


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.

Princeton University manages PPPL under contract with the U.S. Department of Energy.
The fiscal year 2005 budget was approximately $81 million. The number of full-time regular
employees at the end of the fiscal year was 395, not including approximately 20 subcontractors
and limited-duration employees, 38 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.

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.
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A photograph of a dust cloud of silica microspheres illuminated by laser light and suspended
in a plasma. Titled “Plasma Table,” it won first prize at Princeton University’s “Art of Science
Competition” in 2005. More than 200 entries were entered in the competition whose images
came directly from research in science and engineering or were works by artists incorporating
tools and concepts from science. The photograph was taken by PPPL photographer Elle Starkman
in collaboration with Science Education Program Head Andrew Post-Zwicker.

This publication highlights activities at the Princeton Plasma Physics Laboratory
for fiscal year 2005 — 1 October 2004 through 30 September 2005.



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-leading 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 to 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 or meltdown possible.
Materials and by-products unsuitable for weapons production.
Radiological hazards thousands of times less than from fission.

Compact, steady energy source without need for large-area land
use, large-scale energy storage, very long-distance transmission,
or local carbon dioxide sequestration.

Fusion complements other nearer-term energy technologies.
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From the Director

iscal year 2005 (October 2004 —
FSeptember 2005) was another year

of excellent progress towards the
Laboratory’s goal of practical fusion en-
ergy. New diagnostics, a new coil config-
uration, and new control systems were
brought on line for the National Spheri-
cal Torus Experiment (NSTX). These up-
grades have permitted both deeper un-
derstanding and improved performance.
The plasma discharge duration in NSTX
was increased through improved shaping
leading to the control of Edge-localized
Modes. Plasma current generation with-
out an internal transformer was dramat-
ically demonstrated. Plasma stability was
enhanced using new field-error control
capabilities. The role of magnetic shear
in improving electron thermal transport
was studied in detail. Lithium coating
was shown to be useful for density con-
trol for the first time in a diverted plasma.
And last, but certainly not least, detailed
measurements were made of fast-ion loss-
es due to the excitation of a “Sea of Alfvén
Modes,” which are anticipated to play a
role on ITER as well.

The National Compact Stellarator Ex-
periment (NCSX) moved into the con-
struction phase, completed key R&D,
and began to receive high-quality compo-
nents from industry. The R&D performed
on the “twisted race-track” test winding
coil paid off handsomely in allowing the
coil winding team at the Princeton Plas-
ma Physics Laboratory (PPPL) to step out
confidently in our own in-house efforts.

An 18-month negotiation between Eu-
rope and Japan resulted in a win-win solu-
tion for the hosting of ITER, and Cada-
rache, France, near Aix-en-Provence, was
selected as the site. Indicative of the im-
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portance which Europe and Japan attach
to fusion, the successful offer from Europe
included provision of 8% of the value of
ITER for “broader approach” fusion fa-
cilities in Japan, as well as a commitment
to expend 20% of Europe’s investment
for the construction of ITER in Japanese
industry. Detailed multi-national nego-
tiations on the ITER Joint Implement-
ing Agreement recommenced, and PPPL
played an important role in these. In par-
allel, in the U.S., we began R&D on the
components that are anticipated to be
within our area of responsibility.

PPPLs Theory and Advanced Simula-
tions effort was crowned with success in
a number of areas. The earlier discovery
of the importance of non-local turbulence
spreading provided insight into the role
of edge turbulence in causing enhanced
fluctuations in the core of the plasma, and
studies of energetic particles have elucidat-
ed the effects of Alfvén eigenmodes both
in present experiments and those expect-

ed in ITER. The PPPL Computational



Plasma Physics Group continued to ex-
pand the range of algorithms used in our
codes, our access to large off-site comput-
ers, and international sharing of our ad-
vanced data analysis tools. The tools and
techniques developed in fusion plasma
physics continue to be prized for the un-
derstanding of space physics, in particu-
lar storms in the magnetosphere and cor-
onal mass ejections.

Our Off-Site Research activities paid
high dividends. Teaming with Columbia
University and General Atomics, PPPL
played a leadership role in studies of Re-
sistive Wall Mode control on the DIII-D
tokamak. This effort, coupled with the
studies on NSTX, is providing the phys-
ics basis for similar capabilities to be con-
sidered for ITER. We also participated
strongly in the understanding of a differ-
ent “Sea of Alfvén Modes” observed in the
core of specially prepared “reversed shear”
plasmas in DIII-D and the Joint European
Torus (JET). Our efforts at C-MOD have
resulted in a deeper understanding of the
atomic physics behind the Motional Stark
Effect. Our collaboration on the W7-AS
stellarator in Germany has revealed the re-
markable stability properties of this mag-
netic confinement configuration. W7-AS
routinely violates linear ideal-MHD sta-
bility criteria and is limited in the pressure
that it can hold by the onset of magnet-
ic stochasiticity in the plasma edge. This
bodes very well for the anticipated perfor-
mance of NCSX.

The small Lithium Tokamak Experi-
ment demonstrated improved energy con-
finement with extensive lithium coating.
It also demonstrated the remarkable result
that a thin layer of lithium can spread heat
dramatically over a large area. With proper
engineering this technique may be appli-
cable to large-scale fusion systems, where
concentration of heat flux in space and
time can be the factor limiting the pow-
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er capability of devices such as ITER and
beyond.

The Hall Thruster Experiment is suc-
cessfully broadening its study to micro-
thrusters. The Field-reversed Configura-
tion (FRC), a speculative but attractive
fusion configuration, has been the sub-
ject of considerable theoretical study, sug-
gesting means of sustainment and stabi-
lization of these systems. Our small FRC
experiment has been upgraded. A strong
effort in nonneutral plasmas is strength-
ening the understanding of the physics of
high-intensity accelerators for high-energy
physics, for high-energy-density physics,
and for inertial fusion energy. An experi-
ment to test the physics of the Magneto-
rotational Instability, believed to be the
mechanism by which accretion disks feed
their central massive bodies, has operated
successfully with water, establishing the
regime needed for study with a conduct-
ing fluid. Indeed even these results have
contributed to the debate as to whether
subcritical shear instabilities can occur in
Keplerian flows. New diagnostic tools, of
high relevance both to NSTX and to oth-
er devices, have been successfully demon-
strated.

The PPPL Engineering and Technical
Infrastructure Department continues to
support the operation of NSTX, the con-
struction of NCSX, as well as the flotilla
of smaller experiments and computation-
al facilities at the Laboratory. Safe opera-
tion is of the highest importance in these
activities. Our Environment, Safety and
Health track record is very good, but this is
an area that requires continuous attention.
Internal self-assessments, external reviews,
careful evaluation of lessons-learned from
PPPL and elsewhere, and constant atten-
tion to our motto “Safely, Safely, Safely”
are high priorities.

The effort to develop fusion is a long-
term one, so we are proud of the ap-



plications of our science and technolo-
gy to other fields of endeavor. We have
worked with the Picatinny Arsenal to
develop a Miniature Integrated Nucle-
ar Detection System (MINDS), which
is now being deployed to identify spe-
cific radionuclides for homeland secu-
rity applications. We also have a strong
collaboration with the Naval Research
Laboratory on the development of Mi-
cro Air Vehicles, in addition to the space

X

plasma physics and thruster applications
discussed earlier.

In summary, fiscal year 2005 was a very
satisfying time for PPPL, with many major
accomplishments across a broad frontier.
The lesson to be drawn is that the com-
bination of a vigorous domestic fusion
research program with the international
ITER project can position the U.S. well
to lead in the development and in the ul-
timate deployment of fusion energy.
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National Spherical
Torus Experiment

National Spherical Torus Experiment

he National Spherical Torus Ex-

I periment (NSTX) is designed

to investigate the physics of
tokamak-like plasmas at very low aspect
ratio, resulting in a small hole in the cen-
ter of the plasma “doughnut.” Theoret-
ically and experimentally this allows the
study of plasmas at very high beta, which
is relevant to the design of cost-effec-
tive fusion systems. It also allows an al-
ternative perspective of special value in
assessing physics issues of relevance to
ITER, both by permitting tests of phys-
ics concepts in a closely related, but dif-

ferent, overall configuration, but also in
some cases, such as toroidicity-induced
Alfvén eigenmodes, allowing direct ac-
cess to ITER-relevant regimes not acces-
sible elsewhere.

In FY05, the NSTX completed 18
weeks of operation, meeting its prima-
ry facility milestone for the year and pro-
viding data for some 38 separate exper-
iments. Prior to FY05 experiments, the
two innermost poloidal-field coils at the
upper and lower ends of the central sole-
noid were replaced with an axially short-
er pair further from the midplane. This




led to improvements in plasma shaping
capability and effects on plasma stability
discussed in detail below.

During FY05, measurements of the in-
ternal poloidal field at eight points simul-
taneously along the plasma minor radius
became available using the motional Stark
effect (MSE) diagnostic on collisional-
ly excited emission from deuterium neu-
tral-beam injection (NBI). The success-
ful application of the MSE technique in
the low magnetic field typical of NSTX is
a major achievement. The MSE data are
used as constraints in the analysis of the
plasma equilibrium with the EFIT code,
which can also include kinetic profiles, in-
cluding the electron pressure measured by
multi-pulse Thomson-scattering (MPTYS)
and the thermal ion pressure and toroidal
rotation measured by charge-exchange
tecombination spectroscopy (CHERS).

The FY05 experiments benefited from
several new capabilities introduced dur-
ing the year. An additional ten spatial
channels for the MPTS diagnostic were
installed and commissioned in June;
these channels, which are concentrat-
ed in the edge pedestal region of typical
plasmas, took data through the latter half
of the experimental campaign. The sys-
tem was fully calibrated at the conclu-
sion of the experiments and analysis of
the data is underway.

The toroidal-field coil, which had un-
dergone refurbishment of its bolted joints
at the conclusion of the FY04 experi-
ments, operated for about 2,500 pulses.
At the end of the operating period, the
coil was run up to 95% of its design rat-
ing of 0.6 T, although the majority of ex-
periments were conducted with fields up
to 0.45 T. Throughout the FY05 opera-
tion, the measured resistances of the 72
joints in the coil remained well within
specifications and did not show signifi-
cant deterioration.

Improvements in Plasma Shaping
Capability and the Effects
on Plasma Stability

Prior to the FY05 experiments, the
two innermost poloidal-field coils at the
upper and lower ends of the central sole-
noid, known as the PF1A coils, were re-
placed by an axially shorter pair further
from the midplane to increase the plas-
ma shaping, in particular the capability
to produce simultaneously high elonga-
tion X and triangularity 0 of the plasma
cross section. The changes in the coils
and representative plasma shapes are
shown in Figure 1. Plasmas with ¥ = 2.7
and 9,, = 0.8 (where 0, is the average of
the upper and lower triangularity) have
now been produced at an aspect ratio
A=1.5.

Comparisons of the values of k and 9,
achieved in FY04 and FYO05 are shown in
Figure 2. The highest value of the “shap-
ing factor” qosl,/aBy (where qys is the
safety factor at the 95% normalized flux

Figure 1. Cross section through the NSTX
showing the PF1A coils (circled) and typical
plasma configurations available in FY04

(left) and FYO05 (right).




Figure 2. Values of the plasma cross-section elongation K and the
triangularity & averaged between the upper and lower X-points at the
time of maximum toroidal beta B for discharges in which 1 exceeded
20%. Data from FY05 with the modified inner poloidal-field coils and

from FY04 are distinguished.

surface, I, the plasma current, a the mid-
plane half-width of the cross section, and
B the vacuum toroidal magnetic field at
the plasma geometric center) reached
37 MA/m-T at a slightly lower aspect
ratio A = 1.35 with ¥ = 2.3, §,, = 0.6.
Plasma currents I, up to 1.5 MA have
now been achieved. At an applied toroi-
dal field of 0.45 T, the plasma stored en-
ergy reached 430 k], a record for NSTX,
for a NBI-heating power of 7.3 MW. At
lower field, 0.34 T, the toroidal beta B
reached 35%, although maximizing B
was not a major focus of the experiments
in FY05. By ramping down the plasma
current during neutral-beam injection,
poloidal-beta 3, up to 2.1 and Troyon-
normalized beta By = B/(I,/aBy) up to
7.2 %-m-T/MA have been produced,
which significantly exceed the ideal sta-
bility limit calculated without wall sta-
bilization.

One result of operating with high-
er K and & simultaneously was the re-

emergence of small, high-frequency
edge-localized modes (ELMs) in high-
confinement mode (H-mode) plasmas.
Previously, operating at ¥ > 2.2 with
lower triangularity produced large ELMs
which caused significant drops in the
plasma energy. The small ELMs do not
perturb the plasma energy significantly
but they do slow the rate of density rise.
This regime has provided a significant
extension in the pulse length achiev-
able at moderate plasma currents, 0.7—
1.0 MA. Figure 3 shows basic waveforms
for a lower single-null divertor discharge
which extended to 1.5 s at 0.7 MA; the
current was constant for about four cur-
rent-relaxation times.

Calculations have been made with the
TRANSP code of the noninductively
driven current in this plasma, assuming
classical thermalization of the energetic
ions introduced by NBI; this assumption
provides a good match between the mea-
sured and predicted deuterium-deuteri-




Figure 3. Waveforms of plasma discharge
parameters for the longest duration 0.7 MA
plasma.

um (D-D) fusion neutron rates during
MHD-quiescent periods. As seen in Fig-
ure 4, the calculation shows that the non-
inductive components, including the
neoclassical bootstrap current, other
Vp terms, and the beam-driven current,
provide up to 70% of the total current
at peak beta. Despite the beneficial ef-
fect of the ELMs in slowing the densi-
ty rise, this plasma discharge reached the
nominal density limit predicted by Gre-
enwald scaling. This roughly coincid-
ed with a drop in the central rotation of
the plasma, the development of a persis-
tent saturated n = 1 mode, and a drop
in beta. While this coincidence does not
show causality, it does suggest that den-
sity control will be important for the de-
velopment of even longer H-mode dis-
charges in NSTX. During the period of
MHD activity, it was necessary to intro-
duce an anomalous diffusivity of 5 m?/s
for energetic ions in the TRANSP model
to match the measured neutron rate.
This indicates the importance of non-
classical effects on beam heating and
current drive.

Figure 4. Results of TRANSP code analy-
sis for the plasma in Figure 3 showing the
time evolution of the components of the to-
tal current and the measured and modeled
deuterium-deuterium (D-D) neutron rate.

Generation of Persistent Toroidal
Current by Coaxial Helicity
Injection

Coaxial Helicity Injection (CHI) has
the potential to initiate toroidal plasma
current in a spherical torus by creating a
plasma discharge and injecting poloidal
current from electrodes coaxial with the
major axis in the presence of applied to-
roidal and appropriate poloidal magnetic
fields. Recent experiments in NSTX have
aimed to exploit the technique of “tran-
sient CHI” originally developed in the
Helicity Injected Torus (HIT-II) device
at the University of Washington, Seattle.

