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About PPPL

The Princeton Plasma Physics Laboratory (PPPL) is dedicated to developing the scientific
and technological knowledge base for fusion energy as a safe, economical, and environmentally
attractive energy source for the world’s long-term energy requirements. It was the site of the
Tokamak Fusion Test Reactor that completed a historic series of experiments using deuterium-
tritium fuel in April 1997. A new innovative facility, the National Spherical Torus Experiment,
came into operation in 1999, ahead of schedule and on budget.

Princeton University manages PPPL under contract with the U.S. Department of Energy.
The fiscal year 2004 budget was approximately $77.8 million. The number of full-time regular
employees at the end of the fiscal year was 407, not including approximately 30 subcontractors
and limited duration employees, 35 graduate students, and visiting research staff. The Laboratory
is sited on 88 acres of Princeton University’s James Forrestal Campus, about four miles from
the main campus.

Through its efforts to build and operate magnetic fusion devices, PPPL has gained extensive
capabilities in a host of disciplines including advanced computational simulations, vacuum
technology, mechanics, materials science, electronics, computer technology, and high-voltage
power systems. In addition, PPPL scientists and engineers are applying knowledge gained in
fusion research to other theoretical and experimental areas including the development of plasma
thrusters and propagation of intense beams of ions. The Laboratory’s Office of Technology
Transfer assists industry, other universities, and state and local government in transferring these
technologies to the commercial sector.

The Laboratory’s graduate education and science education programs provide educational
opportunities for students and teachers from elementary school through postgraduate studies.

On The Cover

Advanced volume visualization of microturbulence data generated by PPPLs Gyrokinetic
Toroidal Code. The field-line following perturbed electrostatic potential inside the tokamak is
shown in red (positive) and in blue (negative), and higher transparency depicts low absolute
values of potential.

Image provided by Professor Kwan-Liu Ma’s group at the University of California-Davis
as part of the U.S. Department of Energy, Office of Science, “Scientific Discovery through
Advance Computing” Program’s Gyrokinetic Particle Simulation Project.

This publication highlights activities at the Princeton Plasma Physics Laboratory
for fiscal year 2004 — 1 October 2003 through 30 September 2004.



Mission

The U.S. Department of Energys Princeton Plasma Physics Laboratory is a

Collaborative National Center for plasma and fusion science. Its primary mission
is to make the scientific discoveries and develop the key innovations that will

lead to an attractive new energy source.

Associated missions include conducting world-class research along the broad

[frontier of plasma science and technology, and providing the highest quality of

scientific education.

Vision
Deepening the understanding of plasmas and creating key innovations ro make

fusion power a practical reality.
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Advantages of Fusion Energy

Worldwide availability of inexhaustible low-cost fuel.

No chemical combustion products and therefore no
contribution to acid rain or global warming.

No runaway reaction possible.

Materials and by-products unsuitable for weapons
production.

Radiological hazards thousands of times less than from
fission.
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From the Director

iscal year 2004 (October 2003 —
FSeptember 2004) was a year of ex-

cellent advances in the understand-
ing of fusion plasmas and progress in the
negotiations towards the implementation
of the ITER Project. We at the Prince-
ton Plasma Physics Laboratory (PPPL)
are particularly pleased that the National
Spherical Torus Experiment (NSTX) had a
banner year with 21 weeks of experimental
operations; the National Compact Stellar-
ator Experiment (NCSX) passed both De-
partment of Energy (DOE) Ciritical De-
cision 2 and Ciritical Decision 3 allowing
the start of construction; and PPPL, part-
nering with the Oak Ridge National Lab-
oratory (ORNL), was selected through a
broad competition to host the U.S. ITER
Project Office.

The FY04 campaign on NSTX was
very successful, leading to deeper under-
standing of fusion plasmas, scientific in-
formation of importance for ITER, and
development of long-pulse high-beta op-
erating scenarios for a future Spherical
Torus Component (ST) Test Facility and
ultimately a power plant. Advances were
made in the understanding of resistive
wall modes, plasma kinks which grow up
on the resistive diffusion time of the con-
ducting walls, including for the first time
detection of toroidal mode number n=3
components of the perturbed fields. New
resistive wall mode control coils were exer-
cised for the first time and shown to have
a favorable effect on locked modes. Con-
finement trends in ST’s were elucidated,
and transport barriers were observed in
plasmas calculated to have reversed shear.
New insight was gained into the nonlin-
ear behavior of fast particle modes, and a
new class of edge localized modes was dis-

vii

Robert J. Goldston

covered, which has minimal impact on
the divertor.

The NCSX passed a number of tough
DOE reviews, the Critical Decision 2,
project baselining, and also Critical Deci-
sion 3, construction authorization. Con-
tracts were let to industry for critical items:
the vacuum vessel subassembly and the
modular coil winding forms. These con-
tracts were optimized by a risk-reduction
process in which multiple vendors per-
formed construction R&D, and then those
with the best results and most attractive
bids were selected for fixed-price construc-
tion contracts.

This year DOE selected the host for the
U.S. ITER Project Office through a broad
competition among the National Labo-
ratories. PPPL, with ORNL as a partner,
submitted a bid to host the Project Of-
fice at PPPL, and after an arduous review
we were selected. This means that PPPL,
with support from ORNL, will have re-
sponsibility for managing the construction
of the U.S. components for the interna-



tional ITER Project. This is a major re-
sponsibility for the Laboratory, which we
accept with enthusiasm. As Princeton Uni-
versity President, Dr. Shirley Tilghman,
pointed out in her letter of support, this
is fully consistent with Princeton’s mot-
to: “In the nation’s service, and the ser-
vice of all nations.” PPPL is continuing
to support the ITER negotiation process,
as it moves towards the selection of a site
for the Project. ITER is a very important
project for the U.S. and the world. It will
demonstrate for the first time production
of near-industrial levels of fusion power.
Results from ITER will be directly appli-
cable to the spherical torus (NSTX) and
to the compact stellarator (NCSX), as well
as the tokamak, because of the close simi-
larity in physics across these three plasma
configurations.

The PPPL Theory Department contin-
ued to make very important advances. Two
of particular interest were in the areas of
the nonlinear physics of energetic particles
and the nonlinear physics of plasma tur-
bulence. In the area of energetic particles,
simulations were completed in which the
plasma was treated as a fluid, but the en-
ergetic particles were treated fully kinet-
ically. The observed nonlinear frequency
shift of the modes in NSTX with ampli-
tude was nicely reproduced. This is a crit-
ical step towards physics understanding in
ITER. In the area of plasma turbulence,
there has been a long-standing question as
to the locality of turbulent transport. Does
the turbulence and transport ata given lo-
cation depend only on the local sources of
free energy (e.g., density and temperature
gradients) or does it depend on more glob-
al plasma parameters? For the first time the
effect of turbulence spreading was shown
conclusively in simulations, allowing this
topic to move from debate to quantifying
the magnitude of the effect and including
it in the analysis of data.
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Computational efforts continued to
grow, as the PPPL Computational Plas-
ma Physics Group (CPPG) plays a key
role in the Fusion Collaboratory by put-
ting the TRANSP data analysis code “on
the Grid,” making it available both nation-
ally and internationally. The approach of
maintaining this large code on a single ar-
chitecture and making it available through
the Grid has been very successful. The
CPPG also continues to advance theory
at the Lab by porting the most advanced
codes to the most advanced new platforms
and by implementing the most advanced
algorithms, such as Adaptive Mesh Refine-
ment, in theory codes.

The PPPL Off-Site Research effort
has flourished in FY04. On the DIII-D
tokamak we implemented a high-precision
poloidal rotation diagnostic, based on ex-
perimental techniques and analysis devel-
oped on the Tokamak Fusion Test Reactor.
We also observed for the first time a “sea”
of Alfvén modes in DIII-D, which appear
in reversed-shear discharges. We are im-
plementing the very challenging motional
Stark effect diagnostic on Alcator C-Mod,
and helping the Massachusetts Institute
of Technology group bring online a low-
er hybrid wave launcher. At the Joint Eu-
ropean Torus (JET) we are implementing
a set of diagnostics for lost alpha particles,
based on the tools we developed and im-
plemented on the Tokamak Fusion Test
Reactor, and we are working with ORNL
on a high power prototype ion cyclotron
range of frequencies (ICRF) antenna to
help optimize the new JET ICRF system.
PPPL has provided critical insight into
the physics of negative ion neutral beams
in support of both JT-60U and the Large
Helical Device (LHD) in Japan.

