFSresearchers,sayshvies, ''have 
done a nice piece of work-but I believe 
people's view of it is that it's not a complete 
piece of work yet. It's not the last word." 

Davies and her colleagues are taking the 
challenge seriously, however. John Sheffield 
of Oak Ridge National Laboratory, chair of 
DoE'sFusionEraergySciiAd~isoryCom-
rnittee, says that bothDorland and Kotschen-
reuther will be asked to serve on committees 
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Behind the Official Optimism, Flawed Projections 
A new, physics-basedtheory of turbulence that has grim implica- plotted against each variable on a logarithmic scale. If so, the line 
tions for the performance of the International Thermonuclear could be extended all the way to ITER, where it implied encourag-
Experimental Reactor (see main text) isn't the only thing shaking ingly long confinement times. But Dorland noticed that slight 
confidence in plans for this huge fusion-energy test-bed. The same changes in how the fit was obtained, for example, had large effects 
physicists who developed the new theory have also examined the on the extrapolation. "I filed that thought away," he says. 
ITER project's own optimistic projections of the machine's per- He and Kotschenreuther returned to the database last year, 
formance-and found them wanting. uuzzled bv the discreuancv between their own analvsis of ITER's 

& , 

ITER physicists arrived at these bojections by scaling up data performaAceand the optimisticfigures in the design report.They did 
from existing and defunct fusion machines. But the methods thev standardstatisticaltests,such as removing one tokamakand checking" - -
used have seriousmathematical deficiencies, say William Dorland how well its performance is predicted by the other five, and testing 
and Michael Kotschenreuther of the Institute for Fusion Studies how well the data points determine a single extrapolation to ITER. 
(IFS)at the Universitv of Texas. Austin. Other fusion scientists- The results. savsKotschenreuther.were "astonishine."In the five-~, , , 
even some in ITER-;~~that orla land and Kotschenreuther have tokamaktest, removingdataonone viriable, plasmadeonsity,actually 
put the spotlight on uncertainties that should have been high- improved predictions of the performance of the sixth tokamak. 
lighted much earlier. Marshall Rosenbluth, a member of the ITER But disregarding density lowered the performance extrapolation to 
Joint Central Team in San Diego, calls the new analysis"a serious ITER by almost a third. The two physicists also found that, in critical 
issue." Adds Richard Hazeltine, director of the IFS, "I've looked "cuts" through the eight-dimensional space 
at it. and I think it's what ITER should have done." defined bv the eight variables. the data

I The work, which has been presented at roughly half a "The probabilityto looked &ore lice an amorphous blob 
dozen scientific meetings since it was first shown to ITER than like points scattered about a 
scientists 14 months ago, casts a harsh light on the rosy Obtain 1.5 [billion line. Says Hazeltine, "If I worked on 
picture of ITER's likelv uerformance painted in ITER's watts] of fusion Dower ITER, I would be very embarrassed 

that this had to be pointed out by 
the project has been circulated to officials of the coun- -ITER interim people in the [general fuslon] com-
trles taklng part In the multinational endeavor The re- Design Report munity It says it's vev difficult to 
port declares that ITER has a good chance of achieving self- predict what ITER will do " 

Dorland and Kotschenreuther went 
further, checklng to see whether a "cun~ed" 

llne in the elght-dimensional space might fit the data 
.. 1s equal to 67%. Wlth 100 megawatts better than a straight one-as their turbulence theory 

of ~njectedpower, the probability to "That Was an absurd suggested~tmight.The curve seemedtofit the data,but 
obtaln 1.5 gigawatts [billion watts] of statement that never it also cut the best extrapolation to ITER by as much 
fusion power is 99.5% " Savs Rosen- should have been in as 60% "With almost anything you do, the prediction 
bluth, "That was an absurd statement there." goes down," says Dorland. Finally, they verified what 
that never should have been in there- most fuslon researchersalreadyknew The projections 
even [considering what was known] at -Marsha'1 fall to predict the performance of two other tokamaks 
the time. I don't think any of us would ever from whlch data only recently became available the 
have thought the confidence was that high." large Japanese tokamak JT-60U and the much smaller 

