Turbulence

Readers discuss a new model predicting the per-
formance of a large, planned fusion reactor, the
International Thermonuclear Experimental Reac-
tor (ITER). The model is based on a new theory of
how turbulence (right) disturbs the hot, ionized
particles (plasma) contained within powerful mag-
netic fields in the reactor. And readers suggest
how the Internet could “favor interdisciplinary

knowledge and interaction.”

ITER Forecasts

James Glanz’s 6 December News & Com-
ment article (p. 1600) about the perfor-
mance of ITER draws on a recent model for
heat transport in tokamaks, currently one of
the most exciting and productive areas of
fusion research. The article, however, dis-
plays a lack of perspective in reporting the
model’s application to ITER.

The model uses an innovative method
for calculating ion-temperature profiles re-
sulting from fine-scale core turbulence. It
calculates these profiles in several present-
day tokamaks when key auxiliary informa-
tion has been provided from measure-
ments—specifically, conditions near the
plasma surface—giving insights particu-
larly into the physics of ion-energy trans-
port and indicating a sharp dependence of
the core temperature on that of the sur-
face. To use the model predictively for
ITER, however, requires that all the aux-
iliary information be calculated, and the
tools for some important elements are not
well developed or benchmarked.

We disagree with this leap from an im-
portant achievement to sweeping and neg-
ative conclusions about ITER’s perfor-
mance. To predict ITER’s performance, the
international design team and its physics
advisory groups use a combination of com-
plementary techniques, based on both the-
ory and scaling from current experiments.
What is most important at this time is to
test new insights against current experi-
ments and then to take advantage of them
to optimize ITER’s choice of plasma oper-
ating regimes and to make refinements in
the design where appropriate.

The transport discussion underscores
the continuing scientific character of fu-
sion research and ITER’s experimental
role in it. ITER is intended to be the first
experiment to study burning, magnetized
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plasmas and test a panoply of fusion sci-

ence issues at reactor scale. Glanz’s article

does not reflect this broader perspective:

the experimental aspect of ITER, the in-

terplay of experiment and theory, and the

continuing maturation of the field of fu-
sion research.
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The numerical technique of William Dor-
land and Michael Kotschenreuther con-
sists, with some reasonable but not exact
assumptions, of patching together several
numerical codes, of which only the code
treating small amplitude turbulence is
close to a “first principles” treatment,
while the critical outer regions of the
ITER profile are expected to be in the
highly nonlinear regime where reliance is
put on a fluid “moment closure” tech-
nique. The group of independent model-
ing experts that advises ITER has judged
that the agreement of the Institute for
Fusion Studies—Princeton Plasma Physics
Laboratory (IFS-PPPL) model with
present experiments is not adequate for
predictive purposes, and is no better than
that of other less ambitious models that
predict good performance by ITER.
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Dortland and Kotschenreuther consider
only ion thermal transport and rely on ex-
trapolation for predicting the coupled phe-
nomena of electron transport and density
profile evolution. Nonlinear coupling to
stable, and presumably damped, electro-
magnetic oscillations is not treated.

Their work has drawn attention again
to the fact that fairly small changes in
transport can have dramatic effects on
ITER performance and has suggested di-
rections for future experiments and data
analysis. But they appear not to have
given quantitative attention to the var-
ious techniques ITER might use to im-
prove transport. These include central
fueling techniques (high-field side pellets
and compact toroids), plasma shaping, ra-
dio-frequency shearing forces, and more
favorable current profiles (the planned
ITER “advanced scenario”). At this in-
complete stage of progress toward a real
first-principles calculation, primary reli-
ance should remain on the physics-con-
strained (proper dimensionless depen-
dences) empirical scalings that yield opti-
mistic ITER forecasts.

Marshall N. Rosenbluth
ITER Joint Central Team,
11025 North Torrey Pines,
La Jolla, CA 92037, USA

We are writing to point out key omissions
in the article by Glanz that result in an
unduly pessimistic view of the likely perfor-
mance of the ITER fusion device. First,
because it is not noted that Dorland and
Kotschenreuther, whose work is the subject
of the article, are members of the Confine-
ment Modeling and Database Group (an
independent international team that advis-
es ITER on these matters), the article could
leave readers with the misimpression that
they are outsiders.

Glanz does not mention the testing of
the IFS/PPPL local transport model advo-
cated by Dorland and Kotschenreuther
against the data from the present experi-
ments. This and 10 other models are being
systematically tested against the profile
data from eight tokamaks of differing sizes,
and preliminary results were recently re-
ported (1). It was found that the IFS/PPPL
model had a standard deviation from the
data that was similar in magnitude to that
of many other models, not significantly
better. Another model that is based on the
same type of turbulence appears at this
time to be significantly better correlated
with the data and yields optimistic predic-
tions for ITER. The paper of which Dor-
land and Kotschenreuther were co-authors
(1) concluded that it was not possible to

identify a best model at this stage and that
further work on model development and
testing is urgently required before accurate
predictions for ITER can be made using this
approach.