In our smaller experiments and Work
for Others, we have also made fast prog-
ress. Some examples include the Current
Drive Experiment-Upgrade experiment,



which won a competition to be modi-
fied to the Lithium Tokamak Experiment
(LTX), not in small part because of its
demonstration that liquid lithium surfaces
in contact with high temperature plasmas
result in dramatic reduction in plasma re-
cycling. Another example is the Magnet-
ic Reconnection Experiment, which has
recently been upgraded, and for the first
time has demonstrated the expected dif-
ference between parallel and perpendicular
resistivity as predicted by Lyman Spitzer,
the Laboratory’s first director, in his clas-
sic treatise on the physics of ionized gases.
Plasma neutralizers for heavy ion beams,
developed at PPPL, have successfully im-
proved the focus of these beams in exper-
iments at the Lawrence Berkeley National
Laboratory. The Hall Thruster experiment
has extended its research to very low pow-
er thrusters, which might be used for small
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satellites traveling in coordinated groups,
as needed for a number of applications.
Our plasma sterilization effort is success-
fully using an innovative technique to kill
microbes.

In summary, this has been a busy and
successful year. Our experiments and the-
oretical efforts are advancing the under-
standing of fusion plasmas; PPPL, part-
nering with ORNL, has been selected to
host the U.S. ITER Project Office; and our
efforts across the broader frontier of plas-
ma science are meeting with success. With
luck, at the end of FY05 we will be able to
report that a site has been selected for the
ITER Project, negotiations are underway
towards an ITER agreement, and the do-
mestic fusion program at PPPL and else-
where will be strengthened to assure that
the U.S. is able to take advantage of the
advances that ITER will provide.






Return to Table of Contents

National Spherical
Torus Experiment

r I Yhe National Spherical Torus Ex-
periment (NSTX) at the Prince-
ton Plasma Physics Laboratory

(PPPL) is being used to explore a novel

magnetic fusion concept — the Spheri-

cal Torus (ST) — that may lead to prac-
tical fusion energy at reduced cost. The

ST is also particularly well suited for an

important step along the path to fusion

development, a Component Test Facili-
ty. Finally, NSTX broadens the scientific

base of fusion research and provides im-

portant data for ITER. A national team

comprised of 24 U.S. fusion research in-
stitutions is performing the experiments.

Scientists from the United Kingdom, Ja-
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National Spherical Torus Experiment

pan, Russia, Korea, France, Germany,
and Canada also participate.

Physics Research

The FY04 experimental campaign of
NSTX began in January 2004 with a
programmatic goal to complete 20 weeks
of experiments. By the end of the cam-
paign in mid-August, the NSTX had
completed 844 hours of high-power op-
erations, or 21 effective run weeks, with
2,701 plasma attempts resulting in 2,460
plasmas. Of the plasma discharges, 2,166
achieved currents greater than 0.2 MA,
1,310 of them with neutral-beam injec-
tion (NBI) only, 260 with high-harmon-




ic fast-wave (HHFW) heating only, and
214 with combined NBI and HHFW
heating. A total of five Machine Propos-
als, devoted to operational development,
and 42 Experimental Proposals, devot-
ed to physics research, received run time.
Plasma operation during this campaign
was reliable, with many extended run
days and few unplanned stoppages, and
it was interrupted only for a three week
opening in March to perform diagnos-
tic tasks and install optical dumps for the
Charge-exchange Recombination Spec-
troscopy (CHERS) diagnostic.

The integrated performance goal for
the year, which was to produce high-
performance, long-duration plasma dis-
charges sustained by significant amounts
of noninductive current drive, was ac-
complished. A specific example of such
an integrated high-performance dis-
charge is shown in Figure 1. This 1-MA
discharge was heated by 7 MW of NBI,
and had a current flattop time of 0.8 s,
which is approximately four current re-
laxation times. According to model cal-

culations, the current profile remained
approximately constant for the last 300
ms of the discharge (>1 current relax-
ation time). The stored energy of the
plasma plateaued at 280 to 300 kJ with
toroidal beta greater than 20% for ap-
proximately 0.5 s, which is more than
ten energy confinement times. Toroidal
beta (f1) exceeded 5% of the normalized
current (Ip/aBT), and the energy confine-
ment time was 70% above the predicted
low-confinement mode (L-mode) value
for the same duration. The line-averaged
density exhibited only a modest increase
after 0.3 s, and was then held constant
at 80% of the Greenwald limit by edge-
localized mode (ELM) activity, with no
confinement degradation at these high
densities.

In this and similar discharges, the loop
voltage remained low (<0.5 V) through
the duration of the current and energy
flattop, indicative of a significant amount
of noninductive driven current. Approxi-
mately 60% of the total current was driv-
en noninductively by NBI (10%) and
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Figure 1. Integrated high-performance plasma discharge with significant non-

inductive current.




bootstrap current (50%), as calculated
by the TRANSP code. In order to devel-
op this type of plasma discharge, prog-
ress and understanding was required in
individual areas of research, as will be de-
scribed below.

Macroscopic Plasma Behavior

The reduced time response of the plas-
ma control system improved the feed-
back control for vertical stability, and
this led to routine operation at higher
elongation, K, triangularity, 0, and pulse
lengths than those achieved in previous
years. The control system improvement
permitted operation over an extended
range of elongation; K values exceeding
2.6 at low plasma inductance 4 (~0.5)
and O up to 0.8 were achieved. An ap-
proximate 20% increase over the previ-
ous maximum elongation, and a 30 to
40% increase over previous pulse lengths
were obtained.

The ability to access more routine-
ly higher elongation benefits most op-
erational scenarios in NSTX. In partic-
ular, the greater shaping allowed higher
plasma current at otherwise fixed condi-
tions, leading to higher values of normal-
ized current Ip/aBT [where I, (MA) is the
plasma current and aB1 (mT) is the mi-
nor radius times the toroidal magnetic
field] and higher values of toroidal beta.
Shown in Figure 2 is a plot of peak to-
roidal beta as determined from the EFIT
magnetic reconstruction code. Values of
the normalized beta (fN) of up to 6.2
% m-T/MA at the time of peak toroidal
beta were attained over the full range of
normalized current. A maximum value
of PN = 6.8 % m-T/MA was achieved at
peak poloidal beta, B0l (1.8). The bene-
fit of being able to achieve higher elonga-
tion and thus higher normalized current
is evidenced by significantly more high-
toroidal-beta (>30%) discharges during

the 2004 experimental campaign than in
previous years.

The high-toroidal-beta discharges were
limited by the growth of low toroidal
mode number (low-n) internal modes,
which is shown in Figure 3. The red trac-
es in the figure show the evolution of the
toroidal magnetic field, toroidal beta, and
the magnetic fluctuation amplitude in the

high-toroidal-beta discharge. The black
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Figure 2. Toroidal [} versus normalized cur-
rent Ip/aBr for the 2004 experimental cam-
paign (red) and earlier years (black).
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Figure 3. Comparison of MHD activity for
two NSTX plasma discharges.




traces are taken from a similar discharge
in which the toroidal field was held steady
and, therefore, which had lower toroidal
beta (-20%). A long-duration m/n = 2/1
(where m is the poloidal mode number)
MHD tearing mode in the mid-radi-
us region existed in both discharges. An
m/n = 1/1 mode became unstable in the
high-toroidal-beta discharge, as reflected
by the increase in the amplitude of the
magnetic fluctuations, at about 560 ms.
The toroidal beta started to decrease as
the modes coupled and the rotation de-
creased (Figure 4, top panel), gradually
at first, but then it collapsed as the rota-
tion frequency decreased through a crit-
ical value of 2 kHz. The plasma rotation
remained high in the discharge with no
toroidal field ramp-down (Figure 4, bot-
tom panel).

Resistive wall modes (RWM) were
prevalent and often were the toroidal-
beta-limiting mechanism at low safety fac-
tor. Internal magnetic sensors show nearly
simultaneous growth of n = 1 to 3 modes,
consistent with the DCON stability code
result which shows unstable n = 1 to 3
RWM components. Visible light emission
from the plasma during a RWM is shown
in the left panel of Figure 5, and it is com-
pared to the DCON-computed perturbed
magnetic field normal to the surface exteri-
or and interior to the plasma in the middle
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Figure 4. Evolution of rotation profiles for
the two discharges shown in Figure 3.

and right panels of Figure 5. The compu-
tation uses an EFIT experimental equilib-
rium reconstruction, and the illustration
includes the sum of the n = 1 to 3 compo-
nents. The fast camera images (left panel)
confirm the toroidal asymmetry and mac-
roscopic scale of the mode.