He's not the only ITER scientist disavowing these Alcator C-Mod, at the Massachusetts Institute of Technology 
figures "I thlnk that [statement] was most unfortunate," says Paul Some ITER physicists defend the standard projections. J 
Rutherford of the Princeton Plasma Physlcs Laboratory and chalr Cordey, a JET phys~cistwho is chalr of the ITER expert group on 
of the ITER Technical Advisory Committee. Even the ITER confinement, says the curbed fits are "statistically questionable " 
director, Robert Aymar, says, "I will not back these exact values." He and other ITER physicists add that JT-60U'sperformance may 

Rosenbluth says that somehow "caveats got lost" when the be an anomal) because of a problem pecul~arto that machlne, and 
statistical analyses "got transmitted to the higher levels" within presumably irrelevant to ITER an undesirable rippling in the 
ITER Ultimately, say both Rosenbluth and Rutherford, review- applied magnetlc field, which allows energy to leak out. For 
ers withln ITER then slmply overlooked the two errant sentences others, however, the Texas researchers have crystallized long-

cia1 factor for tokamak performance-varies in slx different toka- wrote. "We can only join in these authors' urgent call for caution." 
maks as a function of eight parameters, such as magnetic-field Now, Dorland, Kotschenreuther, and many physicists within 
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to review the next phase of ITER's design, the 
Detailed Design Report, due out in December. 
"The fat lady hasn't sung yet," says Sheffield 
of the theory's consequences for ITER. "The 
fat lady hasn't gone on stage yet." 

Turmoil in a tokamak 
The problem Dorland and Kotschenreuther 
have taken on-how turbulence grows within 
the caged plasma-sounds deceptively simple. 
Charged particles streaming along a toka- 
mak's curved magnetic field lines feel a cen- 
trifugal force that tends to push the plasma 
outward. across the field lines. Like honev 
oozing through the grooves of a honey dipper, 
the plasma develops ripples that help it escape 
through the bars of its magnetic cage. Tem- 
perature gradients in the plasma-the hottest 
ions are at its center, the coolest at its edge- 
strengthen this instability, turning the ripples 
into full-blown eddies called ion-temperature- 
gradient (ITG) waves along the outside of the 
donut. The eddies do most of their damage by 
scattering energetic particles that would oth- 
erwise be snugly confined by the magnetic 
field. Diffusing outward, the particles cany 
heat out of the plasma. 

In spite of the problem's apparent simplic- 
ity, actually computing the growth of the in- 
stabilities, their interactions, and their effects 
on the caged particles is fiendishly difficult. 
Calculating turbulence in an ordinary fluid is 
one of the great challenges of computational 
~hvsics. and ~lasmas have the additional . ,  , 
wicked subtleties of electric and magnetic 
fields, along with all their associated energies 
and forces, thrown into the mix. Directly solv- 
ing the equations describing the sloshing and 
swirling that take place in a full-sized tokarnak 
is out of the question, says Martin Greenwald, 
a plasma physicist at the Massachusetts Insti- 
tute of Technology. "You're trying to bridge 
huge scale [differences] in temporal and spa- 
tial dimensions"-from tiny eddies to the 
whole machine, for example. 

Dorland and Kotschenreuther "bridge that 
gap with several small boards instead of one 
big board," says Greenwald, aided by recent 
developments including faster computers, 
clever computational algorithms, advances in 
the mathematics of turbulence, and their own 
decision to merge their seDarate lines of re- ., 
search into a single computer code. The team 
divides the donut into a series of rings. which ., , 
they treat separately, then splice back to- 
gether at the end of the calculation. Thev also ., 

split the analyses up according to the ampli- 
tude of the ITG waves. 

Concentrating on small amplitudes lets 
Kotschenreuther simplify the equations and 
determine whether the s l o ~ e  of the temDera- 
ture profile-how fast it is dropping from 
center to edge at any point-is enough to 
make eddies grow. By using several numeri- 
cal tricks, such as tailoring the algorithms to 

the architecture of Cray supercomputers, he 
puts all this together to find unstable eddies 
very quickly and accurately. 

Dorland contributes another piece of the 
puzzle by calculating just how these eddies 
interact at larger amplitudes, drawing on 
mathematics devised by Gregory Hammett of 
the Princeton Plasma Physics Laboratory 
(PPPL) and Francis Perkins, who is now the 
head of physics integration at the ITER work 
site in San Diego. The overall package also 
relies on work by UCSD's Patrick Diamond 
and collaborators, who showed how any ve- 
locity shear can tear apart the eddies and limit 
their growth, and by PPPL's Michael Beer. 