The NSTX experiments in FY05 ben-
efited from several upgrades, including
the capability to inject both the gas and
the electron-cyclotron-resonant micro-
wave power (18-GHz) for initiating the
discharge directly into the chamber be-
low the CHI electrodes. This reduced the
amount of gas needed to create the dis-
charge, thereby increasing the energy in-
put per plasma particle and thus the pos-




sible temperature of the CHI discharge
in its high-current phase. A fast “crow-
bar” switch was also provided for the ca-
pacitor bank supply (10-50 mE 2-kV
rated) so that the injected current could
be reduced rapidly once the CHI plas-
ma discharge had expanded to fill the re-
gion available for plasma inside the vac-
uum vessel. With these changes, a clear
demonstration was obtained of toroidal
plasma current which persisted on closed
magnetic surfaces beyond the end of the
injector current pulse.

Figure 5 shows examples of the dis-
charge waveforms for a plasma discharge
obtained with a 15-mF capacitor bank
charged to 1.5 kV, in which a peak to-
roidal plasma current of 120 kA was gen-
erated for an injected current of 1.9 kA,
representing a current multiplication fac-
tor greater than 60. When the injector
current had decayed to zero (t = 11 ms),
approximately 6.5 k] of electrical energy
had been dissipated in the plasma circuit.
At this time, a toroidal plasma current
of 50 kA was still flowing, which subse-
quently decayed on a timescale of about
7 ms. Images of the visible light emission

during this phase showed the formation
of a plasma ring detached from the injec-
tor and close to the center column. Fu-
ture experiments will attempt to maxi-
mize the CHI-initiated current and to
couple these discharges both to inductive
and noninductive current drive.

Effects of Applied Radial Field
Perturbations on Plasma Stability
and Rotation

The NSTX routinely operates with
normalized-beta above the stability lim-
it calculated without the stabilizing effect
of the conducting wall, so plasmas are
susceptible to the growth of resistive wall
modes (RWM) unless sufficient plasma
rotation can be maintained. Nonaxisym-
metric field perturbations, both intrinsic
and induced by the modes themselves,
can act to slow the rotation induced by
the NBI heating in NSTX and thereby
contribute to mode growth. To allow ex-
tended operation near the ideal-wall lim-
its, three pairs of nearly rectangular coils
have been installed on the midplane out-
side the vacuum vessel to produce radial

Figure 5. Waveforms for a coaxial helicity injection (CHI) plasma discharge
which produced a toroidal current of about 50 kA as the injector current
returned to zero. The toroidal current persisted for a further 10 ms.




magnetic field perturbations. These coils
are referred to as the error field correction
and resistive wall mode (EFC/RWM)
coils. Each coil has an area of about
1.6 m? and contains two turns. The di-
ametrically opposite coil pairs are pow-
ered by three switching power amplifiers,
which can drive currents up to 3 kA at
frequencies up to several kHz.

The effect of DC perturbations gener-
ated by the EFC/RWM coils with toroi-
dal mode number n = 1 on the develop-
ment of locked modes was investigated
first; the results are summarized in Figure
6. In a series of otherwise similar ohmical-
ly heated, low-density, deuterium, lower
single-null divertor plasmas, the ampli-
tude of the applied perturbation needed
to trigger a locked mode as a function of
its direction, traced out a circle, suggest-
ing that there is an intrinsic radial error
field perturbation corresponding to the
vector from the center of the circle to the
origin, i.e., about 1.3 G in the conditions
of these discharges.

The response to stationary perturba-
tions with toroidal mode numbers n = 1

or 3 has also been investigated in initially
rapidly rotating plasmas heated by 6 MW
of NBI to By = 5. It was found that in
these conditions, the apparent n = 1 error
field was in the opposite direction to that
observed in the low-f§ ohmic-heating dis-
charges. Analysis indicates that this er-
ror field is proportional to the product of
the ohmic-heating solenoid and toroidal-
field coil currents, suggesting that some
small motion of the toroidal-field coil in-
ner bundle is involved. As seen in Fig-
ure 7, when a small n = 1 perturbation
was applied in the direction to augment
the intrinsic error field, the plasma toroi-
dal rotation (measured by CHERS) col-
lapsed, starting near the edge but then ex-
tending across the profile. A locked mode
then developed and the discharge termi-
nated earlier than a reference discharge
with no perturbation. Conversely, when
the applied perturbation counteracted
the intrinsic error field, the rotation col-
lapse was avoided and the high-By phase
was extended. When a 50-ms long, n = 3
perturbation pulse was applied to a sim-

ilar NBI-heated discharge, the plasma

Figure 6. Measurements of the threshold in the applied n = 1 error
field to generate a locked mode in otherwise similar plasmas as the
direction of the applied field was varied.
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Figure 7. (a) Waveforms for three plasma discharges with an n = 1 error field applied in the
canceling and augmenting directions with respect to the intrinsic field and without any
applied correction. (b, c) Profiles of the toroidal rotation frequency (=v,/2nR measured
by CHERS) at various times as the n = 1 error field is applied in the augmenting (b) and

canceling (c) directions.

rotation at the edge stopped temporari-
ly and, provided that a locked mode not
develop while the plasma edge was sta-
tionary, resumed after the perturbation
was removed. In this case, the perturba-
tion of toroidal rotation in the plasma
center, which did not contain g-surfaces
resonant with the applied n = 3 perturba-
tion, appeared to be damped by neoclas-
sical toroidal viscosity.

The EFC/RWM coils were also used to
probe the response of the system to a ro-
tating n = 1 field perturbation in plasmas
where a slowly rotating RWM had already
developed. The rotating perturbation was
generated by programming the currents
in the three pairs of coils with sinusoi-
dal waveforms successively phase shifted
by 120°. Depending on the frequency of

rotation of the applied perturbation, the
plasma was found to increase or decrease
the applied field, a phenomenon referred
to as resonant field amplification. In the
conditions of this experiment, the great-
est resonant field amplification occurred
when the applied n = 1 perturbation was
rotating at a frequency of about 30 Hz in
the same direction as the intrinsic plasma
toroidal flow.

Effect of Modifying the Magnetic
Shear on Electron Thermal
Transport

As previously reported, with NBI heat-
ing, the confinement of both the ther-
mal and unthermalized ions is extreme-
ly good in NSTX and, in most operating
regimes, the dominant thermal loss is




through the electron channel. Howev-
er, in plasmas with a fast initial current
ramp, which develop a region of reversed
magnetic shear in the core, improved
electron confinement has also been ob-
served. The creation of reversed shear in
these discharges was previously inferred
from the behavior of perturbations on
the soft X-ray emission profiles, support-
ed by TRANSP code modeling of the
current diffusion assuming neoclassical
plasma resistivity. The motional Stark ef-
fect (MSE) measurements of the g-pro-
file made this year have confirmed the in-
ference of reversed shear and also guided
the development of a scenario for obtain-
ing strongly reversed magnetic shear re-
liably.

Figure 8(a) shows the waveforms for
two successive discharges with a flattop
current of 1 MA but slightly different
initial current ramps and timing of the
NBI, while Figure 8(b) shows the resul-
tant g-profiles at time t = 0.31 s as de-
termined by the LRDFIT code using the
MSE pitch-angle data as a constraint on
the fit. The production of strongly re-

versed shear through a fast current ramp
is very sensitive to the MHD mode activ-
ity in the ramp-up phase of the discharge:
quite small bursts of activity detected by
the Mirnov coils can cause a rapid drop in
the central q and result in a profile with
positive or near-zero shear in the center.
However, once established, the reversed-
shear profile can be maintained for up to
0.2s.

A comparison of the profiles of the
plasma temperatures and density is shown
in Figure 9(a). Although the ion temper-
ature is very similar in the two discharg-
es, the electron temperature is signifi-
cantly higher in the reversed-shear case,
suggesting a reduction in electron ther-
mal transport. This has been confirmed
by TRANSP code analysis based on clas-
sical thermalization of the fast ions from
neutral-beam injection but including a
modest anomalous fast-ion diffusivity of
0.5-1.5 m?/s to bring the measured and
calculated D-D neutron rates into agree-
ment. The electron thermal diffusivities
calculated by TRANSP for the two dis-
charges are shown in Figure 9(b); a re-
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Figure 9. (a) Profiles of the plasma temper-
atures and density for the two discharges in

Figure 8 at the times of peak plasma energy.

(b) Profiles of the electron thermal diffusiv-
ity calculated by TRANSP (the bands indi-
cate the variability of the diffusivity over the

time interval indicated).

duction of electron thermal diffusivity by
a factor 2 to 4 over the inner 70% of the
minor radius is evident.

Adding a modest amount of high-
harmonic fast-wave radio-frequency (rf)
heating power, ~0.7 MW, launched with

balanced parallel wavenumberk ~+7 m,
produced electron heating in the central
region of a reversed-shear plasma estab-
lished with 2 MW of neutral-beam injec-
tion. The region where the heating was
observed roughly coincided with the re-
gion of shear reversal inferred from the
equilibrium analysis.

Use of Lithium Coating
to Control Recycling

from Plasma Facing Surfaces

The Lithium Pellet Injector, first in-
troduced in FY04, was used to produce
changes in the recycling of hydrogenic
species from the plasma contact surfac-
es, which contributes to the secular den-
sity rise observed in most NBI-heated
plasmas in NSTX. The experiments in-
volved both plasmas limited on the cen-
tral column and lower single-null diver-
tor plasmas; both these contact areas are
covered by carbon tiles. For each config-
uration, the surface layers of the plasma
contact area were first depleted of deute-
rium by a series (about 10) of low-den-
sity, ohmically heated, helium discharg-
es. These were followed by a reference
deuterium discharge with 2 MW of NBI
heating. One or two lithium pellets with
masses 1.7-5 mg were then injected into
each of a series (10-20) of helium dis-
charges, to introduce a total of 24-30 mg
of lithium.

Spectroscopic data indicated that
the injected lithium was deposited pri-
marily on the surfaces surrounding the
plasma contact area. In both the limit-
er and divertor configurations, the first
subsequent deuterium NBI-heated plas-
ma showed a reduction in the volume-
average plasma density during the neu-
tral-beam-injection heating by a factor
of about two compared to the respec-
tive reference discharge before the lith-
ium deposition. This is illustrated for




the divertor configuration plasmas in
Figure 10. The saturation of the appar-
ent wall pumping can be understood if
the effect occurs through the formation
of lithium deuteride on the surface: the
amount of lithium introduced could re-
act with about 6-9 mg of deuterium and
about 3.5 mg of deuterium was injected
on each discharge. The lithium deposi-
tion was repeated for the plasmas limited
on the central column, without any pre-
ceding helium-only sequence, and a sim-
ilar reduction in density was observed
on the first subsequent NBI-heated dis-
charge. The results for the limiter plas-
mas are similar to the experience with
lithium coating in the Tokamak Fusion
Test Reactor (TFTR) and with a liquid-
lithium limiter in the Current Drive Ex-
periment-Upgrade (CDX-U), but these
NSTX experiments extend the potential
benefits of lithium surface coating for
plasma density control to divertor plas-
mas.

H-mode Pedestal, Edge-localized

Modes, and Boundary Physics
The dependence of the power thresh-

old for the H-mode transition on the

plasma configuration was investigated

in an experiment conducted jointly with
the Mega-Ampere Spherical Tokamak
(MAST) group at the Culham Labora-
tory, United Kingdom, and the Alcator
C-Mod group at the Massachusetts In-
stitute of Technology. Similar to MAST
experiments with neutral-beam injec-
tion, it was found that in NSTX the min-
imum threshold power with either NBI
or high-harmonic fast-wave (HHFW)
heating occurred for a symmetric dou-
ble-null divertor configuration, as de-
fined by or,, < p;, where or,, is the ra-
dial separation of the inner and outer
separatrices at the outer midplane, as cal-
culated by the EFIT code, and p;, is the
local ion gyro-radius, typically 0.5 cm.
The NSTX experiment, however, pro-
duced the first example of an H-mode
in an spherical torus for the upper sin-
gle-null divertor configuration with the
ion VB-drift away from the divertor X-
point; the threshold power in this case
was between two and four times higher
than for the complementary lower single-
null configuration. This experiment also
demonstrated that the low- to high-con-
finement mode (L-H) transition power
was comparable with neutral-beam in-
jection and radio-frequency heating for

Figure 10. Waveforms of the plasma volume averaged density (calculated from the Thomson
scattering profiles) for a reference NBI-heated deuterium discharge before deposition
of lithium on the plasma contact surfaces, and for the first two similar discharges after
depositing 25 mg of lithium in a series of ohmically heated helium plasmas.
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the double-null configurations with sim-
ilar densities in the L-mode phase.

An experiment was performed to mea-
sure the profiles in H-mode plasmas
just before and after ELMs of differ-
ent types to assess the MHD stability of
the plasma edge. The conditions includ-
ed Type I ELMs in double-null divertor
plasmas with triangularity 8 = 0.8, Type |
with transition to Type III ELMs in dou-
ble-null with 6 = 0.4, the NSTX Type V
ELMs, again in double-null (EFIT pa-
rameter 6rsep < 0.3 cm) with 8 = 0.8,
and, finally, in a mixed Type I and Type V
ELM regime in lower single-null diver-
tor plasmas with 0 = 0.4. In addition to
measuring profiles of the electron densi-
ty and temperature with the MPTS diag-
nostic and the ion temperature and flow
velocity with CHERS, data were taken
with the far-infrared tangential interfer-
ometer and polarimeter (FIReTIP) di-
agnostic and a new filterscope array, and
images of the ELM perturbation were re-
corded with a high-speed visible camera
viewing the lower divertor.

Filamentary structures were observed
propagating counter to the plasma cur-
rent. The filaments associated with the
Type V ELMs were found to be ribbon-
like and aligned with the edge magnet-
ic field, with a typical midplane verti-
cal thickness five to ten times larger than
the radial thickness of a few centimeters.
Larger ELMs involved more filaments
than the typical one or two for Type V
ELMs. Based on these data, calculations
are now underway of the stability of the
plasma edge to various MHD instabili-
ties.

The fast-reciprocating edge probe
(FREP) diagnostic measured phenome-
na accompanying ELMs with high time
resolution (1 M-sample/s), including the

electric fields, velocity, and particle flux.
These data showed that an ELM com-

prises several short (-10 us) bursts in rap-
id succession (20-50 us separation). The
radial velocity of the ELM perturbation
can be high, ~500 m/s, near the last closed
flux-surface, slowing to ~200 m/s in the
scrape-off layer. The ELM burst decayed
exponentially away from the last closed
flux-surface. In L-mode plasmas and be-
tween ELMs in the H-mode, intermittent
plasma objects, commonly referred to as
plasma “blobs” were also observed by the
FREP. The velocity of these objects was
typically ~400 m/s at the last closed flux-
surface, decaying to ~100 m/s approxi-
mately 6 cm outside the last closed flux-
surface.