In order to expand the NSTX operat-
ing space and allow for further increases
in toroidal beta, it was essential to explore
means by which performance-limiting
MHD modes could be stabilized. This
was done using the first of three pairs of
error field compensation/RWM control

114147 114147

Figure 5. Fast camera image of NSTX plasma during a resistive wall mode (left) along
with computed perturbed surfaces observed from outside (middle) and inside (right) the

plasma.




coils. The other two pairs will be commis-
sioned for the 2005 experimental cam-
paign. The first active control coil pair
was used to eliminate low-density locked
modes which could otherwise limit the
potential for achieving high-performance
plasmas, as well as to understand the ef-
fect of the applied radial magnetic fields
on modes at higher density and toroidal
beta. With these coils, the density thresh-
old for avoiding locked modes was re-
duced from 1.2 t0 0.5-0.6:10'" m™. The
reduction of the locked mode at low den-
sity by use of this coil expands the NSTX
operating space, aids high-harmonic fast-
wave (HHFW) operation at low density
and allows for the study of possible per-
formance-limiting modes at higher den-
sity and toroidal beta. Experiments dur-
ing the next experimental campaign will
focus on using the error field compensa-
tion/RWM control coil to suppress the
low-density locked modes and the RWM
simultaneously.

Noninductive operation will be essen-
tial for future spherical tori because of
space and neutron loading limitations.
Consequently, this is a critical area of re-
search on NSTX. Several techniques of
non-solenoidal plasma start-up were ex-
plored on NSTX. In initial experiments
in one technique, plasmas were preion-
ized using HHFW and electron cyclo-
tron heating (ECH) in the outside region
near the radio-frequency antenna. Poloi-
dal-field coil currents were initially ad-
justed to establish a field null over a sub-
stantial portion of the plasma, and then
they were ramped to produce a toroidal
loop voltage of 5 to 15 V near the anten-
na. Currents up to 20 kA were produced.
The goal for future work using this tech-
nique is to control the radial position of
the nascent plasma to confine it to the re-
gion where the loop voltage is high, and
thus achieve higher current.

Another technique that was tested
is transient coaxial helicity injection
(CHI), in which a pulse of voltage lasting
for only a few milliseconds was applied
between the inner and outer vessel seg-
ments, causing plasma breakdown and
generating a toroidal current which was
propelled into the main chamber. The
transient CHI technique has the benefit
of reduced power to the walls, since the
CHl is on for only a short time. With this
technique, plasma currents up to 140 kA
with amplification factors (I,/Icpr) of up
to 40 were achieved. This amplification is
a factor of two greater than that obtained
previously with longer duration CHI ap-
plication. Ion and electron temperatures
of up to 25 eV were measured, indicat-
ing the possibility of closed flux surfaces.
Future experiments will focus on main-
taining plasma current beyond the du-
ration of the injector current in order to
couple the seed current to other current
drive sources, both inductive and nonin-
ductive.

Transport

High-confinement mode (H-mode)
operation in NSTX resulted in the high-
est performance plasmas, with stored en-
ergies reaching 400 kJ in 1-MA plasmas
with about 7 MW of NBI heating power.
An experiment to study the L-H (low-to-
high confinement mode) threshold pow-
er was conducted as part of an NSTX/
MAST identity experiment. (MAST is the
acronym for the Mega-ampere Spherical
Tokamak device at Culham Laboratory
in England.) The threshold in NSTX was
found to be low, PNar -~ 350 kW (where
PNpI is injected neutral-beam power), in
balanced double-null divertor (DND)
plasmas at 0.5 MA and 0.45 T, with the
threshold increasing to between 1 and 2
MW in lower single-null (LSN) plasmas
(with the VB drift towards the X-point),




consistent with MAST results for simi-
lar configurations and parameters. Ohm-
ic H-modes were often observed, most
reproducibly at toroidal magnetic field
greater than 0.4 T, and these exhibited
a gradual decrease in the edge rotational
shear and radial electric field E,, as mea-
sured by the edge spectrometer, starting
up to 30 ms before the drop in D¢ emis-
sion that signified the L-H transition.
The confinement trends in NSTX were
similar to those at conventional aspect ra-
tio in some respects, but differed in oth-
ers. Systematic scans of lower single-null
H-mode plasmas at fixed power and to-
roidal magnetic field indicated a linear in-
crease in both the global and thermal en-
ergy confinement time (Tg) as a function
of plasma current (0.6 to 1.2 MA). Figure
6 shows the results of this scan; the linear
increase of total stored energy (WmHD)
with plasma current (I,) is seen as an in-
crease in the electron stored energy (W)
as measured by the Thomson scatter-
ing diagnostic. The electron density (n.)
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was seen to vary by approximately 30%
over the range of currents, but the elec-
tron temperature (T¢) remained constant.
The “ears” on the density profile reflect
the buildup of carbon at the edge during
the early and mid H-mode phases.
Results taken from these systemat-
ic scans, as well as from other discharg-
es with similar operating parameters, in-
dicate that at fixed current and toroidal
magnetic field, the global and thermal en-
ergy confinement times were found to
have a slightly weaker power degradation
than at higher aspect ratio. Contrary to
conventional aspect ratio, however, a to-
roidal magnetic field dependence was ob-
served. This trend in the global and ther-
mal energy confinement times is shown
in Figure 7. The left panel shows the glob-
al energy confinement time normalized
to the ITER97 L-mode scaling, and the
right panel shows the thermal energy con-
finement time normalized to the H-mode
ITER98pby,2 thermal energy confine-
ment time scaling. The figures show that

0
0.5 1.0 1.5
Radius (m)

Figure 6. Plasma current (top left) and electron stored energy (bottom left) evolutions for
discharges from a systematic current scaling experiment at fixed neutral-beam power. Also
shown are the electron density (top right) and temperature (bottom right) profiles for these
plasma discharges at the time of maximum electron stored energy.
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Figure 7. Global energy confinement time normalized to the 97L L-mode scaling value (left)
and thermal energy confinement time normalized to the 98pby,2 scaling (right) plotted as a

function of toroidal field.

the global energy confinement time val-
ues are enhanced over the L-mode value,
with enhancement factors of close to 2.8
at the highest toroidal magnetic field for
both L- and H-mode plasmas. The ther-
mal energy confinement enhancement
factors are more modest, reaching 1.4 at
the highest toroidal magnetic field for
H-mode plasmas. A reduction in confine-
ment enhancement at the lowest toroidal
magnetic field (<0.3 T) is seen for both
the global and thermal values.

Insight into the possible toroidal mag-
netic field dependence and processes
causing transport can be gained by ex-
amining turbulence measurements using
fixed-frequency (30, 42, and 49 GHz)
quadrature and swept-frequency (26 to
40 GHz) homodyne correlation reflec-
tometry systems. For the first time in an
ST, quantitative long-wavelength turbu-
lence measurements have been made in
the core (r/a=0.2 to 0.7) of beam-heated
L-mode plasma discharges. Correlation
reflectometry data indicate radial corre-
lation lengths (L) ranging from 2 to 25
cm with significantly smaller values ob-
served in the outer plasma (r/a ~ 0.65).
The correlation lengths measured in the
outer plasma at r/a = 0.7 (where ion-
temperature gradient turbulence can ex-
ist) are illustrated in Figure 8 as a func-

tion of local total magnetic field |B|
during a fixed-edge safety factor scan. As
can be seen, correlation lengths are ob-
served to increase with decreasing field,
reaching values of approximately 8 cm at
the lowest field. Reflectometer measure-
ments taken for a similar set of discharg-
es show a reduction in the measured re-
flectometer phase fluctuation level, and
associated reduction in the density fluc-
tuation levels, as the magnetic field is in-
creased.

The determination of the transport
properties of NSTX plasmas by the
TRANSP code has benefited greatly by
the increased number of spatial points of

the CHERS diagnostic. The calculations
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indicate that the electron thermal diffu-
sivity (¥e) dominates the transport loss
in most H-modes (% - 10 to 20 m?/s),
with the ion thermal diffusivity (y;) near
or above the NCLASS code neoclassical
value in many cases (i ~ 1 to 5 m?/s).
However, the NCLASS code neoclassi-
cal values do not take into account possi-
ble enhancements to the neoclassical dif-
fusivity by up to a factor of 2 due to finite
gyro-orbit effects. In the L-mode, ¥; - Xe
(1 to 10 m?/s) for line-averaged densities
less than 4:10' m?, but y; < e for high-
er densities.