The fundamental problem with such
local transport models is that they do not
reflect the full range of physics that is
taking place in tokamaks. For example,
none of them, including the IFS/PPPL
model, contains a validated model for the
plasma edge region. Much of the pessimis-
tic ITER projection from the IFS/PPPL
model stems from the assumed pessimistic
scaling of the plasma edge temperature;
there are experimental counterexamples
to these pessimistic scalings. Because of
these shortcomings, emphasis has been
placed on the direct statistical modeling of
the global energy confinement data.

With regard to Glanz’s other article (p.
1601), the simple log-linear models that are
used by the database group to fit the global
confinement data of the present devices
have a good track record at predicting fu-
ture performance with reasonable accuracy.
For example, the performance of the
present machines was well predicted in the
early 1980s, before their construction, from
the data generated by smaller devices avail-
able at that time.
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Glanz does not point out that the more
pessimistic projection of Dorland and
Kotschenreuther obtained by use of a log-
nonlinear fit is just one of a number of
such nonlinear empirical models. Other
scalings (such as offset linear ones) have
been shown to give predictions that fall
within the confinement time interval es-
timate provided by the database group.
The results of the nonlinear models
should, however, be taken with due cau-
tion in the absence of a compelling phys-
ical argument because they tend to pick up
systematic measurement differences be-
tween tokamaks much more easily than do
log-linear models. Within the class of log-
linear models, the condition of the data-
base (2) justifies the inclusion of the plas-
ma density as a regression variable.

In summary, the theoretical work being
developed by the IFS/PPPL group is im-
proving our understanding of one of the
transport processes at work in a tokamak.
However, their model is at the present
time incomplete without an experimen-
tally validated model of the edge plasma,
and it also requires improvements to the
model of the plasma core if it is to accu-
rately describe the experimental data.
Dorland and Kotschenreuther have made
important contributions to ITER trans-

port studies, and we welcome their con-
tinued involvement and help with im-
proving the methods for projecting its
performance.

Confinement Modeling and Database Group,
Europe: ]. G. Cordey,* D. Boucher, J. W.
Connor, O. ]. W. F. Kardaun, F. Ryter, M. F.
Turner, A. Taroni, K. Thomsen; Japan: T.
Takizuka, Y. Miura, Y. Ogawa; Russian Fed-
eration: A. N. Chudnovskii, M. Ossipenko;
United States: ]. C. De Boo, W. A. Houlberg,
S. M. Kaye, D. R. Mikkelsen, D. P. Schissel,
R. E. Waltz
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Given the immaturity of the models dis-
cussed in Glanz’s article, they should not be
relied on for predicting the performance of
larger devices. By carrying out dimension-
less scaling experiments (i) on single facil-
ities matching as closely as possible the

ITER conditions, and (ii) between ma-
chines, it is possible to predict the perfor-
mance of ITER. Exploring such data shows
that there is no effect of the type predicted
(in Glanz’s article) so far. This approach
and that of fundamental turbulence models
with their various uncertainties do lead to a
range of predictions for future experiments
such as ITER. As in the past—when JET in
Europe and the Tokamak Fusion Test Reac-
tor in the United States were under consid-
eration—there is always a degree of uncer-
tainty when extrapolating to future ma-
chines. A more focused activity on a range of
existing flexible devices should reduce these
uncertainties and provide more confidence
that a facility such as ITER can produce
substantial fusion power (about 1 gigawatt).
D. C. Robinson

Government Division, Fusion,

United Kingdom Atomic Energy Agency,
Culham, Abingdon,

Oxfordshire, OX14 3DB, United Kingdom
E-mail: derek.robinson@ukaea.org.uk

While I have much respect for the work
done by those involved with the IFS-PPPL
model, a quote attributed to me that the
model is “essential” to understanding many
results in present tokamaks should be clar-
ified. I was referring to the fact that calcu-
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lations that serve as the underpinning of
the IFS-PPPL model form an “essential”
component of one proposed picture describ-
ing the suppression of turbulence and im-
proved transport in a particular magnetic
configuration. Many elements of plasma
theory that are widely regarded as necessary
for an accurate physical description of tur-
bulent plasma processes are captured by this
model, but the model is incomplete and
should not be regarded as essential in a
broad sense.

In addition, focusing only on the im-
plications of this particular model for
ITER runs the risk of losing sight of the
tremendous overall progress in fusion sci-
ence and the improvements in reactor de-
sign that may be implicit in these devel-
opments. Owing to significant advances in
both experiment and theory in the last
several years, fusion plasma research is an
extremely exciting field to work in at
present. Demonstrations of transport and
turbulence control not possible five years
ago have been made, and we have much-
improved theoretical models that are
helping us understand the experimental
results. The IFS-PPPL model is one of
these, but the advance in theory is much
broader. Debate over the IFS-PPPL model
with respect to ITER would not be hap-
pening at all were it not for profound
developments in plasma physics and fu-
sion research in general. While this and
other models have significant deficiencies,
their level of sophistication is high enough
that a fundamental change in the dialogue
between experimentalists, theorists, and
reactor designers is taking place.