Imaging and tomographic reconstruc-
tion techniques have been applied to
data from the multi-chord soft X-ray de-
tector system to follow the propagation
of ELM perturbations from the plasma
edge into the core. By using different fil-
ters to select the energy range, it was pos-
sible to change the region of observation
within the plasma. Type I ELMs cause a
large electron temperature crash at the
edge which then propagates to the center
on a timescale of 1-2 ms. Although the
density at the edge is also reduced by the
ELM, there is no significant perturbation
of the central density. The central tem-
perature perturbation appears to be the
result of rapid thermal transport, as no
large MHD modes are observed on the
soft X-ray data.

An experiment was also conducted
jointly with the DIII-D (General Atom-
ics, California) and MAST (Culham Lab-
oratory, United Kingdom) to assess the
effect of aspect ratio and wall proximity
on the height, width, and gradients in the
pedestal of ELMy H-mode plasmas. This
required a dedicated experiment to cre-
ate in NSTX the low and high squareness
shapes run in the other devices. Good
data were obtained at an edge collision-
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ality parameter V{4 = 1 and normal-

ized ion-gyroradius P} .4 = 0.01 which
matched well with the data from the oth-
er experiments. Assessment of the pedes-
tal widths and edge stability is in prog-
ress.

Finally, a dedicated experiment showed
the onset of partial detachment of the
plasma from the divertor strike plate on
the outer leg of the divertor when deu-
terium gas was puffed into the private
flux region of H-mode plasmas in a low-
er single-null configuration. The diver-
tor detachment was accompanied by vol-
umetric recombination in the outer-leg
scrape-off layer resulting in a 75% de-
crease in the peak heat flux to the out-
er strike plate.

Wave-Particle Physics Studies

The absorption of and heating by
HHEW power was studied as a func-
tion of the phasing of the antenna straps,
which determines the parallel wavenum-
ber ky, or equivalently the phase velocity,
of the launched waves. The time response
of the plasma energy to the HHFW pow-
er pulse was used to determine the effec-
tive energy confinement time and the ab-
sorbed power. The 180° phasing, which
produces a symmetric spectrum with
k= +14 m’!, achieved higher absorp-
tion, 40—-60 %, than the +90° phasings,
which produce directed spectra with
k=7 m! for counter- and co- current
drive, respectively. However, the apparent
confinement time with the ky = +14 m!
spectrum was lower, probably because the
power was deposited further out in minor
radius in this case. Changing the plasma
current from 0.3 to 0.6 MA, to vary the
pitch of field lines with respect the anten-
na straps, did not affect the absorption.
Measurements with the edge radio-fre-
quency probe indicate that the signature
of the parametric decay instability was

strong for the +90° phasing but unde-
tectable for 180°.

The first measurements were made in
NSTX with an obliquely viewing 20 to
40-GHz microwave radiometer to detect
the second harmonic thermal electron
Bernstein waves (EBW) inside the plas-
ma. These plasma waves undergo mode
conversion to detectable O-mode radia-
tion at the upper-hybrid resonant layer
near the edge of H-mode plasmas where
there is a steep density gradient. The ra-
diometer measurements indicated an ap-
parent coupling efficiency for the second
harmonic EBW of ~20%, compared with
~80% coupling of fundamental EBW
previously measured. Modeling of the
wave propagation and mode-conversion
process has indicated that the low elec-
tron temperature and the relatively high
Z =3 at the upper-hybrid resonant lay-
er in these particular plasmas caused sig-
nificant collisional loss of the power cou-
pled from the EBW and that much of
the EBW power may have come from the
third harmonic layer, where electron tem-
perature is much lower. This topic will be
investigated in greater detail in FYO0G.

An experiment was performed in
FYO05 using the sightline scanning capa-
bility of the NSTX charge-exchange neu-
tral-particle analyzer to make spatially
resolved measurements of the energy dis-
tribution of the energetic ions introduced
by NBI heating. For H-mode discharg-
es, the measured neutral-particle analyzer
spectra exhibit depletion of the energet-
ic ion population primarily for ion ener-
gy E > E;,/3; this depletion is not seen
in the preceding L-mode phase howev-
er. The measured depletion of the pop-
ulation is greatest for a sightline tangen-
cy radius R, = 0.50+0.10 m, vanishing
at larger R . Charge-exchange emis-

sivity effects can account for part, but
not all, of the observed behavior. Mod-

12



eling of the fast-ion orbits and classical
loss processes with the TRANSP code re-
produces some features of the measure-
ments, but the predicted energy depen-
dence of the depletion, which is largest at
the injection energy, is different from the
measurement, which peaks at intermedi-
ate energies.

The energetic ions from NBI heating
in NSTX can excite toroidal Alfvén ei-
genmodes (TAE), which are fundamen-
tal modes of the background plasma,
and energetic-particle modes (EPM) in
which the energetic particles themselves
are involved in the instability. A study
was conducted in 2005 of the stabili-
ty of TAE and EPM as a function of the
central q, q(0), and the magnetic shear,
S = (1/q)(dq/dr). In general, EPM were
present with low q(0) and a monotonic
g-profile with S > 0, whereas TAE were

predominant with elevated q(0) and g-
profiles with reversed shear, S < 0, in
the center. The microwave reflectometer
showed that in NSTX, rather than a few
modes being present, many modes can oc-
cur simultaneously, similar to the “sea of
TAE” activity predicted for ITER where
a large population of energetic fusion al-
pha-particles will replace the NBI ions.
The bursts of multiple-mode TAE/EPM
activity in NSTX can cause significant
transport of the energetic beam-ions, as
evidenced by modulations in the signals
from the neutral particle analyzer, which
show reductions in the neutral flux pre-
dominantly well below the beam injec-
tion energy, and rapid drops of order
10% in the D-D fusion neutron emis-
sion, which suggest that the high-energy
ions are also lost. These phenomena are
shown in Figure 11. The broad range of
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Figure 11. (a) Deuterium-deuterium (D-D) neutron rate showing
sawtooth modulations in phase with high-frequency bursts of MHD
activity seen in (b) a spectrogram of a Mirnov coil signal. These bursts
cause repetitive depletion of (c) the charge-exchange neutral flux from the
plasma in the range between the thermal ion component and the half-
energy component of the beam-injected neutrals.
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energy interaction is consistent with the
loss being caused by bounce-resonances
of the particles and waves, a key topic of

importance for ITER.

Progress in NSTX
Diagnostic Capabilities

Because of its low magnetic field and
the exceptional tangential access afford-
ed by its low aspect ratio, NSTX offers a
unique opportunity to measure, through
scattering of microwave radiation, tur-
bulent density fluctuations with a scale
length comparable to the typical gyro-
radius of thermal electrons. The spatial
resolution of ~6 c¢m is unique in such
diagnostic systems worldwide. During
FY05, such a system was installed on
NSTX.

A backward-wave oscillator generates
microwaves with a frequency of 280 GHz.
These microwaves are transmitted by low-
loss corrugated waveguides to a launcher
on the vessel midplane at Bay H, which
can launch through the plasma collimat-
ed probe beams with a tangency radius of
either 1.07 m or 1.41 m. Radiation scat-
tered from these beams is collected and
focused by a large mirror at the Bay K
port through five vacuum windows into
waveguides which convey the radiation
to sensitive superheterodyne receivers.
The vacuum ports at Bays H and K had
been specially modified to accommodate
this system during the preceding outage.

The system is designed to measure
the amplitude of density fluctuations in
a localized region between the magnet-
ic axis and the outboard midplane edge
in typical plasmas, with a radial com-
ponent of their wavevector in the range
k, = 4-22 cm’!, corresponding to kp,
= 0.1-0.8 in typical conditions, where p,
is the thermal electron gyro-radius. The

estimated detection limit is a fluctuation
level n./n, ~ 3 x 107. Such fluctuations
are thought to be important in produc-
ing electron transport, so it will be par-
ticularly interesting to measure their be-
havior in the reversed-shear regime where
electron transport appears to be reduced.
This diagnostic is expected to be ful-
ly commissioned for the experiments in
FYO06.

During the FY05 experiments, the far-
infrared tangential interferometer and
polarimeter (FIReTIP) was upgraded to
make measurements on four channels.
In addition to making routine measure-
ments of the line integrated density, the
instrument was used to measure the den-
sity perturbations associated with high-
frequency MHD modes, such as Alfvén
eigenmodes, energetic particle modes,
and fishbone oscillations, to measure the
edge density perturbation with high time
resolution at the H-mode transition, and
to follow the toroidal propagation of
the filamentary structures observed by
the fast visible cameras accompanying
the Type V ELMs which occur in some
H-mode plasmas in NSTX.

The analysis for the 51-channel charge-
exchange recombination spectroscopy di-
agnostic has been automated to produce
profiles as functions of time for the tem-
perature, density, and toroidal rotation
velocity of the carbon impurity ions in
plasmas heated by the neutral beams.
The analysis, which includes the full
corrections for atomic physics effects, is
completed and the results are stored and
made available in the time interval be-
tween plasma discharges. These data, to-
gether with the MPTS data, provide an
unprecedented amount of information
to the members of the NSTX team while
conducting experiments.
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National Compact
Stellarator Experiment

National Compact Stellarator Experiment

r I Yhe National Compact Stellarator
Experiment is a new magnetic
confinement fusion experiment,

currently being constructed at the Prince-

ton Plasma Physics Laboratory (PPPL) in
partnership with the Oak Ridge Nation-
al Laboratory. It will be used to acquire
physics data needed to evaluate the com-
pact stellarator as a fusion concept and
to advance the physics understanding
of 3-D plasmas for fusion and basic sci-
ence. In addition, technological develop-
ments made in the course of construct-

ing the National Compact Stellrator
Expriment (NCSX), for example the de-
sign and manufacture of complex-shaped
parts, are important contributions to fu-
sion technology.

Among the family of toroidal magnet-
ic plasma configurations, stellarators are
of interest because they solve important
problems for fusion energy — achieving
steady-state operation and avoiding plas-
ma disruptions. Stellarators have unique
flexibility to resolve scientific issues, for

example the effects of 3-D plasma shap-
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ing and of strong external control on con-
finement, that are important to all mag-
netic configurations.

The “compact” stellarator shares the
attractive properties of existing stella-
rators but has the additional advan-
tages of lower aspect ratio and a quasi-
symmetric magnetic field structure. In
a quasi-axisymmetric stellarator (QAS)
like NCSX, the charged-particle trajecto-
ries and plasma flow damping are simi-
lar to those of its axisymmetric relative,
the tokamak, so a QAS device is expected
to share the tokamak’s good confinement
performance. This physics link with toka-
maks means compact stellarators can ad-
vance rapidly and economically, building
on advances in the more mature tokamak
concept, including the expected future

advances in burning plasma physics and
technology from ITER.

NCSX Stellarator

Configuration Design

The compact stellarator is a result of
the large advances in plasma physics un-
derstanding and computation that have
occurred in recent years. The NCSX was
designed by performing computer sim-
ulations of hundreds of thousands of
plasma configurations to evaluate their
physics properties: stability at high beta,
degree of quasi-axisymmetry, quality of
magnetic surfaces, and aspect ratio. Op-
timization algorithms based on the free-
boundary VMEC and PIES equilibrium
codes were used to design the coil geom-
etry, targeting the desired physics prop-
erties while satisfying coil feasibility
metrics such as minimum bend radius,
minimum coil-to-coil spacing, and min-
imum coil-to-plasma spacing. Research
on NCSX will test this modern approach
to experiment design.

The NCSX plasma is designed to have

an aspect ratio of 4.4 instead of the more

typical (for stellarators) ~10; to have a
quasi-axisymmetric magnetic field with
an effective ripple less than 1.5%; to be
MHD stable without active feedback
control, current drive, or rotation drive;
and to have good magnetic surfaces, all
at high beta (4%).

The NCSX magnet system consists of
eighteen modular coils, six groups each
composed of three different shapes (Fig-
ure 1), plus toroidal-field coils, poloi-
dal-field coils, and helical-field trim coils.
These coils generate the 3-D magnetic
fields required to realize the target equi-
librium properties and provide the flexi-
bility needed to vary the plasma config-
uration and test the physics. The device
size (major radius R = 1.4 m), magnet-
ic field range (B = 1.2-2.0 tesla), pulse
length (0.3-1.2 s), and planned plasma
heating power (1.5-12 MW) are set to
produce the plasma conditions and pro-
files needed to test critical physics issues
over a range of beta and collisionality val-
ues. An integrated machine design has
been developed based on this configura-
tion and these parameters.

Figure 1. The NCSX plasma (magenta) and
modular coils. There are a total of eighteen
coils, six groups (1-6) each composed of

three different shapes (A, B, and C).
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Component Fabrication Progress

In FY05, the NCSX Project moved
into the implementation phase following
Department of Energy (DOE) approval
of Critical Decision 3 (CD-3), “Start of
Fabrication,” at the end of FY04. The re-
alization of the complex NCSX modular
coil and vacuum vessel geometries with
the accuracies required to achieve the de-
sign physics properties is a major engi-
neering challenge.

The modular coil current centers must
accurately follow the winding trajecto-
ries specified by the physics optimiza-
tion. This is accomplished by winding
each coil on a tee-shaped support fea-
ture that is an integral part of a struc-
ture called a modular coil winding form,

or MCWF [Figure 2(a)]. Each MCWF

comprises one-eighteenth of a complete
toroidal shell and has the tee feature ma-
chined on its interior surface, precisely
following the physics-specified trajectory.
The coils are wound with a compacted
copper cable conductor, which is flexible
to facilitate handling and placement of
its current center within +0.5 mm of its
nominal position on the winding form.
The winding forms will be bolted togeth-
er at precision-machined flanges to form
the structural shell which locates the
windings within +1.5 mm of their nom-
inal position in space and supports them
against electromagnetic loads.

A production contract for the eigh-
teen MCWEFEs was awarded to Energy In-
dustries of Ohio, Inc. (EIO), of Indepen-
dence, Ohio, in October 2004. During

Figure 2. The NCSX modular coil system design: (a) modular coil winding form (MCWE),
(b) coil, (c) winding pack and lead details, and (d) completed coil set.
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FY05, the team of companies led by EIO
made substantial progress. The pattern
builder, C.A. Lawton Co. of De Pere, Wis-
consin, fabricated all three of the wooden
patterns used to make the casting molds
for each of the three MCWF coil shapes.
The foundry partner, Metaltek Interna-
tional of Pevely, Missouri, poured the
first nine castings. The machining part-
ner, Major Tool and Machine, Inc. of In-
dianapolis, Indiana, constructed fixtures
and developed the machining programs
and sequence of operations for finishing
the winding forms.