Thelocal transport properties of NSTX
plasmas appeared to be sensitive to vari-
ations in magnetic shear, as is shown by
comparing two plasma discharges with
different safety factor profiles. The safe-
ty factor profiles of these discharges were
varied by changing the current ramp rate
and the NBI timing in low-density (nco
~2:102 m3) L-mode discharges. Ina dis-
charge with a fast current ramp and ear-
ly NBI, the electron and ion temperature
exhibited much stronger gradients near
r/a = 0.5 than in a discharge with a slow-
er current ramp and later NBI, signify-
ing the formation of an internal transport
barrier. The electron and ion temperature
profiles from these discharges at times of
comparable density and rotation velocity

n
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profiles are shown in Figure 9; the sharp-
er temperature profile gradients can be
seen in discharge 112989, which had the
faster current ramp and earlier NBI. The
safety factor profiles for these two dis-
charges, as determined in the TRANSP
code, are shown in the top panel of Fig-
ure 10. The modeling for the slow cur-
rent ramp/late NBI discharge (112996)
shows a monotonic safety factor profile,
while that for the fast current ramp/early
NBI discharge (112989) exhibits a mag-
netic shear reversal from r/a = 0.2 to 0.5.
The effects of the possible reversed shear
are seen in the bottom panels of Figure
10, which show a reduction by a factor
of 3 to 7 in the thermal diffusivities of
both the electrons and ions in the region
of reversed and low shear, respectively.
The ion thermal diffusivities equal the
electron diffusitivies outside this region.
Because of uncertainties in the electron
temperature, ion temperature, and their
gradients, the thermal diffusivities are
highly uncertain in the shaded regions,
r/a<0.2and r/a > 0.7.

Reflectometer measurements indicat-
ed both longer turbulence correlation
lengths and higher estimated density
fluctuation levels in the plasma discharge
with monotonic shear than in the one
with calculated reversed shear. GS2 gyro-
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Figure 9. Electron and ion temperature profiles for two comparison plasma discharges at

times of comparable density and rotation.
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Figure 10. Safety factor profiles and ther-
mal diffusivities calculated by the TRANSP
code for comparison discharges. The ther-
mal diffusivity values have the least uncer-
tainty in the unshaded region.

kinetic code calculations indicate linear
growth rates for microinstabilities near
r/a = 0.45 which are significantly high-
er in the monotonic than in the reversed-
shear case. Nonlinear gyrokinetic calcu-
lations are underway to confirm these
results and to study the stabilizing effect
of sheared rotation.

Waves and Energetic Particles

The 30-MHz system (9th deuteri-
um cyclotron harmonic frequency, fc p,
on axis) provides the potential for heat-
ing electrons selectively to reduce ohm-
ic flux consumption and for providing
noninductive current drive directly. The
twelve-strap HHFW antenna has the ca-
pability to launch waves over a range of
wavenumbers (k|| = 3 to 14 m™!) and di-
rections. While significant electron heat-
ing has been observed in low-density
deuterium and helium plasmas, the ac-
tual power absorption of the electrons
was found to depend sensitively on the
spectrum of launched waves, with great-
er absorption at higher toroidal wave-
numbers. Electron heating profiles are
consistent with model calculations which
predict broader heating profiles for high-
er toroidal wavenumbers, but the incre-
ment in electron stored energy is less
than what would be expected for pure
electron heating.

Heating of the edge thermal ions dur-
ing HHFW was measured by the edge
rotation diagnostic. This heating is be-
ing considered as a possible explanation
for the apparent deficit in electron heat-
ing. This edge measurement indicates
that the edge ions could be described as
a two-temperature component plasma,
with a significant hot component whose
temperature scaled with the HHFW
power, and which could reach 0.6 keV.
The edge ion heating was associated
with parametric decay of the launched
HHFW wave as measured by a radio-
frequency probe. A frequency spectrum
of the probe signal is shown in Figure
11; the fundamental wave at 30 MHz
is seen along with sidebands separat-
ed by f. p, indicative of a decay into an
ion-Bernstein wave (IBW) wave. More
ion-Bernstein wave sidebands are ob-

served with increasing HHFW power. It
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Figure 11. Evidence for parametric decay of high-harmonic fast-wave (HHFW)
into ion-Bernstein wave (IBW) waves as measured by a radio-frequency probe.

The red curve is the background signal.

is also noted that a significant amount
of HHFW power could be absorbed by
fast ions in HHFW plus neutral-beam-
injection experiments.

The reduced HHFW power absorp-
tion limited the current driven by the
HHEFW, especially for the fastest wave,
kToOR = 3 m™!, where the driven current
is predicted by theory to be maximal.

Because of the importance of nonin-
ductive current drive in STs, other tech-
niques to accomplish this must be de-
veloped. The electron-Bernstein wave
(EBW) is one candidate. In this approach,
an ordinary-mode wave is launched into
the plasma, and it is converted to an
EBW, which then heats the electrons lo-
cally at the cyclotron layer in the per-
pendicular direction. The key to making
this a viable technique is to have a great-
er than 80% conversion efficiency from
ordinary-mode to the EBW. Assessments
of EBW emission and estimates of mode-
conversion efficiency in NSTX support
this requirement, and plans for develop-
ing a high-power EBW system are under-
way.

The NSTX, and STs in general, are
particularly susceptible to fast-ion-driven
instabilities due to the intrinsically low
toroidal magnetic field, and this area is
a particularly useful test bed for ITER.
The super-Alfvénic 80-kV neutral-beam
ions have similar dimensionless param-
eters to 3.5-MeV alpha particles from
deuterium-tritium fusion reactions in
proposed magnetic fusion reactors. In
NSTX, neutral-beam-heated plasmas
typically exhibited a broad spectrum of
instabilities excited through a resonant
interaction with fast ions, from com-
pressional and global Alfvén eigenmode
waves (CAE and GAE, respectively) at
frequencies 0.3 < w/w¢ < 1, to toroidal
Alfvén eigenmodes (TAE) at frequen-
cies approximately 100 kHz. While there
was no observed degradation in perfor-
mance correlated with the appearance of
compressional Alfvén eigenmode wave
activity, enhanced fast-ion losses were
correlated with both the toroidal-Alfvén-
eigenmode-wave-like and fishbone-like
modes; this could be relevant to ITER in
the super-Alfvénic regime.
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Plasma-boundary Interface

The exploration of improved parti-
cle control and plasma fueling benefit-
ed from the implementation of several
new techniques and capabilities. Boroni-
zation during bakeout at 350 degrees
Centigrade, deposition of 1 to 2 grams
of trimethylboron prior to certain exper-
imental run days, and interspersing plas-
ma and helium conditioning discharges
all helped to maintain good wall condi-
tions and led to better density control.
Initial experiments were successfully per-
formed using a lithium pellet injector
developed for particle control and a su-
personic gas injector for localized and ef-
ficient fueling. The use of these capabil-
ities and techniques will be expanded in
future operation.

Because of the compact nature of the
ST, it is important not only to account
for the power escaping from the plas-
ma, but to reduce the power to the ma-
terial surfaces. It is also the case that STs
form a very good test bed for studying
high power density operation for ITER.
Power accountability in both lower sin-
gle-null and double-null divertor plasmas
was found to be good, with up to 70%
and 90% of the power accounted for in
the two configurations, respectively. The

largest fraction of the power loss (35%)
was deposited on the divertor plates, with
an out-in ratio of up to 5:1. Inner diver-
tor detachment was found to reduce the
power loading of the inner divertor plates
to below 1 MW/m?. Inner divertor de-
tachment was observed in both L- and
H-mode NBI-heated plasmas at densities
greater than 2:10'” m™. The outer diver-
tor in all experiments remained attached,
with heat fluxes up to 10 MW/ m?, great-
er than that anticipated in ITER.

A variety of edge-localized modes
(ELMs), which can cause increased di-
vertor power loading, was observed in
H-mode plasmas. An apparent new type
of ELM, Type V, was identified. This
ELM is small amplitude with minimal
energy loss and minimal resulting power
loading, and it occurs when the normal-
ized electron collisionality frequency (v¢)
is greater than one, where v is evaluated
at the top of the pedestal. At lower nor-
malized electron collisionality frequency,
this small ELM was interspersed between
large Type I ELMs. Type I ELMs often
exhibited low toroidal mode number ex-
ternal kink-like structures on the fast
camera images, while structures associat-
ed with Type II/III/V ELMs were higher
toroidal mode number (Figure 12). The

Figure 12. Fisheye camera images of contrast-enhanced, unfiltered light during a large,

Type V edge-localized mode (left) and a small, Type I edge-localized mode (right).
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severity of ELMs that affect the plasma
stored energy was found to depend sensi-
tively on plasma elongation. Future work
will focus on understanding the under-
lying ELM stability properties and their
dependence on shape, using high-spatial-
resolution edge diagnostics in order to
utilize them for control of both density
and power loading.