Edmund J. Synakowski
Princeton Plasma Physics Laboratory,
Princeton University,

Princeton, NJ 08543, USA

Response: Glanz’s article is a snapshot of the
complex, ongoing, and open scientific de-
bate over the causes and effects of plasma
turbulence in present tokamaks and in
ITER. While the article is factually accu-
rate, it is inevitably incomplete. Because it
deals extensively with our research, we
would like to discuss in our own words some
of the issues raised in the article and in the
preceding letters. We agree that many of
these issues should be studied further.

As noted in our scientific papers, our
present model predicts only core tempera-
ture profiles and neglects additional turbu-
lent mechanisms in the relatively cool outer
region of the plasma. It does not predict
density or momentum profiles, or the near-
surface (“pedestal”) temperature. We be-
lieve that the auxiliary assumptions we use
for these quantities are reasonable and have
experimental and theoretical support, al-

292

ST

though further tests would help to reduce
the resulting uncertainties.

It is useful to consider the historical
context within which the current debate
over tokamak confinement extrapolations
is taking place.

Since the early 1970s, fusion scientists
have improved tokamak performance more
than 10,000-fold (by the standard measure
of the product of density, temperature, and
energy confinement time). Some of this
gain came from improvements in our em-
pirical understanding of plasma behavior
and some from the construction of larger
and more capable devices. While there
have been major advances in plasma turbu-
lence theory over the past 30 years, empir-
ical predictions of tokamak performance
were clearly more accurate than the result-
ing theoretical predictions. Consequently,
empirical performance projections were
used for the ITER design.

Nevertheless, the desirability of a pre-
dictive capability with a firmer theoretical
foundation was widely recognized and led
to a concerted effort over the last several
years to understand plasma turbulence
better. This effort continues to produce
new experimental diagnostics, more dedi-
cated turbulence experiments, valuable
multi-tokamak experimental databases
(assembled through the ITER project),
and advances in theory, including our re-
search with M. A. Beer and R. E. Waltz.
We believe that as a result of this broad
effort, more reliable theoretical perfor-
mance estimates are now emerging. How-
ever, they remain incomplete. More work
is needed, particularly to understand the
pedestal physics better.

As Glanz describes, our research high-
lights several effects important for tokamak
performance, including the pedestal tem-
perature, core velocity shear, density
peakedness, ion-to-electron temperature ra-
tio, and dilution by impurities and fast ions.
Although anticipated in part by antecedent
theories, the experimental significance of
these effects has only recently begun to be
realized, and the empirical scaling methods
have not yet adequately taken into account
their possible importance. We believe this
is why the empirical ITER projections are
optimistic relative to ours.

One of the most robust predictions of
our model is the sensitivity of high-perfor-
mance plasmas to the pedestal tempera-
ture, a sensitivity that is consistent with
much experimental evidence. Although
the physics of the pedestal are still a topic
of controversy and ongoing analysis, lead-
ing theories of pedestal physics imply
a relatively low pedestal temperature for
ITER, giving the lower range of predic-
tions shown in the graph in Glantz’s arti-
SCIENCE
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cle. The ITER Confinement Database and
Modeling Working Group is planning
experiments to investigate the sensitivity
of performance to pedestal temperatures.
Additional experiments are needed to elu-
cidate the dependence of the pedestal
temperature on relevant parameters. We
and others are studying possible methods
for generating higher pedestal tempera-
tures or providing other stabilization
mechanisms.

All of these issues are being reviewed
within the ITER project. We believe we
have answered the most important ques-
tions about our ITER performance projec-
tions at meetings within the ITER commu-
nity, but ours is still a relatively new and
controversial theory. Some aspects remain
to be disseminated widely. Part of the sci-
entific process will include more fusion sci-
entists looking for mistakes in our analysis
or proposing refinements. The U.S. Depart-
ment of Energy and international review
bodies are scheduled to evaluate the ITER
design and will also involve the wider fu-
sion community.

Rosenbluth points out several tech-
niques that might improve ITER perfor-
mance. We agree that these advanced con-
finement techniques have impressive po-
tential. We feel that more near-term exper-
imental and theoretical analyses of their
scaling and accessibility requirements are
called for. There are concerns that the
present ITER design may not be able to
incorporate these techniques.

We are concerned that some readers
(perhaps influenced by the headline of
Glanz’s article) may infer that our projec-
tions of potentially low performance for
the present ITER design imply a dim fu-
ture for fusion energy in general. Nothing
could be further from the truth. The last
few years of magnetic confinement fusion
research have been particularly exciting.
In recent experiments (see J. Glanz, News
& Comment, 28 July 1995, p. 478, for
example), several advanced confinement
techniques have been discovered that dra-
matically reduce the core turbulence and
associated heat loss. A quantitative theo-
retical understanding of these techniques
is rapidly developing. We are excited
about these recent advances, which we
believe could lead to more compact and
attractive tokamak fusion power plants.
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