All phases of the production effort
benefited greatly from the manufactur-
ing R&D activity that was completed the
previous year through the construction
of MCWF prototypes. However, many
new challenges were encountered during
the first year of production. In particular,
the machining cycle times proved to be
longer than expected. The NCSX Project
Team and the suppliers worked togeth-
er to optimize the technical requirements
and the process and made steady prog-
ress toward the goal of achieving a de-
livery schedule consistent with the Proj-

ect’s needs. The machining of the first
MCWEF was completed and the part was
shipped to PPPL on the last day of FY05
(Figure 3).

Modular coil manufacturing R&D by
PPPL and its conductor suppliers sup-
ported both the design and manufactur-
ing development of the modular coil as-
semblies. In previous years, a series of tests
resolved design issues including conduc-
tor design, winding scheme, conductor
installation, cooling scheme, insulation
system, and epoxy impregnation materi-
als and processes. In FY05, an integrated
manufacturing demonstration was per-
formed by constructing and testing a coll,
the “twisted racetrack coil” (TRC), which
was prototypical of the modular coils in
its winding pack cross section and worst-
case bends and twists (Figure 4). It was
wound, epoxy impregnated, and tested,
completing the manufacturing R&D for
the modular coils.

The modular coil R&D program was
very successful, supporting the comple-
tion of the winding pack design with
many improvements for manufactur-
ability. A practical manufacturing pro-

Figure 3. Finished modular winding form at the supplier’s facility, ready to ship.
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Figure 4. Completed twisted racetrack coil.

cess was developed for achieving the re-
quired geometries and tolerances in the
production coils. Testing of the TRC val-
idated the design and process. The coil
was pulsed at cryogenic temperatures and
near design levels of current and heat in-
put. Cooldown following a pulse was
consistent with analysis results. The fi-
nal test, in which the TRC was sectioned
in several places, confirmed good epoxy
penetration throughout the coil pack
and the success of the dimensional con-
trol strategy.

The NCSX vacuum vessel (Figure 5)
is designed to provide: (1) a high-vacu-
um environment for plasma operation;
(2) sufficient interior space for the plas-
ma, its boundary layer, and the plasma-
facing components; and (3) access for
heating and diagnostic viewing. The vac-
uum boundary is located just inside the
modular coils and as far from the plasma
surface as possible, leaving the minimum
assembly clearance to install the modu-
lar coils over the vacuum vessel. This re-
sults in a non-axisymmetric vacuum ves-
sel shell with a shape reflecting that of
the plasma and which must be realized

within +5 mm accuracy. Heating and di-
agnostic access requirements, including
contingencies to allow for future innova-
tions, are accommodated by providing 99
ports of various shapes, sizes, and orien-
tations causing the vacuum boundary to
protrude through all available openings
in the surrounding magnets. To mini-
mize field errors, inconel is used because
of its high resistivity (to reduce eddy cur-
rents) and low magnetic permeability (u
< 1.02) at the welds.

A production contract for the vacuum
vessel was awarded to Major Tool and

Figure 5. NCSX vacuum vessel design.

19



Machine, Inc. IMTM) in October 2004.
Manufacturing R&D completed the pre-
vious year led to a process in which pan-
els are pressed formed on machined dies
at room temperature, then assembled on-
to accurately machined skeletal fixtures
where the seams are welded to form the
shell.

In FY05, MTM fabricated the dies
and fixtures and formed the shell pan-
els and ports. The shell segmentation was
re-optimized for production in response
to modest but significant changes in the
vessel shell geometry. The shell was seg-
mented into 60 panels of ten distinct
shapes, minimizing the amount of weld-
ing with its associated distortion risk and
number of forming dies. By the end of
FY05, MTM had begun to assemble and
weld the panels together to produce the
shell segment (Figure 06).

Directed Baseline Change

The NCSX Project baseline was initial-
ly established with the approval of Crit-
ical Decision 2 in February 2004. How-

ever, the DOE subsequently determined
that it could not provide the increases,
beginning in FY06, that were called for
in the initial baseline funding profile.
The DOE issued revised guidance based
on flat funding at the rate of $15.9 M per
year, and directed that the NCSX base-
line be changed to fit that guidance. The
NCSX Project Team responded in April
2005 with a revised plan that extended
the project by 14 months to July 2009,
and increased the total equipment cost
by $6.1 M to $92.4 M. The DOE Dep-
uty Secretary approved the new baseline
in July 2005.

Summary

The NCSX Project had a successtul
first year of construction in FY05. The
Project’s two largest contracts, for the
modular coil winding forms and for the
vacuum vessel, were awarded at the be-
ginning of the year. By the end of the
year, the modular coil winding form
supplier had half the order in produc-
tion and had delivered the first unit.

Figure 6. Vacuum vessel shell segment under construction at supplier’s facility.
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The vacuum vessel supplier had com-
pleted tool fabrication, formed all pan-
els and ports, and had begun to weld the
shell together.

Both contracts benefited from project-
sponsored manufacturing process devel-
opment completed the preceding year,
however new challenges were encoun-
tered during the initial stages of produc-
tion. A cooperative working relationship
between the project and suppliers facil-
itated rapid resolution of issues as they
arose and kept the production work mov-
ing forward.

The NCSX Project completed its coil
manufacturing R&D program with the
successful fabrication and testing of the
twisted racetrack coil. The coil designs
and the manufacturing process develop-
ment were completed such that the Proj-
ect was well prepared to start coil manu-
facture in FYO06 following arrival of the
first MCWF at the end of FY05.

The NCSX Project continues accord-
ing to a new baseline plan which was ap-
proved in FYO05 to fit a reduced DOE
funding profile. The Project is on track
for First Plasma in July 2009.
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U.S. ITER Project Office

ITER

r ' Yhe international ITER Project

became the primary focus of

U.S. burning plasma research
following President Bush’s 2003 deci-
sion that the U.S. would enter into ne-
gotiations to join ITER construction. In
February 2004, the U.S. Department of
Energy (DOE) unveiled its “Office of
Science Strategic Plan.” A companion
document, “Facilities for the Future of
Science: A Twenty-year Outlook,” listed
the ITER experiment as the first in the

5- to 10-year scientific priorities. To im-
plement this presidential priority, in July
2004 DOE announced that a Princeton
Plasma Physics Laboratory (PPPL)/Oak
Ridge National Laboratory (ORNL) part-
nership would host the U.S. ITER Proj-
ect Office and the U.S. fusion research
community began the development of
the organizational structure for its ITER
participation.

Fiscal year 2005 was an upbeat period
for ITER, both for the international and
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the U.S. projects. In June 2005, Cada-
rache, France was selected as the ITER
site. This decision unleashed previously
constrained discussions on many oth-
er issues and enabled significant prog-
ress toward selection of the ITER Direc-
tor General Nominee and completion of
the text of the “ITER Joint Implementa-
tion Agreement.” During FY05, U.S. ac-
tivities accelerated with establishment of
the initial configuration of the national
ITER organization and the completion
of the U.S. ITER Project’s first DOE Of-
fice of Science (SC) review led by Daniel
Lehman. This review focused on the esti-
mated U.S. cost range and management
arrangements for the U.S. contributions

to ITER.

International Activities

Resolution of the site issue triggered
resumption of discussions on a wide set
of fronts including staffing regulations,
management and organizational struc-
ture, financial regulations, privileges and
immunities, and refinements of the as-
signments of procurement responsibil-
ities to the parties. In September 2005,
one multi-party meeting was held at the
ITER site at Cadarache to review the
status of the draft arrangements and to
commence the next stage of discussions
aimed at finalizing the texts of the “I'TER
Joint Implementing Agreement” and its
annexes. PPPL Director Robert Goldston
and U.S. ITER Project Manager Ned
Sauthoff participated in that meeting,
with Goldston focusing on the staffing
regulations and Sauthoff on management
structure and procurement allocations.

While the issues were not fully re-
solved in FY05, the momentum was es-
tablished to enable further progress in
FY06. Based on the management and
organization discussions in Cadarache, it
was agreed that the most senior manage-

ment of the ITER Organization would
be a team consisting of the Director
General and the Principal Deputy Di-
rector General, the former being more
outwardly focused and the latter being
the construction project manager. Based
on the negotiated plan between Europe
and Japan and with the concurrence of
the other parties, Japan commenced its
search for candidates for the position of
Director General Nominee.

Domestic Activities

During FY05, the PPPL/ORNL part-
nership focused on advancing the estab-
lishment of the U.S. ITER Project Of-
fice. This Office will serve as the U.S.
Domestic Agency for ITER, leading the
national ITER project, known officially
as “U.S. Contributions to ITER.” These
contributions will include in-kind con-
tributions, staff, and cash.

In FYO05, the U.S. ITER Project con-
centrated its technical activity on com-
pleting the R&D, advancing the design,
and reducing risk in the provisionally al-
located U.S. in-kind contributions.

The Central Solenoid Magnet is the
set of coils in the inner stack of ITER
which will not only drive Ohmic current
but also shape the plasma cross section to
enable both enhanced performance and
experimental flexibility. The U.S. is pro-
visionally assigned responsibility for four
of the seven modules of the central so-
lenoid. Contracts for the qualification of
industrial vendors for superconducting
strand were placed to position the U.S.
for a cost-effective acquisition of this key
high-tech component. Characterization
of the jacket material which surrounds
and provides structural support for the
superconducting strands and their wraps,
studies of joints, and overall design of the
central solenoid were conducted by both
domestic institutions and U.S. persons
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assigned to work within the ITER Inter-
national Team.

The Shield/Blanket Modules face
the plasma’s power and particle efflu-
ents, shield the coils and external com-
ponents from the neutron flux, and sup-
port the power deposited by the fusion
neutrons absorbed in the blanket. The
U.S. performed R&D and design activi-
ties that addressed the bonding of beryl-
lium plasma-facing materials to a copper
heat sink and the bonding of the cop-
per heat sink to a stainless steel support
structure. Work also addressed structur-
al loads from plasma disruptions and the
thermo-hydraulics of the cooling con-
figuration, as well as more effective fab-
rication methods for the stainless steel
structure.

Diagnostics provide detailed measure-
ments of the plasma behavior, enabling
both control of the plasma and scientific
studies aimed at understanding the self-
heated plasma state. The provisional al-
location for U.S. contributions includes
16% of the diagnostics, including inte-
gration of two upper ports, two equatori-
al ports, and one divertor port. Figure 1

shows examples of ITER port plugs. The
design activity built upon the decision
that the diagnostics would be allocated
by ports, with the party responsible for
the port not only providing the lead di-
agnostic for the port, but also performing
integration of other diagnostics into the
integrated port structure. The U.S. con-
ducted studies of instruments and of the
port plugs which house the diagnostics,
with focus on the integration of multi-
ple instruments in the plug, which must
also provide shielding and cooling. An
example of a U.S. obligated instrument
is shown in Figure 2.

The Ion Cyclotron Resonance Heat-
ing (ICRH) system launches radio waves
into the plasma to heat the plasma and to
drive current. The provisionally allocated
U.S. scope includes an equal sharing of
responsibility with Europe for a state-of-
the-art ion cyclotron antenna, and U.S.
supply of all of the transmission lines, ra-
dio-frequency sources, and power sup-
plies. The U.S. worked with Europe on
prototyping the ITER ion cyclotron an-
tenna on the Joint European Torus (JET)
tokamak in England. The U.S. provided

Figure 1. Examples of ITER diagnostic systems and diagnostic port plugs.
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Figure 2. Design drawing illustrating the conceptual design of a visible/infrared (IR) viewing
endoscope implemented in an upper ITER port plug. The U.S. is responsible for providing
six viewing systems like this and two upper port plugs.

the international team’s coordinator for
the JET ICRH system.

The Electron Cyclotron System injects
microwave power into the plasma to heat
the plasma, to drive current in localized
plasma volumes, and to stabilize MHD
modes. The U.S. allocation includes all
the 120-gigahertz start-up gyrotrons, all
the transmission lines, and all the high-
voltage power supplies. During FY05 re-
search on the development of the 120-
gigahertz gyrotron and of the steady-state
transmission lines was conducted.

The Pellet Injector injects frozen deu-
terium and tritium into the plasma from
the high-field side, in order to exploit the
propulsion of the resultant ablation blob
toward the plasma axis by magnetic forc-
es. U.S. activity on the pellet injector in-
cluded prototyping of the guide to be
used to transport the frozen pellets to the
high-field side and assessment of the sur-
vivability of pellets launched at 300 me-
ters per second, the canonical ITER in-
jection speed. A gas-gun injector is being
studied as well as a centrifuge, with the
objective to reduce risk.

Roughing Pumps and Standard Vac-
uum Components required no R&D or
design activity in FY05.

The Tritium Processing System ac-
cepts the tokamak gas effluent, which is
a mixture of hydrogen isotopes and oth-
er elements from the inside of the cham-
ber. The system chemically processes the
effluent to provide the hydrogen gases for
repeated injection from the gas injectors,
the pellet injector, and the neutral beams.
The U.S. is responsible for the subsystem
that takes the efluent from the ITER vac-
uum system and separates out hydrogen
isotopes that are then passed to the Euro-
pean-led isotope separation system, that
then leads to the Korean-led gas storage
and delivery system. U.S. activity contin-
ued to focus on the integrated design of
the tritium processing system, working
with Europe and Korea.

Conventional Systems include the
steady-state electrical power and cooling
water for the divertor and vacuum vessel.
U.S. activity focused only on cost estima-
tion for these systems.

In the first half of FY05, the Project
Team worked on cost estimating and
management planning in preparation for
the U.S. projects first DOE/SC Review
led by Daniel Lehman. In most cases, the
previous cost estimates were updated, but
for the conventional systems, which had
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not been previously independently es-
timated, industrial estimates were pro-
cured. The draft “Project Execution Plan
and Acquisition Strategy” were prepared
and presented to the Review Committee.
The outcome of the review was a recog-
nition that significant risks remain due
mostly to uncertainties in the interna-
tional project management processes, in
the final specifications of in-kind com-
ponents, in the roles of the U.S. Domes-
tic Agency and of the ITER International
Organization, and in the overall project
schedule.