The two-dimensional structure of
edge plasma turbulence was measured
by viewing the emission of D¢ or heli-
um spectral lines enhanced by gas puft-
ing using an ultra-high speed CCD cam-
era. Transitions from L-mode to H-mode
could appear as a continuous evolu-
tion from a turbulent “blob-like” or in-
termittent state to a quiescent state over
0.1 ms, apparently without any new spa-
tial features or flows. Transitions from
H-mode to L-mode appeared as high to-
roidal mode number poloidal perturba-
tions which evolved into radially moving
blobs. The ELMs normally were associat-
ed with an increase in blob-like activity,
although sometimes ELM-free H-modes
had intermittent blob-like turbulence.

Maintenance Activities

and Upgrades

A redesign of the NSTX demountable
toroidal-field (TF) assembly was imple-
mented before the start of the FY04 ex-
perimental run. This new design provid-
ed an increase in the strength of the hub
assemblies, utilizing steel boxes with ep-
oxy filling rather than shims to restrain
the joint flags. Voltage difference probes
were added at all 72 toroidal-field joints
to provide high-resolution real-time mea-
surements of the joint resistances, and a
fiber-optic-based instrumentation system
was installed to take strain, temperature,
and displacement measurements at select-
ed joints. During the first four months of

the experimental run, a small but gradu-
al upward drift of the resistances of some
of the more highly stressed TF joints was
measured, and a TF operating limit of 3
kG was imposed while joint performance
was analyzed. Toroidal-field joint perfor-
mance remained stable at 3 kG, and the
FY04 experimental run was successfully
completed.

A number of other important facility
and diagnostic upgrades were performed
during the past year. The experimental
run began with new technical system ca-
pabilities to allow for boronization of the
vacuum vessel walls using trimethylbo-
ron while at vessel bakeout temperatures,
and to provide rapid daily boronization
to meet experimental needs. A 400-pellet
lithium pellet injector and new shoulder
gas valve controls were implemented to
support particle control experiments. A
supersonic gas injector for localized and
efficient fueling was installed and com-
missioned. The microwave reflectome-
ter diagnostic system was upgraded to
measure long-wavelength turbulence in
the plasma core through correlation re-
flectometry. Edge fluctuations were mea-
sured with an upgraded reciprocating
edge probe, a new fast camera for gas puff
imaging measurements, a divertor visible
camera, and edge channels in the far-in-
frared interferometer system (FIReTIP).
Additionally, the motional Stark effect
diagnostic was installed and operated
with up to eight channels to determine
the plasma current profile. Results from a
plasma equilibrium reconstruction using
motional Stark effect data as a constraint
are shown in Figure 13.

A facility upgrade critical to the suc-
cess of the majority of experiments run
in the past year was an upgrade to the
SKYBOLT real-time control computer,
resulting in reduced latency in the plas-

12
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Figure 13. Measured and reconstructed magnetic pitch angle (left) and reconstructed safety
factor profile (right) using motional Stark effect data as a constraint.

ma control system from several milli-
seconds to under one millisecond, im-
proving the real-time plasma control.
Continued development of the real-time
EFIT code led to its successful use in ex-
periments that required fine boundary
control. Other control system upgrades
this year include a real-time phase con-
trol system for HHFW and a radio-fre-
quency filtering system for the magnetic
diagnostic system to allow real-time plas-

ma control during high-power HHFW

operation. In support of ongoing experi-
ments on techniques to achieve solenoid-
free plasma initiation, poloidal-field coil
#4 on NSTX was commissioned for op-
erations this year, and a new capacitor
bank to provide transient coaxial helic-
ity injection capability was designed and
installed. The first of three pairs of ex-
vessel control coils for error field com-
pensation and ultimately for control of
resistive wall modes was installed and
operated.
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Stellarator Experiment

National Compact Stellarator Experiment

key goal for fusion science re-
A search is to develop physics so-

lutions for practical magnetic
fusion power plants. Stellarators, a fam-
ily of three-dimensional (3-D) toroidal
magnetic configurations, are of inter-
est because they solve major problems
— achieving steady-state operation and
avoiding disruptions. There is a substan-
tial effort in stellarator research world-
wide, including Japan’s Large Helical

Device (operating) and Germany’s Wen-
delstein-7X (under construction), large
facilities that use superconducting mag-
nets. United States researchers have fo-
cused on a new variant, the compact
stellarator, which shares the attractive
properties of existing stellarators but also
has additional advantages.

The compact stellarator is a result of
major advances in plasma physics under-
standing and computation over the past
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decade. For the first time, researchers are
able to design stellarator configurations
that are stable without active feedback
control or current drive, have low aspect
ratio (A = 4.5, where A is the ratio of
the torus radius to plasma radius) com-
pared to previous stellarator designs (A
=< 10), and have a quasi-symmetric mag-
netic field structure. A quasi-symmetric
magnetic configuration has, in spite of its
three-dimensional geometry, an approx-
imate symmetry direction in the field
strength, as experienced by charged par-
ticles drifting along magnetic field lines
in the system. In a quasi-axisymmet-
ric stellarator (QAS) such as the Nation-
al Compact Stellarator Experiment, the
single particle trajectories and plasma
flow damping are similar to those in to-
kamaks, which are axisymmetric in both
geometry and magnetic structure. Based
on this fundamental similarity, quasi-ax-
isymmetric stellarators are expected to
share the tokamak’s good confinement
performance. Their physics link with to-
kamaks should enable compact stellara-
tors to advance rapidly and economically,
building on advances in the more mature
tokamak concept, including the expected
future advances in burning plasma phys-
ics and technology from ITER.

A new experimental device, the Na-
tional Compact Stellarator Experiment
(NCSX), is being constructed at the
Princeton Plasma Physics Laboratory
(PPPL) in partnership with the Oak
Ridge National Laboratory (ORNL) as
the centerpiece of a national program
to develop compact stellarators. Dur-
ing FY04, the NCSX completed major
design and project management mile-
stones and, with the placement of con-
tracts for manufacture of major compo-
nents, moved into fabrication. Technical
advances in design, research and develop-
ment, and manufacturing process devel-

opment for NCSX are discussed in the
Engineering and Technical Infrastructure
section of this report. In this section, the
key milestones in the project’s transition
from a design to a fabrication activity in

FY04 are highlighted.

NCSX Mission

The NCSX is an integral part of the
U.S. Department of Energy’s (DOE) Of-
fice of Fusion Energy Sciences program.
Its mission is to acquire the physics knowl-
edge needed to evaluate compact stellar-
ators as a fusion concept, and to advance
the physics understanding of 3-D plasmas
for fusion and basic science. In addition,
the technological innovations and devel-
opments that are produced in the course
of the fabrication project are making im-
portant contributions to fusion technol-
ogy, including publication at major con-
ferences. The NCSX device is designed
to test compact stellarator physics in a
high-beta (§ > 4%), low aspect ratio (A
= 4.4) QAS plasma configuration which
obtains about one-fourth of its edge rota-
tional transform from the self-generated
bootstrap current. Modular coils (Figure
1) provide the externally generated 3-D
stellarator magnetic fields for the three-
period configuration. The QAS concept
was chosen for NCSX because its con-
nection with the tokamak enables it to
build on the tokamak as well as the stel-
larator databases.

NCSX Machine Design

The NCSX design is built upon the
robust machine concept that was docu-
mented in the 2002 NCSX Conceptual
Design Report. At the core of the device
are the modular coils and the vacuum
vessel, the two most critical components.
The eighteen modular coils will be fab-
ricated at PPPL on steel winding forms
manufactured in industry to precise shape
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Front View

Figure 1. The NCSX will use three-dimen-
sional modular coils to produce a three-di-
mensional plasma shape.

specifications. The finished coils will be
assembled over segments of the vacuum
vessel, also manufactured in industry, to
form three identical field-period subas-
semblies. These components and assem-
bly steps are illustrated schematically in
Figure 2. In final assembly, the field pe-
riods will be joined together on a sup-
port base to form a vacuum-tight vessel
surrounded by a toroidal shell structure,
made up of the eighteen winding forms,
that will permanently support the mod-
ular coils. Additional control coils, asso-
ciated structures and services, and a cryo-
stat will then be installed to complete the
stellarator core assembly.

Establishing the Project Baseline
The NCSX fabrication project began

in April 2003. By the start of FY04, six

months into the project, the design had

reached a level of maturity sufficient to
establish the cost and schedule baseline
for execution. Four industrial teams were
already under contract, developing man-
ufacturing processes for the major com-
ponents. The teams, two for the vacu-
um vessel and two for the modular coil
winding forms, had submitted cost and
schedule estimates for production and
were preparing to fabricate full-scale pro-
totypes of these components.