It all meshes together as Kotschenreuther 
computes the instabilities and Dorland fol- 
lows how the eddies interact, knocking par- 
ticles around and conducting heat out of the 

produce much fusion power. 
ITER's size is largely to blame. The spiral- 

ing magnetic field lines in a tokamak normally 
act as a stabilizing influence, suppressing both 
the turbulent eddies and the edge instability: 
As particles follow the field lines around from 
the outside of the donut to the inside, the 
same centrifugal force that generated the 
instabilities now pushes them back toward 
the plasma. It's like spinning a honey dipper 
to keep the honey from oozing through it, say 
the researchers. But ITER's size reduces the 
stabilizing influence of the spiraling lines, be- 
cause the particles have a longer journey from 
the unstable outside of the donut to the stable 
inside, as if the honey dipper were being 
twirled more slowly. Added to that geometric 
effect is the lack of velocity shear in ITER, 
which means that its more vigorous instabili- 
ties have less to rein them in. 

Some physicists think that verdict may not a be final. Rosenbluth suggests that recently dis- 
covered magnetic field configurations, which 
unexpectedly stanched heat loss from some 

3 tokamaks (Science. 28 lulv 1995, D. 478). r 
might be a'way out of Ae'woods f i r  ITER~ 
And Derek Robinson, director of fusion at the 
U.K. Atomic Energy Authority and a mem- 
ber of ITER's Technical Advisory Commit- 

& tee, says that the complexity of the physics 
taking place at the edges of tokamaks casts 
doubt on the team's prediction of cool tem- 

$ peratures there. But Dorland and Kotschen- 
d reuther reply that ITER falls so far short that 

even if they have overlooked something, the 
picture is unlikely to change much. 

Twist and shake. A simulation of turbulence in 
a tokamak, based on the new theory. 

plasma. The result is that heat transport can 
be handily calculated from first principles for 
any given set of conditions-say, a certain 
profile of plasma density, and so much beam 
heating to stir the brew. "For the first time, 
there is a physics-based transport model for 
tokamaks," says Steven Cowley of the Uni- 
versity of California, Los Angeles. 

Bigger isn't better 
The model has alreadv Droven to be "essen- , . 
tial" to understanding many results in present 
tokamaks, says Ed Synakowski, an experi- 
mentalist at PPPL. And when the team ap- 
 lied it to ITER. thev discovered two effects , , 
that would undermine the machine's per- 
formance. They found that turbulent eddies 
would strengthen, conducting heat out of the 
plasma, at somewhat smaller temperature gra- 
dients than in existing tokarnaks. More im- 
portant, they found that a related instability 
would develop at the very edges of the plasma, 
keeping them unexpectedly cool. The combi- 
nation of a shallow temperature gradient and 
cool boundaries means that the center of the 
plasma would be cool as well, and unable to 

- 
One way to &cue the existing design, say 

Hammett and others, might be to look for a 
new way to generate turbulence-suppressing 
velocity shear-perhaps by using radio fre- 
auencv waves beamed into the tokamak to . , 
push the plasma around. Experiments to test 
this idea are scheduled at PPPL's Tokamak Fu- 
sion Test Reactor, but will be cut short, says 
Hammett, when it is shut down next March. 

But if it turns out that ITER does have to be 
radically redesigned, the new analysis may be a 
valuable ~redictive tool. Dorland and Kots- 
cheniuker are already using their code to 
search for tokamak confirnuations that have " 
low turbulent heat transport even without ve- 
locity shear. The key, their early results suggest, 
may lie in radically reshaping the tokamak 
cross section-rhaps by making it very o b  
late. Such a radical redesign would be likely to 
stretch out the timetable of ITER or point to an 
entirely ddferent, smaller machine. Dorland 
and Kotschenreuther believe, however, that 
whatever happens to the ITER concept, the 
dream of a fusion power plant will still take the 
form of a donut. "Right now, the tokamak's still 
the leading concept in magnetic confinement 
fusion," says Dorland, "and these results don't 
change that. They just suggest new directions." 

-James Glanz 
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