The U.S. ITER Project Office also rec-
ognized the importance of engaging the
U.S. physics and technology research
communities in ITER. The Project en-
couraged the establishment of a separate

organization to organize the U.S. partic-
ipation in burning plasma studies and to
thereby position the U.S. for research on
ITER. In May, 2005, the DOE Office of
Fusion Energy Sciences appointed Profes-
sor Raymond Fonck of the University of
Wisconsin to lead such an organization.
As stated by DOE, “the general mission
of the organization is to coordinate and
advocate technical work in burning plas-
ma science research, with an emphasis on
support of participation in ITER.” The
combination of the U.S. ITER Project
Ofhice and the burning plasma organiza-
tion will enable the U.S. to participate in
the design and construction of ITER, as
well as conduct research relevant to burn-
ing plasmas both in the near term and on

ITER.
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Theory and Advanced

Simulations

he primary goal of the Theory De-
I partment at the Princeton Plas-
ma Physics Laboratory (PPPL)
is to help provide the scientific founda-
tions for establishing magnetic confine-
ment fusion as an attractive, technical-
ly feasible inexhaustible energy source.
This involves (1) generating the physics
knowledge required for realistic extrapo-
lation to understand present experiments
and future burning plasma experiments
such as ITER; (2) suggesting new ideas
and approaches to stimulate experimen-
tal campaigns leading to improved per-
formance; (3) developing improved theo-
retical analysis capabilities and associated
computational tools that are fundamen-
tally sound as well as efficient; (4) con-
tributing to the design of new diagnostics
and innovative experimental devices; and
(5) providing a stimulating research envi-
ronment which enables attracting, train-
ing, and assimilating the young talent es-
sential for future progress.

The Theory Department plays a major
role in advancing fusion science through
the study of a variety of topical areas.
These include: magnetohydrodynamics
(MHD), turbulent transport, energet-
ic particles’ interaction with MHD, and
boundary physics. The methods used
include analytical theory and numeri-
cal codes applied to advancing the un-
derstanding of tokamaks, spherical torii,
stellarators, and field-reversed configu-
rations. The goal is to achieve predictive

capability, relevant to future devices that
might be used as energy sources. In ad-
dition to the study of magnetic confine-
ment, the Department also engages in
research in heavy ion beams and space
plasma physics.

Turbulence Spreading

One of the persistent, unresolved ques-
tions in fusion theory is concerned with
the physical extent of the behavior near
the edge region of the plasma. Gyroki-
netic particle simulations of toroidal ion-
temperature-gradient-turbulence spread-
ing using the Gyrokinetic Toroidal Code
(GTC) and its related dynamical model
have been extended to a system with ra-
dially varying ion-temperature gradient,
in order to study the inward spreading of
edge turbulence toward the core plasma.
Due to such spreading, the turbulence
intensity in the core region is significant-
ly enhanced over the value obtained from
simulations of the core region only, and
the precise boundary of the edge region
is blurred. Even when the core gradient
is within the Dimits shift regime (i.e.,
dominated by self-generated zonal flows
which reduce the transport to a negligible
value), a significant level of turbulence
can penetrate to the core due to spread-
ing from the edge. The scaling of the tur-
bulent front propagation speed is closer
to the prediction from a nonlinear diffu-
sion model than from one based on lin-
ear toroidal coupling.
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Simulation of Steady-state
Turbulence

Simulations of steady-state turbu-
lence due to collisionless ion-tempera-
ture-gradient (ITG) drift instabilities in
tokamak plasmas have been carried out
using the gyrokinetic Particle-In-Cell
(PIC) method, including the effects of
the parallel acceleration of the particles.
This effect, which has generally been ig-
nored by the microturbulence simula-
tion community, has been shown to pro-
vide another channel of nonlinear mode
coupling in addition to the usual non-
linear E x B interactions. As a result, an
increased level of nonlinearly generated
zonal flow has been observed, which, in

turn, expedites the evolution of the ITG
turbulence to its steady-state at a fast-
er rate and at a lower level of thermal
transport (Figure 1). These simulations
have been carried out on the Seaborg su-
percomputer at the National Energy Re-
search Supercomputer Center (NERSC)
and on the X1E supercomputer at the
Oak Ridge National Laboratory. The
X1E supercomputer has provided the
opportunity to carry out convergence
studies on ITG simulations using from
10 particles per cell to 800 particles per
cell. Through these studies, it has been
concluded that discrete particle noise
does not play a role in the steady state of
these simulations.

Figure 1. (Top) Graph shows the effect of including the parallel nonlinearity, blue versus red
lines. This shows the evolution of ion-temperature-gradient turbulence to its steady- state at
a faster rate and at a lower level. (Bottom) Left “with” and right “without” parallel velocity-
space nonlinearity. These simulations show that there is less diffusion (spreading) of the
particles and also that there is a well-defined internal structure in the electrostatic potential

(in yellow) when the term is included.
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NCSX Magnetic Flux Loops

Calculations have been completed on
the design of magnetic flux loops for the
National Compact Stellarator Experi-
ment (NCSX) vacuum vessel. The loops
will facilitate the numerical reconstruc-
tion of 3-D stellarator-symmetric MHD
equilibria, and the diagnosing of non-
stellarator-symmetric field perturbations
that will be present in the experiment
due to symmetry-breaking perturbations
from the plasma and the coils.

A large database of approximately
2,500 NCSX equilibria was generated,
which encompasses the range of plasma
current, toroidal field, beta, and shapes
that can be achieved in NCSX. A Sin-
gular Value Decomposition analysis was
performed on a matrix relating flux mea-
surements at a candidate set of trial loops
to equilibrium magnetic field values eval-
uated at a dense mesh of points on a sin-
gle toroidal control surface surrounding
all of the equilibria. A novel method for
ranking the diagnostics was developed,
and an understanding of which regions
of the vacuum vessel are most important
for the placement of flux loops was ob-
tained (Figure 2). As a result of the analy-
sis, 138 two-turn flux loops have been de-
signed for installation in NCSX and will
be used for determining the stellarator-
symmetric signals; an additional 52 loops
will be used to characterize the non-stel-
larator-symmetric signals.

CDX-U Simulation

In a computational tour de force,
PPPL researchers have used the Scientific
Discovery through Advanced Computing
(SciDAC) program 3-D extended MHD
code to simulate the macroscopic dynam-
ics of an actual laboratory tokamak ex-
periment, the Current Drive Experiment-
Upgrade (CDX-U) at the PPPL (Figure

3), using fully realistic plasma parame-

Figure 2. A perspective view of the
National Compact Stellarator Experiment
(NCSX) vacuum vessel showing some of
the magnetic flux loops — approximately
rectangular loops in blue. The loops have
been optimized to enable reconstruction of
the three-dimensional plasma equilibrium.
The ports for diagnostic and heating access
are shown as cutouts.

ters, such as the magnetic Reynolds num-
ber, the ratio of the Alfvén transit time
to the resistive diffusion time. This com-
prehensive simulation, which utilized the
same parameters as those in the experi-
ment, was able to reproduce a key feature
of that experiment — the sawtooth oscil-
lation — in unprecedented detail.

A single simulation required piecing
together hundreds of segments that were
run over a period of four months at the
NERSC teraflop computing facility. Pre-
vious simulations had been carried out
with scaled-down values of the magnet-
ic Reynolds number and other dimen-
sionless parameters in order to ease the
computational requirements. By using
the actual experimental parameters, the
team was able to make direct compari-
sons with the period and waveform of the
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Figure 3 Simulation of a sawtooth oscillation from the CDX-U experiment. The sawtooth
period in the simulation is approximately 100 us, in good agreement with the experimental

observation of 125 us.

sawtooth oscillation, and obtained agree-
ment to within 25% of the experimen-
tal results. More refined simulations are
presently underway, including addition-
al physical effects. These simulations are
providing an important benchmark for
these computational codes and underly-
ing theory, which will next be applied to
larger existing experiments and, within a

decade, to ITER parameters.

Stability of ITER-like Plasmas
The Alfvén eigenmode stability prop-
erties of ITER-like plasmas have been
studied by employing the global, hybrid-
kinetic perturbative code NOVA-K. The
code has been benchmarked to study
Alfvén eigenmodes in reversed-shear plas-
mas against observations on the DIII-D
tokamak at General Atomics in Califor-
nia (Figure 4). Simulations show that the
most unstable toroidal mode numbers are
shifted towards very high values. In plas-
mas with regular shear, toroidal Alfvén
eigenmodes with mode numbers n span-
ning from 7 to 12 were found to be un-
stable due to the drive produced by both
the alpha particles and the beam ions.
Simulations also show that the damp-
ing is strong at the plasma center due to

ion Landau damping and at the periph-
ery due to trapped-electron collisional
damping.

From the simulations, it also follows
that the more the beam is directed off-
axis vertically, the stronger the drive is.
This is because during on-axis neutral-
beam injection, the beam ion beta builds
up near the plasma center, where the ion
Landau damping is very strong. For off-
axis neutral-beam injection, the region of
the strong gradients in beta is shifted out-
ward to the middle of the minor radius,
so that both central ion Landau damp-
ing and edge-trapped electron collision-
al damping are decreased. Neutral-beam
injection may provide an important tool
for the experimental study of different
types of Alfvén eigenmode instabilities
by creating the additional drive that is re-
quired.

Simulations of Field-reversed
Configurations

A new series of three-dimensional hy-
brid simulations have been performed in
order to study the nonlinear evolution of
field-reversed configurations (FRC) in
the presence of a conducting shell and the
energetic beam ions as envisioned in the
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Figure 4. Power spectrum from DIII-D (left) and theoretical model (right).

proposed Magnetic Reconnection/Field-
Reversed Configuration experimental ge-
ometry. These simulations show that the
residual instability (n = 3) saturates non-
linearly at a low amplitude, and therefore
is not a dangerous mode. Simulations
that model “sustained” FRC operation
(i.e., without a decay in the equilibrium
current) show that after the n = 3 mode
saturates, the resulting configuration re-

mains stable with respect to all glob-
al MHD modes, as long as the current
in the field-reversed configuration is sus-
tained. In contrast, when the configura-
tion is allowed to decay resistively in the
simulations, the slow reduction in the
separatrix radius results in a reduction
of the conducting-shell effects, and the
eventual destabilization of the n = 1 tilt
mode.
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Computational Plasma

Physics

’ I Yhe mission of the Computation-
al Plasma Physics Group at the
Princeton Plasma Physics Lab-

oratory (PPPL) is to advance and dis-

seminate modern computational meth-
ods throughout PPPL and the fusion
community and to use these methods
to improve the calculation of critical ex-
perimental and theoretical program ele-
ments. Areas of activity include transport
analysis and FusionGrid, applications of
the adaptive mesh refinement techniques
in three dimensions, the use of high-or-
der discretizations, advanced data trans-
fer and visualization, and optimization
techniques for parallel-vector computers.

The FusionGrid

The Princeton Plasma Physics Lab-
oratory’s FusionGrid TRANSP computa-
tional service completed its third full year
of operation. During FY05, about 1,600
TRANSP analysis runs were complet-
ed for ten tokamak experiments in the
U.S., Europe, and Asia (Figure 1). Users
can follow the progress of their runs, via
log files and browser-enabled Java graph-
ics (ElVis), using links on the TRANSP
website (http://w3.pppl.gov/TRANSP).
Problem runs are diagnosed by a team
of PPPL experts in a process that leads
to continual improvement of the soft-
ware. In an improvement to ease of use,

Figure 1. Between November 1, 2004 and October 15, 2005, there were 1,594 TRANSP
code analyses runs on the PPPL servers. Key (clockwise): TFTR = Tokamak Fusion Test
Reactor at PPPL (decommissioned in 1997); NSTX = National Spherical Torus Experiment
at PPPL; AUGD = ASDEX Upgrade at the Institut fiir Plasmaphysics, Garching, Germany;
HIL2A = tokamak at the Southwest Institute of Physics in Sichuan, China; ITER = to be
built by an international collaboration of countries; C-MOD = Alcator C-mod at the Plasma
Science and Fusion Center at the Massachusetts Institute of Technology; DIII-D = Doublet-
III-D at General Atomics; JET = Joint European Torus, European Development Agreement,
United Kingdom; MAST = Mega-Ampere Spherical Tokamak at Culham Laboratory, United
Kingdom; JT-60U = Japanese Tokamak at the Japanese Atomic Energy Research Institute,

Japan.

35



the internet X.509 certificate/proxy sys-
tem, which authenticates run requests,
is now managed on a mirrored central
server (htep://cert.fusiongrid.org). There
are now 75 authenticated FusionGrid
TRANSP users worldwide. This ser-
vice is built from tools developed in the
Department of Energy Office (DOE) of
Science’s “Scientific Discovery through
Advanced Computing (SciDAC)” Fusion
Collaboratory, a collaboration funded by
the DOE Office of Advanced Scientific
Computing Research involving PPPL,
General Atomics, the Massachusetts In-
stitute of Technology, Argonne National
Laboratory, Lawrence Berkeley National
Laboratory, and the computer science
departments at Princeton University and
the University of Utah.

Preliminary tests indicate that the
FusionGrid TRANSP service can be
generalized to support a coordinat-
ed suite of applications operating on a
network using heterogeneous hardware.
Software architectures are being devel-
oped and tested that will enable a seri-

al TRANSP “driver” to invoke MPI-par-
allelized services (see Figure 2) e.g., for
accurate calculation of neutral-beam and
radio-frequency heating in tokamak plas-
ma simulations. A single parallel service
would be shared by multiple serial driv-
ers, assuring efficient utilization of com-
putational resources even in the context
of a mixed serial-parallel multi-physics
simulation.

NUBEAM Code Parallelization
The parallelization of guiding-center
drift-orbit calculations in PPPLs Monte
Carlo fast-ion package NUBEAM has
been completed using MPI (Message
Passing Interface). The performance of
the particle-orbit portion of the calcula-
tion (ORBALL, taking 90-95 per cent of
the total time) has been shown to scale
with near linearity for up to 32 proces-
sors (Figure 3) on a Linux cluster. The
recent Fortran-90 modernization of the
NUBEAM code removed all limits on
the size of NUBEAM’s Monte Carlo par-

ticle lists, allowing use of a large number

MPI-Parallel Module Server

\

Serial TRANSP Input File* —| Server Queue
Run (Client #1) Package, e.g.,
XPLASMA**
Serial TRANSP P NetCDF state MPI-Parallel TRANSP
Run (Client #2) | Module Server(s):
Output File* || ° NUBEAM Monte Carlo
Serial TRANSP P Package, e.g., *TORICS5 Full Wavel
Run (Client #3) |} XPLASMA** : ggl‘_ggYFRay Tracing
NetCDF state : okker Planck
+ GCNM Transp. Solver

Serial TRANSP
Run (Client #N)

<«

Network

Y

* Viability of method depends on keeping files small.

** NTCC container module for equilibrium, profiles,
distribution functions, etc. to be used for Fusion
Simulation Project prototype and tested in TRANSP
code deployment.