The project’s designs, work plans,
and estimates were documented in a de-
tailed report and reviewed on October
7-9, 2003 at a NCSX Preliminary De-
sign Review, the first of several project
milestones accomplished in FY04. Carl
N. Strawbridge, Deputy Director of the
Spallation Neutron Source Project at
Oak Ridge National Laboratory, chaired
a committee of thirteen experienced engi-
neers from fusion and other science com-
munities. They found the NCSX design
to be technically sound, the management
plans and budget to be adequate, and the
project ready to be baselined. The report
included numerous recommendations,
one of which was to make the vacuum
vessel capable of being heated to a tem-
perature of 350 degrees C, so that future
plasma-facing components, which may
require bakeout to that temperature, can
be accomplished through simple attach-
ments to the vacuum vessel. This change
improves the economics and reliability of
such plasma-facing components and thus
will be a significant benefit to research
operations.

The Preliminary Design Review was
followed by two DOE reviews that were
held jointly November 18-20, 2003. The
Performance Baseline Review, chaired
by Daniel Lehman of the DOE Office
of Science (SC), examined the project’s
technical basis, risk mitigation plans, cost
and schedule estimates, and management
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plans. The External Independent Review
by the DOE Ofhice of Engineering and
Construction Management validated the
project’s estimating basis and compli-
ance with performance baseline prerequi-
sites. The two reviews satisfied key base-
line readiness requirements, as specified
in DOE Manual M413.3, “Project Man-
agement for the Acquisition of Capital
Assets,” which governs the management
of the NCSX project. The reviews con-
cluded that the project was responding
appropriately to the Preliminary Design
Review and was ready to be baselined.
Key project changes resulting from these
reviews included decisions to budget ad-
ditional tooling to increase coil winding
capacity at PPPL, to power test all mod-
ular coils individually at cryogenic tem-
perature, and to test the completed coil
assembly at cryogenic temperature prior
to operation.

Based on the results and project re-
sponses to these three reviews and an

Winding
Form

Modular
Coill

updated DOE funding plan, the proj-
ect baseline was approved (Critical Deci-
sion 2, or CD-2) on February 4, 2004 by
the Associate Director for Fusion Ener-
gy Sciences, DOE SC. Ciriteria for proj-
ect completion, including production of
“first plasma” with coils at cryogenic tem-
peratures, were set. A budget of $86.3
million and a completion date (CD-4)
of May 2008 were established. The Work
Breakdown Structure (WBS), including
contingency of 26% on the work remain-
ing at CD-2, is summarized in Table 1.
The schedule, including over five months
of contingency, is summarized in Figure
3. The funding profile adopted at CD-2
is provided in Table 2.

Moving into Construction
Throughout FY04, the project pro-
gressed in its technical activities toward
the goal of awarding the two largest fab-
rication contracts, for the vacuum vessel
subassemblies and for the modular coil

Field-period
Subassembly

Figure 2. Manufacture and assembly of the NCSX modular coils and vacuum vessel into

field-period subassemblies.

18



Table 1. The National Compact Stellarator Experiment Project Budget.

Work Package

Budget ($M)

Stellarator Core

42.3

Heating, Fueling, and Vacuum

1.6

Diagnostics

1.7

Electrical Power

5.3

Central 1&C and Data Acquisition

2.6

Facility Systems

2.0

Test Cell Preparation and Machine Assembly

4.3

OO\]C\\J\%UJNP—‘s
w

Project Management and Integration

10.6

Subtotal

70.4

Contingency (26% of work remaining at CD-2)

15.9

Total Estimated Cost

86.3
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Figure 3. The National Compact Stellarator Experiment Project Schedule.

Table 2. The NCSX Funding Profile at Critical Decision-2.

Fiscal Year

2003

2004

2005 2006 2007 2008 Tortal

Funding ($M)

7.9

15.9

15.9 22.1 19.4 5.1 86.3
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winding forms by the end of the fiscal
year. Documents produced include com-
plete fabrication specifications for those
components, reports documenting the
design description and supporting anal-
ysis and research and development, pro-
curement plans, contract statements of
work, and source selection criteria. A suc-
cessful Final Design Review held May 19—
20, 2004, again chaired by Carl Straw-
bridge of ORNL, confirmed the project’s
technical readiness to proceed with pro-
curement and fabrication.

After incorporating review recommen-
dations, the project sent requests for pro-
posals to the four industry teams who
were participating in the project’s man-
ufacturing development program. Pro-
duction proposals were received from
all four teams in early August 2004. Af-
ter evaluating the proposals, two sub-
contract procurement evaluation boards
recommended the awardees for the pro-
duction program. Major Tool and Ma-
chine, Inc. of Indianapolis, Indiana, was
selected to fabricate the vacuum ves-
sel subassemblies (Figure 4). Energy In-

dustries of Ohio, Inc., of Independence,
Ohio, was selected to fabricate the mod-
ular coil winding forms (Figure 5), lead-
ing a team including C.A. Lawton Com-
pany of De Pere, Wisconsin, for pattern
making; MetalTek International of Peve-
ly, Missouri, for casting; and Major Tool
and Machine, Inc. for machining.

Two DOE Office of Science proj-
ect reviews, one on June 8-9, 2004 (be-
fore issuance of the request for proposals)
and the second on September 1, 2004
(after source selection), were held to as-
sess the projects readiness for fabrica-
tion. Based on their positive recommen-
dations, Start of Fabrication (CD-3) was
approved on September 16, 2004. Im-
mediately afterwards, the project award-
ed the contracts, achieving its final goals
for FY04 on schedule.

Summary and Project Status

In FY04, the NCSX project made
the transition from a design-dominat-
ed to a fabrication-dominated activity.
Following the approval of the perfor-
mance baseline in February, formal cost

Natianal

Figure 4. A full-scale 20-degree prototype section of the NCSX vacuum vessel produced

by the Major Tool and Machine, Inc., team.
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Figure 5. An actual full-scale NCSX proto-
type modular coil winding form produced
by the Energy Industries of Ohio team.

and schedule performance tracking be-
gan. The earned value of accomplished
work was updated each month and re-

ported to DOE. Schedule and cost per-
formance indices, ratios of earned value
to scheduled work and to costs, respec-
tively, were computed and used to assess
project performance. These indices re-
mained between 0.9 and 1.1 as required
by DOE performance standards, and
improved with time. With the place-
ment of its two major component fab-
rication contracts, about half the proj-
ect’s effort moved to industry. Because
of the success of the manufacturing de-
velopment program, and the continuity
of the selected contractors’ efforts from
that program to production, the fabrica-
tion activities were able to make a rap-
id and efficient start following contract
award.
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U.S. ITER Project Office

he study of burning plasmas has
Tbeen identified as the next ma-

jor step in the world fusion pro-
gram. The worldwide community of fu-
sion researchers has reached a consensus
that the scientific and technological ba-
sis is sufficient to proceed to a burning
plasma experiment — one in which the
plasma is heated predominantly by alpha
particles produced in deuterium-tritium
fusion reactions.

An unprecedented international col-
laboration of scientists and engineers has
performed needed research and develop-
ment (R&D) and has designed a burn-
ing plasma experiment called ITER,
which in Latin means “the way.” The fu-
sion power produced by ITER will be
ten times greater than the external pow-
er delivered to heat the plasma. In Janu-
ary 2003, President Bush announced that
the U.S. would join in negotiations for
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the siting and construction of this proj-
ect, whose mission is to demonstrate the
scientific and technological feasibility of
fusion power. If successful, these delibera-
tions could lead to the operation of ITER
around the middle of the next decade.

In FY04, ITER emerged as a signifi-
cant component of PPPLs program. In
February 2004, the U.S. Department
of Energy (DOE) Office of Science un-
veiled its Strategic Plan. A companion
document, Facilities for the Future of Sci-
ence: A Twenty-Year Outlook, listed the
ITER experiment as the first in the 5-
to 10-year scientific priorities. To imple-
ment this presidential priority, in July
2004 the DOE selected the partnership
of the Princeton Plasma Physics Labora-
tory (PPPL) and the Oak Ridge National
Laboratory to host the U.S. ITER Project
Office. This Office will serve as the U.S.
domestic agency for ITER, leading the
national ITER project, known official-
ly as “U.S. Contributions to ITER.” The
U.S. contributions will take the forms of
in-kind contributions, staff, and cash.

In FY04, worldwide ITER activities
transitioned from a period of technical
and administrative preparations for con-
struction to one characterized by high-
level inter-governmental negotiations,
along with continued R&D and design.
The U.S. ITER activities focused on the
two major scopes: (1) technical support
of the on-going ITER negotiations and
(2) technical activities focused on the
U.S.’s in-kind contributions.

Technical Support
of Negotiations

The January 2003 presidential deci-
sion for the U.S. to engage in ITER ne-
gotiations followed an extensive U.S.
fusion community assessment of the sci-
entific and technological benefits of the

study of burning plasmas, of the tech-
nical readiness to proceed to the study
of burning plasma, and of the range of
approaches to such studies. The Snow-
mass 2002 Fusion Energy Sciences Sum-
mer Study at Snowmass Village, Colora-
do, during which 250 fusion scientists
and engineers performed a uniform tech-
nical assessment of approaches to burn-
ing plasma, was used by the Fusion En-
ergy Sciences Advisory Committee as the
technical basis for the development of a
strategy for the U.S. to conduct burning
plasma studies. This strategy was reviewed
by the National Research Council, which
recommended that the U.S. should en-
ter into ITER negotiations. These prep-
arations served as the scientific and tech-
nological basis for community support
of the U.S. negotiators for participation
in ITER. In February 2003, a PPPL re-
search manager was asked to serve as the
U.S. ITER Planning Officer and to or-
ganize and coordinate technical activities
aimed at preparing the nation for engage-
ment in ITER. A series of 2003 meetings
of the ITER Negotiators Standing Sub-
Group explored possible arrangements
for the management and execution of the
international ITER project, including a
provisional allocation of responsibilities
for supplying the major components of
ITER, which was achieved in September
2003 and was endorsed by the govern-
mental negotiators as a suitable basis for
further planning.

At the beginning of FY04, a meet-
ing of the Negotiators' Standing Sub-
Group was held in Beijing, China, at
which the U.S. ITER Planning Offi-
cer and the PPPL Director participated
as members of the U.S. delegation. Dis-
cussions addressed further refinement of
staffing regulations, resource manage-
ment regulations, risk management, in-
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tellectual property regulations, procure-
ment allocations, the decommissioning
fund, and drafting of the Internation-
al ITER Agreement. In the staffing area,
significant progress was made in making
most I'TER organization positions acces-
sible to U.S. staff as either ITER second-
ees or direct employees of the ITER or-
ganization. Risk management continued
to be an area of U.S. emphasis and atten-
tion, with an increasing level of support
from several parties. In procurement reg-
ulations, compensation for design chang-
es imposed by the ITER Project Organi-
zation remained a significant issue.

At the end of calendar 2003, Vice Min-
isters from the six ITER parties gathered
in Reston, Virginia, to seek agreement on
the ITER site. Unfortunately, the site-de-
cision could not be made and homework
was assigned in two areas: more detailed
technical assessments of the two sites (in
Cadarache, France, and Rokkasho, Japan)
and technical discussions of a broader ap-
proach, described below. In January 2004,
two meetings were held, one in Garch-
ing, Germany, and the other in Naka, Ja-
pan, at which technical representatives of
the parties met to discuss these two top-
ics. The U.S. ITER Planning Officer and
the Director of the U.S. Virtual Labora-
tory for Technology participated in these
meetings. Technical assessments generat-
ed a greater understanding in each party
of the strengths of the two sites and led to
a subsequent meeting in Vienna, Austria,
at which the potential hosts answered
questions regarding their proposed sites.
The discussions on the broader approach
focused on opportunities for distributing
parts of the ITER Project and the associ-
ated ITER program in a way that might
achieve a win-win configuration for the
two potential host parties. The informa-
tion from the site studies and broader ap-

proach discussions were made available
to the parties as input to further judg-
ments and negotiations.

Cost Estimates for U.S.

In-kind Contributions

Beginning in October 2003, the U.S.
ITER Planning Officer, at the request of
the Department of Energy, initiated an
independent assessment of the costs for
U.S. performance of the requested and
provisionally allocated in-kind contri-
butions. The U.S. contributions are cur-
rently “provisional” because negotiated
details need to be finalized after an agree-
ment on ITER siting and other details
are concluded. Area coordinators, mostly
from the Virtual Laboratory for Technol-
ogy, examined the relevant procurement
packages from the 2001 “ITER Final De-
sign Report” and performed their own
estimates based on U.S. labor rates, com-
modity prices, etc. The estimate includ-
ed all costs for the U.S., not just those
categories included within the ITER cost
estimate sheets from 2001. In particular,
the U.S. cost estimate included remain-
ing research and development, remain-
ing design work, engineering oversight of
the procurements, contingency, and esca-
lation, in addition to the industrial fab-
rication activities estimated in the 2001
“ITER Final Design Report.” In early De-
cember 2003, the group convened at
DOE headquarters to discuss and refine
their findings.

Project Office Selection

Early in FY04, the Department of En-
ergy issued a request for proposal to DOE
laboratories to host the U.S. ITER Proj-
ect Office, which would be responsible
for the coordination of the nation’s ac-
tivities on ITER. These activities would
include not only the arrangements for
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the United States provisionally allocat-
ed contributions, but also supply of cash
to the international ITER organization
for common expenses and the arrange-
ments for U.S. staff to the ITER orga-
nization. Three DOE laboratories sub-
mitted proposals, which were evaluated
by a Department of Energy team cen-
tered at the Chicago Operations Office.
In July 2004, PPPL in partnership with
the Oak Ridge National Laboratory was
awarded the host responsibility. The U.S.
ITER Project Office formalized activi-
ty in the research and development and
design of the U.S. contributions and be-
gan work with the Department of Ener-
gy on preparations for project activities
specified within the DOE Project Man-
agement Order.

Technical Activities Focus

on In-kind Contributions

The partnership between the U.S. Vir-
tual Laboratory for Technology and the
U.S. ITER planning activities continued

Pellet Injector

to address R&D and design for the pro-
visionally allocated U.S. in-kind contri-
butions (Figure 1).

Central Solenoid Magnet: The pro-
visionally allocated magnet contribution
by the U.S. includes four of the seven
modules of the central solenoid, which is
the flexible set of coils in the inner stack
of ITER, which will not only drive ohm-
ic current but also enable flexible shap-
ing of the plasma cross section to allow
both enhanced performance and experi-
mental flexibility. R&D issues addressed
by the United States included the devel-
opment of higher capacity superconduct-
ing strand by potential U.S. vendors, the
characterization of the surrounding jack-
et material which provides structural sup-
port for the superconducting strands and
their wraps, studies of joints, and overall
design of the central solenoid by both do-
mestic and seconded work.

Shield/Blanket: U.S. contribution of
10% of the plasma-facing surface will be
implemented by our supplying 36 mod-

4 of 7 Central
Solenoid Modules

Steady-state
Power Supplies

15% of Port-based
Diagnostic Packages

44% of ICRH Antenna +
all Transmission Lines,
RF-sources, and Power Supplies

Start-up Gyrotrons, all Transmission
Lines and Power Supplies

Blanket/Shield 10%

Roughing Pumps,
Standard Components

Tokamak Exhaust
Processing System

Cooling for Divertor, Vacuum Vessel, ...

Figure 1. U.S. provisional “in-kind contributions.”

26



ules in the lower half of the machine near
the divertor. R&D and design issues ad-
dressed included the bonding of berylli-
um plasma-facing materials to a copper
heat sink and bonding of the copper heat
sink to a stainless steel support struc-
ture. Design activity addressed not only
the thermohydraulics of the cooling, but
also the electromagnetic loads from plas-
ma disruptions.

Diagnostics: The U.S. will provision-
ally provide 16% of the diagnostics, in-
cluding integration of two upper ports,
two equatorial ports, and one divertor
port. The design activity focused on ex-
amination of more appropriate packag-
ing for the diagnostic work, leading to a
decision that the diagnostics would be al-
located by ports, with the party respon-
sible for the port providing not only the
lead diagnostic for the port but also per-
forming integration of other diagnostics
into the integrated port structure.

ICRH Antenna: The provisionally al-
located U.S. scope includes an equal shar-
ing with Europe of a state-of-the-art ion
cyclotron antenna, and U.S. supply of all
of the transmission lines, radio-frequen-
cy sources, and power supplies. Research
included prototyping of the high-power
prototype antenna for the Joint Europe-
an Torus (JET) tokamak in England as a
partnership between Europe and the Unit-
ed States. This work, supported by the
Virtual Laboratory for Technology and
the international collaborations program,
identified issues which are to be addressed
prior to the finalization of the antenna.