Figure 2. Preliminary design for a serial-parallel multiprocess hybrid architecture for the
TRANSP FusionGrid service. Serial-serial multiprocess tests have been completed which
indicate that the process-to-process file communications overhead is manageable.
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Scaling of ORBALL (94% of NUBEAM Calculation Time)
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Figure 3. Measurements of parallelization
efficiency of the NUBEAM Monte Carlo
fast-ion orbit and slowing down code cal-

culations. Shown is time spent in ORBALL
subprogram.

of Monte Carlo particles (>1 million),
which is required for the computation of
smooth fast-ion distribution functions. A
random number generator developed at
PPPL has been used to reproduce to 64-
bit precision all the particle variables re-
gardless of the number of processors in
use. It is expected that the MPI parallel-
ization will make it practical to routinely
compute fast-ion distribution functions
with unprecedented statistical fidelity in
time-dependent calculations. Additional
improvements for the NUBEAM code
are being made to improve scaling, and
further tests to ascertain the scaling of the
entire TRANSP calculation that utilizes
NUBEAM are planned. The MPI-paral-

lel NUBEAM code is being installed as
a FusionGrid service on the PPPL clus-
ter, where it will be linked to the exist-
ing TRANSP service and made available
as an option to all FusionGrid TRANSP

users.

3-D Simulation of Pellet Fueling
using AMR

In a successful collaboration between
computational scientists at PPPL and the
Lawrence Berkeley National Laboratory
(LBNL), a unique computational tool
based on the adaptive mesh refinement
(AMR) method for simulating pellet fu-
eling of tokamak plasmas has been de-
veloped. This fully 3-D code, which op-
erates at the National Energy Research
Supercomputing Center (NERSC) and at
the Leadership Class Computing Facility
at the Oak Ridge National Laboratory
(ORNL), can calculate the multi-scale
multi-physics processes involved in both
the initial pellet ablation and the subse-
quent classical and anomalous mass dis-
tribution.

A crucial aspect of this project was to
apply the AMR technique developed at
LBNL in the curvilinear coordinate sys-
tem defined by the complex magnet-
ic fields in a tokamak. Figure 4 shows a
time sequence of density images for high-

field side (top panel) and low-field side

Figure 4. Time sequence of density images for high-field side (top panel) and low-field side

(bottom panel) pellet injection.
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(bottom panel) pellet injection. Flux-av-
eraged density profiles show that high-
field side pellet injection leads to better
core fueling than low-field side injec-
tion, consistent with previous experi-
ments. This unique tool is currently be-
ing validated against experiments on
DIII-D at General Atomics, and will be
used to evaluate the design of the pellet
fueling system on ITER. This work was
presented as an invited talk at the 2005
American Physical Society Division of
Plasma Physics Meeting.

Compute Power
of the GTC Code

A new level of parallelism has been im-
plemented in the 3-D gyrokinetic particle-
in-cell code (GTC) in order to increase its
concurrency and compute power. Within
each toroidal domain, the new algorithm
adds the capability of splitting the parti-
cles between several processors, allowing
the GTC code to efficiently utilize thou-
sands of processors and reach a very high
phase space resolution. New optimiza-

tions have also made the code more effi-
cient on the new class of vector comput-
ers, such as the ORNL CRAY-X1E and
the Japanese Earth Simulator (ES). As a
result, we have been able to run 13 billion
particles at a sustained speed of 7.2 tera-
flops using 4,096 processors on the ES,
with similar results (but on fewer proces-
sors) on the CRAY-X1E.

As part of a study in collaboration
with the Future Technologies Group at
LBNL, the GTC code has been ported
and benchmarked on the most powerful
computers currently available, including
the IBM Blue Gene/L, the CRAY-XT3,
and the already mentioned CRAY-X1E
and ES. On the IBM Blue Gene/L, the
code reached a sustained speed of 1.7
teraflops on 16,384 processors with near
perfect scaling. These scaling studies are
illustrated in Figure 5. High-resolution,
high-concurrency runs on the CRAY-
X1E were also used in a convergence
study aimed at demonstrating the valid-
ity of the particle approach in predicting
turbulent levels in tokamaks and stellar-
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Figure 5. Compute performance of the new high-concurrency version of the GTC code.
The MPI-based particle splitting algorithm allows the code to scale to more than 16,000
processors. The highest performance was achieved on 4,096 processors of the Earth Simulator
computer, reaching 7.2 teraflops with 13 billion particles.
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ators. Simulations at an unprecedented
1,000 particles per cell were performed
in record time.

Optimization of the Elliptic
Solves in M3D Code

The majority of the time used in the
3-D extended MHD code M3D (for a
non-hybrid run) is in the elliptic solves.
These are 2-D solves, within each poloi-
dal plane, that are performed each time
step. There are 13 different solves re-
quired for each poloidal plane for each
time step. There can be 100 (or more)
poloidal planes in one calculation, and
these solves can all be done concurrently
so only a modest degree of parallelism is
required for each solve.

Throughout the year, working with
our SciDAC collaborators, we have made
it a priority to optimize these solves uti-
lizing the most effective linear solver for
each operator and boundary condition.
The speed of the symmetrized version of
the M3D code has now been increased
two to three times for the typical mesh
size now being used (typically 100 to 150
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Figure 6. CPU time per timestep for the old
M3D code and the optimized version.

radial grid points). As shown in Figure 6,
the ratio increases as we increase the size
of the mesh as is planned for the future.

Six-field Extended MHD now

in C! Finite Element Code

An extended-MHD code (M3D-C!)
has been developed based on high-accu-
racy triangular finite elements that are
constructed to have continuous first de-
rivatives. The Galerkin method allows
these elements to be used on equations
having up to fourth-order spatial de-
rivatives. This system has now been im-
plemented on the full set of extended-
MHD equations, including the Hall and
Gyroviscous terms, and promises to pro-
vide a very efficient and accurate tool for
studying global stability and reconnec-
tion phenomena in tokamak and stellar-
ator plasmas.

In Figure 7 is shown the contours of the
current density during the late phase of a
reconnection calculation. Preliminary re-
sults of the M3D-C' code were presented
as an invited talk at the 2004 American
Physical Society Division of Plasma
Physics Meeting.

Figure 7. Contours of the current density
during the late phase of a reconnection
calculation using the full set of extended-
MHD equations.
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Space Plasma Physics

’ l Yhe Space Physics Group at the
Princeton Plasma Physics Labo-
ratory (PPPL) has been model-

ing the dynamical evolution of the solar-

terrestrial system so as to understand how
energy and momentum are coupled be-
tween the sun, magnetosphere, and ion-
osphere. In this report, progress in un-
derstanding (a) substorm growth phase,
onset, and dipolarization and (b) the roll
effect in solar prominence eruption is de-

scribed.

Identification and Modeling

of Substorm Growth Phase
Substorms are dynamical events that
reconfigure the magnetosphere and are
associated with significant deposition of
energy into the ionosphere. One of the
challenges in space physics is to under-
stand the underlying physical processes
responsible for substorms. The dynami-
cal evolution of the substorm is divided
into several phases. The growth phase oc-
curs prior to the onset of the substorm,
and it is during this phase that energy
is stored in the magnetotail by the ad-
dition of magnetic flux. The increased
magnetic pressure leads to a compression
and elongation of the magnetotail and
the intensification of the cross-tail cur-
rent sheet. Understanding the evolution
of the magnetosphere during the growth
phase is important for understanding
conditions favorable to the rapid onset of

the substorm because the stability of the
tail depends significantly on the plasma
configuration. After the substorm, the
magnetosphere relaxes to a more dipolar
configuration.

During the period of September 2001
to December 2002, ten events detected
by the POLAR satellite were identified
that showed a clearly defined sequence of
substorm growth phase, onset, and dipo-
larization. Each substorm onset event was
accompanied by Pi-2 activity recorded by
the CANOPUS array of ground-based
magnetometers, and many of the onsets
were characterized by auroral brighten-
ing seen in FUV (far-ultraviolet) auroral
image data from the IMAGE spacecraft.
POLAR magnetic field data was analyzed
and an instability with a period of about
one minute (in Pi-2 frequency range) was
identified. A substorm growth phase ob-
served by POLAR on August 31, 2002
was identified and due to its long du-
ration and clear tail-like field geometry
renders itself perfectly to modeling. The
data shows a steady decrease of the mag-
netic field, to a B, value of about 10 nT.
The overall plasma pressure is quite aniso-
tropic, with anisotropy P, /P = 1.4.

To model the 3-D magnetospheric
structure for the substorm growth phase
of the events encountered by POLAR,
three-dimensional magnetospheric equi-
librium calculations were performed. The
constraints that POLAR observational
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data placed upon the modeling were as
follows: POLAR data prescribes the par-
ticle pressure (both electrons and ions)
along the spacecraft trajectory. Because
the trajectory during the growth phase is
limited in space, it is assumed an equato-
rial global distribution for both the pres-
sure and the degree of anisotropy. The
assumptions used a continuation of the
pressure profiles and anisotropy elsewhere
in the plasma sheet by employing em-
pirical formulas. The normalization was
such that the pressure in the 3-D equi-
librium code at location of the POLAR
satellite matched exactly the pressure ob-
tained from the satellite particle data. Us-
ing boundary conditions from empirical
magnetic field models, the force-balanced
configuration in the whole domain under
study was computed. Results from mod-
eling a substorm growth phase identified
from POLAR observations are shown in
the following figures.

An interesting observational feature is
that the plasma pressure obtained from
particle data measured by the HYDRA
instrument is very anisotropic: P,/P)
=~ 1.4 at the satellite location during the

late stage of the growth stage. The 3-D
quasi-static magnetosphere with force-
balance between plasma perpendicu-
lar and parallel pressures and magnetic
field was obtained from the MAG-3D
code. The numerical solution was clear-
ly able to reproduce the magnetospheric
state during the substorm growth phase
observed by POLAR. Moreover, using
the particle data constraints, the code-
computed magnetic field in the near-
Earth region had a local minimum of
around 10 nT, very close to the values
measured by POLAR toward the end of
the growth phase. Figure 1 shows the az-
imuthal current density in the equato-
rial plane that is highly localized in the
region with the radial distance between
6Rg and 8Rg in the night side and the
peak current density in the equatorial
plane is about 4.5 nA/m?.

The pressure anisotropy causes a cur-
rent sheet splitting, with maximum cross-
tail current density value above and be-
low the equatorial plane. This is indeed
visible in Figure 2, which shows the az-
imuthal current density distribution in
the noon-midnight meridian plane. The

Figure 1. Azimuthal current density in the equatorial plane for the 08/31/02 substorm
growth phase identified by the POLAR satellite. The maximum current density in the

equatorial plane is only about 4.5 nA/m?.
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Figure 2. Plot of the computed azimuthal current density in the noon-midnight meridional
plane. Due to the relatively large anisotropy, the maximum current density is not in the
equatorial plane (where the maximum is only around 4.5 nA/m?), but rather in very thin
twin current sheets above and below the plane (with a maximum roughly of 11 nA/m?).

north-south extent of the cross-tail cur-
rent density is very narrow and is about
0.2Rp with the peak values located at
about Z = +0.3Rg. The current sheets
are spatially limited to only an extent of
about 2R along the tail direction.

The double current sheets using the
MAG-3D code, although much thinner
than what was found before with isotro-
pic pressure, do not lead to an extremely
large curvature of the field lines. There-
fore, for anisotropic pressure cases, obser-
vations of very thin current sheets in the
magnetosphere do not necessarily mean
extreme magnetic field curvature at lo-
cations in the equatorial plane, because
the double current sheets reduce the field
curvature at locations in the equatorial
plane.

Theory and Modeling
of the Roll Effect in Solar

Prominence Eruption

Solar prominences are ribbon-like
structures composed of cool (T ~ 104 K)
and dense (n, ~ 10" cm™) partially ion-
ized gas suspended in the hot (T ~ 10° K)
and tenuous (n, ~ 10° cm™) solar coro-
na. A solar prominence spends most of its
lifetime (a day to a month) rather stably,
but eventually ends its life with eruption.

It is often observed in prominence erup-
tions that the top part of the prominence
ribbon bends in one direction to make
the ribbon horizontally flat. Also the legs
of the erupting prominence undergo
twisting motions of opposite senses (Fig-
ure 3). This effect has recently been dis-
covered and named as “roll effect” by S.E
Martin of Helio Research.

The sense of rolling is found to depend
on the chirality of the prominence, which
is related to the sign of magnetic helicity.
The roll breaks the geometrical symme-
try of the system. Unless the prominence
environment is systematically asymmet-
ric, the symmetry-breaking evolution of
a prominence can hardly be understood
in the framework of the convention-
al magnetohydrodynamics (MHD) with
isotropic electrical conductivity. When
the electrical conductivity is anisotropic,
the symmetry of the system is not con-
served.

The solar magnetic field evolution with
anisotropic electrical conductivity was in-
vestigated. Now the motion of the mag-
netic field is not tied to the plasma cen-
ter of mass, but has a component against
the current direction. Thus, the rising
motion of the magnetic field is skewed
to a certain direction conditioned by the
current. When magnetic reconnection
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Figure 3. Ho observation of an erupting prominence exhibiting a roll effect (picture
courtesy of S.F. Martin). The left picture is taken at the Ha line-center. The right
picture is a composition of images taken at six different Ho. wings. The top and the
outer part of the prominence are receding from the observer (red shift) while the
inner part of the prominence is approaching the observer (blue shift). The overall

structure is undergoing a rolling motion.

takes place in a magnetic loop or arcade,
the direction of the current in the cur-
rent sheet region and in the legs of the
current sheet is almost opposite to the
current direction in the underlying re-
connected loops. This explains why the
Doppler shift at the top and outer parts

of the erupting prominence is of the op-
posite sense to that in the bottom part
between the prominence legs (Figure 4).
Furthermore, this theory can account for
how the sign of the roll effect depends
on the chirality of the prominence as ob-
served.

Figure 4. Simulation of a magnetic arcade evolution with a helical flux rope,
which corresponds to an erupting prominence. The colors show the line-of-
sight component of velocity and the arrows show the velocity components
in the vertical plane. The skewing of the magnetic field structure only
arises when the electrical conductivity tensor is anisotropic.
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Off-site Research

r I ~Yhe Off-site Research Department
at the Princeton Plasma Phys-
ics Laboratory’s (PPPLs) seeks

to broaden the contributions of our en-
gineers and scientists by providing access
to leading fusion research facilities world-
wide. Working side-by-side with their
colleagues in multi-institutional teams
allows PPPL researchers to learn from
others as well as to impart their knowl-
edge and experience. Integrated teams of
experimentalists, theorists, and engineers
can tackle the important scientific and
technical issues on a variety of devices,
comparing and contrasting phenomena
on different scales and in different con-
figurations. In particular, the Off-site Re-
search Program provides PPPL research-
ers with access to the largest tokamak
facilities throughout the world.

DIII-D Collaborations

PPPL collaboration on the DIII-D
tokamak, located at General Atomics
(GA) in La Jolla, California, continued
to make major contributions toward the
development of the Advanced Tokamak
(AT) reactor concept through active con-
trol of resistive wall modes, fast-wave de-
velopment for Advanced Tokamak plas-
ma control, diagnostic upgrades and
scientific advances in macroscopic MHD,
microturbulence, and energetic parti-
cle phenomena. The Laboratory has also
been a major contributor to machine op-
eration, providing mechanical, radio-fre-
quency, and diagnostic engineering sup-
port to the DIII-D facility.