Electron-cyclotron System: The U.S.
allocation includes all of the 120-giga-
hertz start-up gyrotrons, all the trans-
mission lines, and all of the high-voltage
power supplies. Research was conducted
on the development of a 120-gigahertz
gyrotron, primarily through support by
the Virtual Laboratory for Technology.

Pellet Injector: U.S. activity on the
pellet injector included protyping of the
guide tube and assessment of the surviv-
ability of pellets launched at 300 meters
per second, the planned ITER injection
speed.

Roughing Pumps and Standard Vacu-
um Components: It was determined that
there is no research needed to support
U.S. provision of vacuum components.

Tritium Processing System: The pro-
visionally allocated U.S. role in the triti-
um processing system is the tokamak ex-
haust processing system, which will take
the effluent from the ITER vacuum sys-
tem and separate out hydrogen isotopes
which will then be passed to the Europe-
an-led isotope separation system, which
will lead to the Korean-led gas storage
and delivery system. The U.S. activity fo-
cused on the integrated design of the tri-
tium processing system, working with
Europe and Korea.

Conventional Systems: Balancing the
U.S. high technology components were
two large conventional systems for steady-
state electrical power and cooling water
for the divertor and vacuum vessel. The
U.S. activity focused only on cost estima-
tion for these systems.
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Fusion Ignition
Research Experiment
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Fusion Ignition Research Experiment

he Fusion Ignition Research Ex-

I periment (FIRE) design study
has been undertaken to define a

low cost burning plasma experiment to
attain, explore, understand, and opti-
mize magnetically confined fusion-dom-
inated plasmas. The FIRE Design Study
has been undertaken as a national col-
laboration with participants from more
than 15 U.S. institutions and is managed
through the Virtual Laboratory for Tech-
nology. The technical work on FIRE has
been guided by a Next Step Option Pro-

gram Advisory Committee with mem-

bers from 12 U.S. fusion institutions,
as well as Europe and Japan. The ma-
jor FIRE and Next Step Options activ-
ities for FY04 were the successful com-
pletion of the Physics Validation Review
for FIRE, continued improvement of the
physics basis for FIRE, and the extension
of FIRE work to the development and
possible implementation of advanced to-
kamak modes on ITER.

Physics Validation Review
As recommended by the Fusion Energy
Sciences Advisory Committee (FESAC)
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Burning Plasma Strategy Report, the
U.S. Department of Energy conduct-
ed a Physics Validation Review (PVR) of
the FIRE physics basis on March 30-31,
2004. The Charge to the Physics Valida-

tion Review Committee was:

Using the Technical Assessment
at the 2002 Snowmass Summer
Study as a starting point, update
the assessment of the physics and
technical capability of FIRE to ad-
dress the critical issues in a major
Next Step Burning Plasma Experi-
ment. Specifically:

1. Are the mission and objec-
tives identified by FIRE appropri-
ate to answer the critical burning
plasma issues in a major next step
experiment?

2. Is the proposed physical de-
vice sufficiently capable and flex-
ible to answer the critical burn-
ing plasma issues proposed in #1?
What areas are deficient and what
remedies are recommended? What
areas need supporting R&D from
the base program (experimental,
theory and modeling)?

The FIRE program received strong en-
dorsement from the Consensus Report of
the Physics Validation Review Commit-
tee, which found that “The FIRE team
is on track for completing the pre-con-
ceptual design within FY04. FIRE would
then be ready to launch the conceptual
design. The product of the FIRE work,
and their contributions to and leadership
within the overall burning plasma effort,
is stellar.” In regard to the specific charge,
question #2, the Physics Validation Re-
view Committee found that “The 2002
Snowmass study also provided a strong
affirmative answer to this question. Since
the Snowmass meeting, the evolution of

the FIRE design has only strengthened
ability of FIRE to contribute to burn-
ing plasma science.” In addition, the
panel noted that since Snowmass, FIRE
had doubled the duration of its advanced
tokamak modes of operation from 1-3
to 3-5 current redistribution times. They
also noted that increased magnet cooling
had tripled the full-power shot rate from
one per three hours to one per hour.

The nominal operating point for
FIRE is stable to instabilities produced
by the energetic alpha particles. The pan-
el recommended that FIRE identify con-
ditions under which these instabilities
could be studied. A self-consistent anal-
ysis of energetic particle stability showed
that these instabilities could be produced
under controlled conditions in the FIRE
advanced tokamak regime. FIRE would
operate at reactor level magnetic fields of
approximately 6.5 to 10 T, and the gen-
eration of radio-frequency power at the
electron cyclotron frequency (180 to 280
GHz) to stabilize neoclassical tearing
modes is only feasible at the lower end of
the magnetic field range. The Physics Val-
idation Review Committee recommend-
ed that FIRE model the stabilization of
neoclassical tearing modes by lower hy-
brid current drive (LHCD), which is well
suited to FIRE conditions. Additional ar-
eas of work that are generic to both FIRE
and ITER were identified such as: design
of a generic mid-plane port plug, mod-
eling of particle control and helium ex-
haust, and modeling of toroidal mode
numbers n > 1 resistive wall modes.

Improved Physics Basis

The International Tokamak Physics
Activity (ITPA) has continued its work
to extend the understanding of tokamak
physics and to provide an improved phys-
ics basis for burning plasma experiments

such as ITER and FIRE.
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Improved Confinement Scaling
of H-modes

A new confinement scaling relation
developed by the International Tokamak
Physics Activity has reduced adverse
scaling with beta present in the previ-
ous ITER98(y,2) scaling used to predict
burning plasma performance. The specif-
ic formulation of this new scaling, con-
sistent with recent experiments on the
DIII-D tokamak and the Joint European
Torus (JET), was published by Cordey, ez
al. in the Proceedings of the 20th [AEA Fu-
sion Energy Conference in 2004. The pro-
jection of FIRE performance based on
the new confinement scaling is shown in
the plasma operating contour diagram in
Figure 1. In this case, a path to high fu-
sion gain is available for auxiliary heat-
ing power of <10 MW. A very interest-
ing operating point at a fusion gain of
Q - 30 (essentially ignition) producing
fusion power of 300 MW for about 20
seconds is within the power handling ca-
pability of FIRE. Sustaining normalized

beta By ~ 2.5 may require some stabili-
zation of neoclassical tearing modes or a
flatter safety factor q profile as in the Hy-
brid Mode.

Hybrid Mode Offers Higher
Fusion Gain for FIRE

The so-called hybrid modes developed
by ASDEX-Upgrade and DIII-D are well
matched to FIRE. The hybrid mode has
high confinement [H98(y,2) = 1.6] and
moderate beta (By ~ 2.5), and moder-
ate densities relative to Greenwald lim-
it. These regimes would result in fusion
gains exceeding 20 in FIRE.

Strong Plasma Shaping and Double
Null Lead to Improved Confinement
and High Beta

The International Tokamak Physics
Activity studies have also indicated that
high plasma cross-section triangularity
in double-null (or near double-null) di-
vertor configurations results in enhanced
confinement, higher beta, and less trou-

1.0

Line-averaged Electron Density/
Greenwald Density (ng / ng,)

Line-averaged Electron Density
e (10°°m?)

Electron Temperature <T >, (keV)

Figure 1. Plasma operating contours for FIRE for the new H-mode confinement
scaling developed by the International Tokamak Physics Activity. The red circle
identifies a new high-performance operating point. This case had a H-mode en-
hancement factor H = 1.1 appropriate for high triangularity, 2% beryllium impuri-
ty concentration, central-temperature/volume-averaged-temperature = 2.5, and cen-
tral-density/volume-averaged-density = 1.25.
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blesome edge localized modes. During
the past year, experiments on Alcator C-
Mod tokamak found double-null plas-
mas to have 15% higher confinement
than single-null plasmas. These results
are of particular interest to FIRE, since
it has the strongest plasma shaping and
the only double-null divertor among the
proposed burning plasma experiments.

Integrated Modeling of Steady-
state ITER and FIRE Advanced
Tokamak Modes

A major effort is underway in the U.S.
fusion program to develop the computa-
tional capability to model burning plas-
mas. There are two major “state of the
art” codes, the Tokamak Simulation
Code (TSC) and TRANSP, which are
well suited to modeling burning plas-
mas. High-beta steady-state advanced
tokamak modes for ITER and FIRE have
been developed using the TSC for inte-
grated scenario analysis. The TRANSP
code is used in conjunction with the
TSC to incorporate neutral-beam heat-
ing for ITER and to provide more de-
tailed information on energetic parti-
cle distribution functions for stability
analysis of toroidal Alfvén eigenmodes
driven by energetic particles using the
NOVA-K code.

The “steady-state” high-beta advanced
tokamak configurations for FIRE rely on
ICRF/F