Fast-wave Heating and Current Drive

A key element of PPPLs mission on
DIII-D is to work with an interdisciplin-
ary team from Oak Ridge National Lab-
oratory (ORNL) and GA to effectively
couple fast waves into Advanced Tokamak
plasmas for electron heating and current
drive. Advanced Tokamak research seeks
to replace inductive (finite duration) cur-
rents with steady-state noninductively
driven current. Rapid progress has been
made in restoring the operational capabil-
ities of the fast-wave systems on DIII-D
where up to 3 MW of fast-wave power
has been coupled into low-confinement
mode (L-mode) edge plasmas for a du-
ration of one second. The pulse duration
and power are expected to increase next
year, along with efforts to couple the fast-
waves into Advanced Tokamak plasmas.
Figure 1 shows the application of 3 MW
of fast-wave power into a DIII-D plasma
with an L-mode edge.

Resistive Wall Mode Control

The maximum attainable plasma pres-
sure in a tokamak can be limited by MHD
instabilities. These instabilities can be
suppressed by the presence of a close fit-
ting conducting shell around the plasma.
Image currents in the wall can cancel the
magnetic perturbations of the instability
and limit its growth. The finite resistivi-
ty of the real wall in a tokamak limits the
ability of the wall to suppress modes and
leads to a class of instabilities that grow
on the resistive time scale, the so-called

“resistive wall modes” (RWM). To sup-
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Figure 1. A fast-wave power of 3 MW (top left) applied for one second in
DIII-D plasma. The predicted neutron emission underestimates the measured
value (top right). The phase of the three fast-wave antennas is given (bottom
left) and the central electron temperature is shown (bottom right).

press these modes external fields can be
applied that mimic the image currents.
These currents are applied from external
coils powered by supplementary pow-
er supplies. PPPL, Columbia University,
and GA collaborate to provide a system
to perform this action and to perform ex-
periments detailing its effectiveness.

In FY05, PPPL had primary engineer-
ing responsibility for the audio amplifier
upgrade to the RWM system. A total of
12 audio amplifiers were installed, one for
each coil, and tested during plasma oper-
ation in this period. The testing revealed
that the faster response time of the au-
dio amplifiers was adequate to lock onto
the RWM in closed loop feedback oper-
ation. The results of these experiments
were presented at the American Physi-
cal Society Division of Plasma Physics
meeting by Michio Okabayashi of PPPL
who is also the leader of this thrust on
DIII-D. Figure 2 shows the n = 1 sensor
signal with and without feedback con-
trol using the high bandwidth audio am-
plifiers. The residual level of n = 1 oscil-

lations with feedback control is reduced
during edge-localized mode activity. The
assessment is that the number of amplifi-
ers needs to be increased in order to op-
erate at high plasma pressure.

Understanding a “Sea of Alfvén
Eigenmodes”

Last year, PPPL researchers made an
important observation in the area of en-
ergetic-particle-driven instabilities. This
observation was the existence of a “sea of
Alfvén eigenmodes,” with as many as five
such modes present at the same time. In
FYO05, PPPL researchers resolved the mys-
tery surrounding such a broad spectrum
of high-frequency core localized modes
on DIII-D. These modes are of the scale
of ion-temperature gradient (ITG) mode
turbulence and like ITG modes they most
likely derive some fraction of their drive
from the background thermal ions. The
key contributions of the PPPL team in-
clude: (i) detailed modeling of the mode-
frequency evolution, (ii) identification
of the mode localization to the region of
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Figure 2. The n=1 sensor signal with (right) and without (left) audio amplifier
feedback. The residual level of n=1 signal after edge-localized modes is reduced

with the application of feedback control.

shear reversal, (iii) direct measurement of
the poloidal wavelength of the instabil-
ities, and (iv) calculation of the thermal
ion drive and identification of the dom-
inance of the thermal drive at high to-
roidal mode numbers (short perpendic-
ular scale). Figure 3 displays a spectrum
of modes together with the model analy-
sis that identifies the mode spectrum and
reproduces the evolution of the magnetic
safety factor from the frequency fitting.

Operations Support
and LTOA Activities

PPPL continues to provide essential on-
site support of tokamak operations during
the experimental run on DIII-D. In addi-
tion, on-site PPPL staff are currently re-
sponsible for a number of high-profile ac-
tivities during the Long Torus Opening
Activity (LTOA). These are: (i) Reloca-
tion of the radio-frequency transmission
line to accommodate the rotation of one
of the neutral-beam lines. (ii) Relocation
of the far-infrared scattering diagnostic on
DIII-D, again to accommodate the beam
line rotation. (iii) Removal of in-vessel tiles
and installation of new divertor tiles. (iv)
Design and installation of the new coun-
ter-beam charge-exchange recombination
system that will enable precision measure-
ments of plasma rotation.

Figure 3. (a) Evolution of density fluctuation
spectrum using the far-infrared scattering
system on DIII-D. (b) Model analysis of
frequency evolution based on the theory of
Alfvén waves at the radial location of the
minimum of the magnetic safety factor,
q,,;,- The model analysis indicates toroidal
mode numbers in the range n = 8-40. (¢
Comparison of model prediction of the
evolution of q_; to the motional Stark
effect measurement.
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Alcator C-Mod Collaborations

The PPPL-Massachusetts Institute of
Technology (MIT) Alcator C-Mod col-
laboration program concentrates on is-
sues associated with advanced tokamak
developmentand ITER-relevant tokamak
research utilizing the Alcator C-Mod
tokamak at MIT in Cambridge, Massa-
chusetts. PPPL researchers play an active
role in diagnostic development and sup-
port (motional Stark effect, microwave
reflectometry, X-ray measurements, and
gas-puff imaging measurements) and also
in heating system research and technical
support.

Motional Stark Effect Diagnostic

Motional Stark effect (MSE) diagnos-
tics are used routinely on tokamaks to
measure the g-profile and distribution
of driven currents. These diagnostics are
based on the principle that a rapidly mov-
ing neutral hydrogen atom in a magnetic
field experiences a strong electric field in
its reference frame (E = v x B, where E is
the electric field, v is velocity, and B is the
magnetic field). The electric field slight-
ly alters the energy levels of the hydrogen
atom and causes its radiation to be po-
larized either parallel to or perpendicu-
lar to the electric field — this is the well-
known Stark effect. Motional Stark effect
diagnostics measure the polarization di-
rection of the light emitted by an ener-
getic hydrogen beam as it passes through
the plasma, and thereby infer the direc-
tion of E, and hence B, from which the
g-profile can be determined.

Historically, the analysis of MSE data
has simply evaluated the physics in the
presence of a “pure electric field” giv-
en only by E = v x B. Because the en-
ergy splitting arising from the magnet-
ic field itself (Zeeman splitting) is very
small compared to the Stark splitting in
most tokamak environments, the stan-
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dard treatment of MSE ignores the addi-
tional complication of the simultaneous
presence of a magnetic field in addition
to the E = v x B electric field. It has been
have shown that this simplified treatment
is incorrect: a proper quantum mechan-
ical calculation of the polarized emission
pattern that includes both an electric and
magnetic field indicates that the polar-
ization direction of particular transitions
(Stark o lines only) can be shifted by sev-
eral degrees compared to the simplified
treatment, despite the fact that the Zee-
man splitting is much smaller than the
Stark splitting.

When the emission is integrated over
all transitions with degenerate energy lev-
els, the effect disappears, i.e., the net po-
larization direction is identically equal to
the simple result one would obtain with
an E = v x B electric field only. But this is
true only if the upper states are populat-
ed statistically. Nonstatistical upper states
populations are “expected” in certain situ-
ations including the propagation of beam
neutrals through neutral gas, which is of-
ten used to calibrate MSE diagnostics in
situ. These results may clarify calibration
difficulties in some MSE diagnostics that
utilize the o line and which rely on beam-
into-gas for their calibration.

Lower-hybrid Current Drive

Advanced tokamak operation requires
careful tailoring of the current profile.
MIT and PPPL have collaborated over
several years to construct a high-power
radio-frequency system to drive radially
localized plasma current. During FY05,
the system was installed and initial oper-
ation commenced (Figure 4). Lower-hy-
brid current drive involves careful con-
trol over the launched wave’s toroidal
wavelength, which is obtained by hav-
ing a large number (in this case 96) of
waveguides with individually controlled
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Figure 4. Lower-hybrid launcher installed in
C-Mod showing 96 individual waveguides.

power and phase. PPPLs responsibili-
ties included design, construction, in-
stallation, and calibration of the power-
splitting and phase-shifting waveguides
which take the power from 12 micro-
wave klystrons and divide it into 96
waveguides (Figure 5). Correct opera-
tion of the system was verified and small
amounts of power were applied to the
C-Mod plasmas.

International Collaborations

In order to take full advantage of the
world’s investment in fusion research fa-
cilities and to better prepare PPPL re-
searchers for the international ITER Proj-
ect, the U.S. Department of Energy has
funded a program in international col-
laborations. This allows PPPL research-
ers access to the Joint European Torus
(JET) tokamak in Great Britain and to
the JT-60U tokamak in Japan, both of
which have plasma parameters closest to
ITER. PPPL staff also have access to the
new long-pulse superconducting toka-
maks being constructed in Korea and Ja-
pan and to stellarator devices worldwide
in preparation for the U.S. revival in stel-
larator research.

Joint European Torus
The Joint European Torus device pur-
sues research addressing burning plasma

Figure 5. High-power lower-hybrid phase
and amplitude splitting network.

physics issues with plasma parameters
closer to ITER’s than domestic devices.
JET is also the only facility available that
can operate with tritium plasmas.

Reversed-shear Alfvén Eigenmodes. In
Advanced Tokamak scenarios with in-
verted magnetic shear profiles, a class of
Alfvén eigenmodes can be excited in the
weak shear region near the minimum of
the magnetic safety factor or g-profile
which are called reversed-shear Alfvén
eigenmodes (RSAE). They have been
observed in various tokamaks: JT-60U,
Alcator C-mod, JET (where they were
called Alfvén cascades), the Tokamak Fu-
sion Test Reactor (TFTR), and DIII-D.
These modes often appear in plasma dis-
charges that will likely be utilized for fu-
ture burning plasma experiments such
as ITER. An important question to an-
swer for ITER is whether these RSAEs
degrade the fast-alpha-particle confine-
ment to a level that alpha-particle heat-
ing in the core becomes ineffective.

A JET plasma discharge has been an-
alyzed with the NOVA-K code to eval-
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uate its stability to these modes. In the
NOVA-K code, ideal-MHD is used to
calculate the eigenmodes that can be
present in the plasma and kinetic exten-
sions are used to study the stability of
those modes. Good agreement between
the NOVA-K simulations and the ob-
served frequency behavior of the n = 1
and n = 2 RSAEs can be seen in Figure
6. It was crucial to include the coupling
between the Alfvén waves and the sound
waves in the model to get the correct fre-
quency near the observed minima. These
results are an important benchmark for
the NOVA-K code with reversed mag-

netic shear profiles because envisioned

plasma operation schemes in proposed
burning plasma experiments like ITER
depend heavily on advanced scenarios
with such profiles.

Fast-particle Research. The lost alpha
diagnostic is designed to measure the loss
of MeV fast ions from JET plasmas, par-
ticularly 3.5-MeV alphas produced in
deuterium-tritium fusion reactions. It
consists of two actual diagnostics: a Far-
aday cup array and a scintillator-based
magnetic spectrometer. These diagnos-
tics, whose fabrication began in FY04,
were completed in FY05 and installed in
the JET device (Figure 7). This diagnos-

tic was part of a collaboration with the

Figure 6. NOVA code simulation of the n = 1 and n = 2 reversed-shear Alfvén
eigenmode activity of JET plasma discharge 56940. Measured frequencies
are indicated with diamonds while the solid and dash-dotted curve indicate

the eigenmode frequency with and without the inclusion of sound-wave
coupling. The Alfvén continuum q_; for the two cases are indicated with

the dashes and dotted line respectively.
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Figure 7. Lost alpha diagnostic installed in
JET (Joint European Torus).

Colorado School of Mines and the Max-
Planck Institut fiir Plasmaphysik.

Radio-frequency Technology Devel-
opment. During FY04, PPPL, in con-
junction with the Oak Ridge National
Laboratory, built and tested a high-power
prototype ion-cyclotron radio-frequency
antenna in support of a new JET ITER
prototype antenna (Figure 8). During the
testing several design limitations were un-
covered, and during FY05 new solutions
were found, implemented, and their ef-
fectiveness demonstrated by additional
testing.

Korea Superconducting Tokamak
Advanced Research

PPPLs collaboration with the Korea
Superconducting Tokamak Advanced
Research (KSTAR) Project in Taejon,
South Korea, involves hardware design
and construction. The Laboratory has
been engaged in the fabrication and as-
sembly of a microwave launcher for de-
livery to KSTAR in calendar year 2006.
The launcher, to be used for plasma ini-
tiation, is based on the successful de-
sign implemented for the DIII-D elec-
tron-cyclotron-heating launchers (Figure
9). This work is conducted under a cost-

Figure 8. High-power prototype ion-cyclo-
tron radio-frequency antenna for JET.

sharing agreement between KSTAR and
PPPL. During this period, PPPL also
successfully completed the final design
review of the KSTAR Bay-N diagnos-
tic cassette that will house the micro-
wave launcher and the Thomson scatter-
ing system.

JT-60U

The collaboration with the Japan
Atomic Energy Research Agency on the
JT-60U tokamak has continued to focus
on negative-ion neutral-beam develop-
ment for ITER. This work consisted of
several extended visits by PPPL research-
ers to JT-60U for the purpose of design-
ing and conducting experiments on the
beam-line and assessing the data. Dur-
ing FY05, a PPPL researcher wrote a re-
view paper at the request of the Japanese
summarizing the operational experience
with negative-ion neutral-beam injection
from 1996 onwards. This work resulted
in four other papers published in the past
year.
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Figure 9. KSTAR electron-cyclotron-heating launcher assembly.

Stellarator Collaborations

In preparation for renewed stellarator
research at PPPL on NCSX (National
Compact Stellarator Experiment), there
has been a renewed interest in interna-
tional collaboration on existing stellara-
tor facilities in Europe and Japan.

Transport. The Laboratory continued
its collaboration on the Wendelstein-7
Advanced Stellarator in Germany with
analysis of parametric scans of high-beta
data. This continued the work begun in
2004 that demonstrated that magnet-
ic stochasticity sets in above a toroidal
beta of 3.5% and that this, rather than
ideal-MHD instability (which sets in at
low beta) determines the limit to plasma
pressure.

Edge Turbulence. Collaboration with
on TJ-II, a “fHexible” Heliac (stellara-
tor) located at the CIEMAT Institute in

Madrid, Spain, on the imaging of edge
turbulence continued with analysis of
data on the 2-D gas puff images of edge
blobs. This work complements work
done on the Alcator C-Mod tokamak
and National Spherical Torus Exper-
iment (NSTX) to detail the similari-
ties and differences in edge turbulence
structure for the different magnetic con-
figurations.

Neutral-beam Deposition Modeling.
Collaboration with Large Helical Device
(LHD) researchers in Japan and Max
Planck Institut fiir Plasmaphysik-Greist-
swald involved modeling of neutral-beam
orbits in stellarators including bench-
marking against the TRANSP tokamak
code. An analytic representation of neo-
classical mono-energetic diffusion coefhi-
cients appropriate for NCSX was devel-
oped.
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Lithium Tokamak

Experiment

Lithium Tokamak Experiment

xperiments to investigate the ef-
Efects of liquid lithium walls on

plasma-facing components have
been the focus of the Lithium Tokamak
Experiment (LTX), formerly the Current
Drive Experiment-Upgrade (CDX-U).
The prime motivation of this research
is that all major tokamaks have achieved
their highest performance in regimes
characterized by low recycling — the re-
introduction of cold gas back into the
plasma from the vacuum chamber walls.
A fully non-recycling wall has been theo-
retically predicted to fundamentally alter
the nature of magnetically confined plas-
mas, as the temperature and plasma cur-

rent distributions would be much flatter,
such as to minimize deleterious instabil-
ities. Under such conditions, the trans-
port mechanisms that result in the loss of
energy and particles could be suppressed,
and higher values of beta, the ratio of
plasma pressure to the pressure of the
confining magnetic field, could result.
The use of lithium as a first-wall mate-
rial is an attractive way to achieve low re-
cycling. The low-recycling would be ef-
fected by the high chemical reactivity of
lithium with atomic hydrogen, which re-
duces its influx back into the plasma. Fur-
thermore, flowing liquid lithium could be
a means of dissipating the heat from the
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high power densities anticipated on the
plasma-facing components, or PFCs, of
fusion reactors. Any PFC materials with
high atomic number Z can cause ener-
gy losses by radiation should they sput-
ter off the walls and enter the plasma. Be-
cause lithium has a low Z, this problem
is also reduced.

An important step in determining the
feasibility of liquid lithium as a PFC was
taken in CDX-U, a spherical torus with a
major radius, or distance from the axis of
the torus to its center, of 34 cm. The to-
rus cross section is an ellipse with a minor
radius of 22 cm and an elongation of 1.6.
The maximum plasma current is about
900 kA, during a total discharge duration
of up to 20 ms. This current is driven in-
ductively using a solenoid in the center
column (centerstack) of CDX-U. This
device was first intended to explore var-
ious means of driving the plasma current
using radio-frequency waves and other
techniques, hence the CDX-U label.

While the name was retained, the
CDX-U mission was shifted to empha-
size lithium PFC research. For the first
time in any magnetic confinement de-
vice, a large pool of liquid lithium was
introduced into a tray that completely
encircled the bottom of CDX-U. This
toroidal container had a major radius of
34 cm and width of 10 c¢m, and when
filled to a depth of a few millimeters, it
presented a lithium surface of 2,000 cm?
to the plasma. This served as a “limiter”
in contact with the plasma discharge. A
section of the tray is shown in Figure 1.
The reflected image of the centerstack
clearly shows its mirror-like surface.

High Confinement Achieved
with Liquid Lithium

The last phase of research in CDX-U
was completed in FY05, prior to the in-
stallation of a shell that is intended to en-

close the plasma with a liquid lithium
PFC. Dramatic improvements in plasma
confinement were obtained with lithium
in the tray and also coating the walls of
this device. Plasma discharges under these
conditions exhibited energy confinement
times (tg) of up to 5 ms, or four times
what would be expected if the results from
other tokamaks [“ITER98P(y,1)”] were
scaled to a machine the size of CDX-U
(Figure 2). This result also surpassed, by a
factor of five or more, the best values ob-
tained prior to the introduction of lithi-
um into the device.

To obtain the energy confinement
times, reconstructions of CDX-U plasma
equilibria were required. Doing this ac-
curately has been a major challenge for
magnetic confinement devices, and this
has been particularly true of small exper-
iments like CDX-U. In this device, short
pulse lengths make its equilibria particu-
larly sensitive to the effects of eddy cur-
rents generated in its walls. Furthermore,
ports and other features make the CDX-
U vacuum vessel complex. This limits the
validity of assuming axisymmetry, or the
approximation that CDX-U is an ideal
torus.

To address these issues, a new version
of the Equilibrium and Stability Code
(ESC) was developed. The ESC uses

measurements from magnetic sensors in-
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side the CDX-U vacuum vessel. These
sensors are calibrated by their response to
the magnetic field coils that confine the
plasma as they are individually pulsed.
The “response functions” so obtained can
then predict how the sensors would re-
spond to actual CDX-U plasmas. They
can be subsequently used in the ESC
equilibrium reconstruction calculations,
with the sensor calibrations as the only
prerequisite.

An estimate of a particle confinement
time that includes the effects of wall re-
cycling (17;,‘) was obtained using a su-
personic gas injector (Figure 3). The
supersonic gas injector has a fast valve
that allows the injection of a short gas
pulse, and the T was determined from
the subsequent decay of the density. It
was assumed that the energy confine-
ment time obtained with the ESC pro-
vides a bound on what the particle con-
finement times would be without wall
recycling. In that case, a recycling coef-
ficient of about 30% was deduced. This
meant that less than a third of the deu-
terons impinging on the walls reentered

the plasma, which is a record for mag-
netic confinement devices.

New Techniques for Creating

Lithium Coatings Tested

The high-confinement results de-
scribed above were achieved in the pro-
cess of testing two new techniques for
producing wall coatings of lithium — a
resistively heated evaporator system and
an electron beam (e-beam) evaporation
system.

The resistive evaporator system con-
sists of a wall-mounted collimated lith-
ium oven, and is used to continuously
deposit lithium on the walls and center-
stack of CDX-U, which also served as a
plasma limiter. The resistive evaporator
system was used to deposit up to ~100 A
of lithium during the period between dis-
charges (typically seven minutes).

The e-beam system used the lithium
in the tray as a target. The lithium evap-
orated by the e-beam created films up to
1,000 A thick in four to five minutes,
also between discharges. Both systems
were operated simultaneously, produc-
ing near 100% coverage of the vessel wall
and centerstack.

During past experiments, the lithi-
um in the tray was melted by heaters lo-
cated underneath it. In the present ex-
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periments, the lithium was liquefied by
the e-beam system alone, which created
a “pool” with an area of 600 cm?. The
combination of tray and wall lithium
PEC’s resulted in edge plasma pumping
rates of 1-2 x 10?1 particles per second.
This is comparable to the wall-pumping
rate achieved in the lithium-aided Toka-
mak Fusion Test Reactor (TFTR) plas-
mas that had the highest stored energies
ever obtained in TFTR (supershots).
However, the active wall area in CDX-U
is only 0.4 m?, or two orders of mag-
nitude smaller than that in TFTR. In
CDX-U, furthermore, the lithium was
deposited on stainless steel or other ma-
terials that are impermeable to lithium.
By contrast, graphite tiles formed the de-
position substrate in the TFTR experi-
ments, and lithium is known to rapidly
penetrate into graphite and form com-
pounds (carbides) in a process called “in-
tercalation.”

An evaluation of the relative effec-
tiveness of solid and liquid lithium as a
PFC was made. Comparisons between
results from recent experiments, which
used primarily solid lithium-wall coat-
ings, and earlier results from larger-area
(2,000 cm?) liquid lithium PECs, but
without significant wall coatings, were
performed. This was done by comparing
the driving (loop) voltage required to sus-
tain an increase of the plasma current at a
rate of 2 MA/s.

The earlier discharges with a large area
liquid lithium limiter performed signifi-
cantly better than the discharges with sol-
id wall coatings. The superiority of liquid
lithium as a PFC may be due to satura-
tion of the surfaces of the solid coatings
with the deuterium use to fuel the dis-
charge as it progresses. In contrast, the
diffusion of deuterons in liquid lithium
is very high, so that no surface concentra-
tion gradients can be sustained, even in a

device with as low a particle confinement

time as the CDX-U.

High-power Handling
Capabilities of Liquid Lithium

The e-beam experiments simulated
conditions of high localized power depo-
sition (power density up to 50 MW/m?
in a 0.3-cm? spot) during evaporation.
Although the total beam power is mod-
est (1.6 kW), heating cycles of up to 300
seconds have been employed, for a total
injected energy of ~0.5 MJ.

The surface temperature distribution
of the liquid lithium was recorded with
an infrared camera during e-beam heat-
ing (Figure 4.) The swirling regions are
“false color” contours that are separated
by a maximum temperature of 50 °C.
They show that, surprisingly, the trans-
port of heat away from the beam spot by
convection was so effective as to neces-
sitate the heating of the entire lithium
inventory (140 g), rather than just the
area under the beam spot, to the point
of evaporation (T > 400-500 °C). There
was no observable hot spot within the
beam footprint for the entire 300-sec-
ond duration of the heating cycle. These
results are promising for the implemen-
tation of lithium plasma-facing compo-
nents in reactor-scale devices.

Figure 4. Infrared image of liquid lithium in

heating.
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Installation of New Inner Shell

in Progress

The CDX-U was vented in FY05 to
prepare for the installation of a conduct-
ing shell inside the existing vacuum ves-
sel. The shell has a stainless steel liner that
is explosively bonded to a thicker copper
substrate. The stainless steel liner will be
coated with a 1,000-A thick layer of lith-
ium, and the copper substrate is then
heated to melt the lithium. The coated
liner will comprise 90% of the PFC area
(-4 m?). This new configuration, now

called the Lithium Tokamak Experiment,
will enable the study of plasmas almost
fully enclosed by a low-recycling wall.
The conducting shell is comprised of
four identical quadrants, each consisting
of seven approximately triangular seg-
ments. All of these segments were ma-
chined and formed to shape in FY05,
and they are being assembled (Figure 5).
The shell will be placed inside the LTX
vacuum vessel in the spring of 2006, and
present plans are to resume plasma oper-

ations before the end of CYO06.

Figure 5. Conducting shell quadrant welded together by S. Jurczynski (pictured)

of PPPL.
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Magnetic Reconnection

Experiment

Magnetic Reconnection Experiment

he Magnetic Reconnection Ex-

periment (MRX), shown above,

was built to study the fundamen-
tal physics process of magnetic reconnec-
tion in a controlled laboratory environ-
ment. Magnetic Reconnection — the
topological breaking, annihilation, and
reconnection of magnetic field lines —
can occur in virtually all magnetized plas-
mas, in both the laboratory and in na-
ture. This is illustrated in Figure 1, where
plasma and magnet field line flow togeth-
er into a thin region called the dissipation
region. The field lines break in the dissi-
pation region, reconnect, and exit out the
ends of the region.

Magnetic reconnection is common-
ly invoked to explain observations in so-
lar physics, space physics, and laboratory
physics, and it is a key to understand-

ing plasma’s self-organization phenome-
na. For example, the release of high-en-
ergy particles that occurs during a solar
flare, shown in Figure 2, is believed to
be due to magnetic reconnection. In this
phenomenon, the magnetic field imbed-
ded in interacting solar flares is pushed
together, causing reconnection to occur.
However, the rate of energy release is not
resolved by the present understanding of
reconnection physics. The observed “fast
reconnection” has made magnetic recon-
nection a very active area of research. Ex-
periments on MRX have provided cru-
cial data with which the theoretical and
observational research communities can
compare their work.

The modest size and versatility of MRX
make it an ideal facility to study basic sci-
ence and to train graduate students. The
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L Dissipation

Region

Figure 1. The process of magnetic reconnection. The dark field lines in the left-side
frame move toward the dissipation region and magnetic reconnection occurs. After
reconnection, the field lines move into the outflow region, as illustrated in the right-

side frame.

MRX is jointly funded by the U.S. De-
partment of Energy (DOE), the Nation-
al Science Foundation (NSF), and the
National Aeronautics and Space Admin-
istration (NASA), illustrating the broad
applicability of its scientific output.

Research Objectives

The primary purpose of MRX is the
comprehensive analysis of magnetic re-
connection and related physics, which
are crucial for understanding self-orga-
nization phenomena of fusion plasmas

as well as solar and magnetospheric plas-
mas. In particular, MRX has the follow-
ing research goals:

® Test 2-D and 3-D theoretical mod-
els of magnetic reconnection.

® Investigate the role of effects be-
yond resistive MHD (for instance,
turbulence and Hall-MHD) in the
reconnection layer.

® Identify the mechanisms by which
magnetic energy is efficiently con-

Figure 2. Reconnection in solar flares, illustrated here in data from
the TRACE satellite, is thought to lead to the anomalously high
plasma temperatures measured in the solar corona.
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verted to plasma kinetic and ther-
mal energy.

® Explore the role of boundary effects
on the rate and spatial structure of
magnetic reconnection.

® Explore the application of mag-
netic reconnection science to fu-
sion concepts, including spheromak
merging for the formation of large-
flux Field-reversed Configurations
(FRC:s).

In FY05, magnetic reconnection was
studied in two very different geometries
that are accessible in the MRX device. In
both cases the impact of the Hall effect
was studied, allowing a more general-
ized understanding of this phenomenon.
These studies have documented the uni-
versality of the Hall effect as a contribu-
tor to fast reconnection. An experimen-
tal campaign of spheromak merging was
also carried out, with the goal of form-
ing long-lived FRC plasmas. These stud-
ies demonstrated the importance of plas-
ma shape control for the formation of
improved-stability FRC:s.

Experimental Device

and Past Major Results

The key components of the MRX
device are two flux cores: doughnut-
shaped devices containing multiple mag-
net windings, which inductively produce
the plasma and magnetic fields in MRX.
These flux cores allow two distinct mag-
netic reconnection geometries in MRX:
the “pull” reconnection geometry and
the “push” reconnection geometry. Ex-
periments in FYO05 studied both recon-
nection geometries in order to achieve a
more universal picture of magnetic re-
connection.

In the “pull” reconnection geome-
try, plasma is formed around the cores,

and then the currents in the windings
are quickly decreased. This has the effect
of pulling oppositely directed magnetic
fields together, causing magnetic recon-
nection to occur and a current sheet to
form. This geometry leads to long-lived
and stable current sheets, allowing de-
tailed study of reconnection physics. The
flexibility of this configuration is further
enhanced by the ability to form current
sheets with a guide-field (co-helicity), or
without a guide-field (null-helicity).

In the “push” reconnection configura-
tion, two independent toroidal plasmas,
known as spheromaks, are formed adja-
cent to the flux cores. These spheromaks,
which sustain their own internal magnet-
ic fields, are then allowed to merge via
their mutual attractive force. Magnetic
reconnection occurs during this merging
(i.e., the magnetic field lines are pushed
together), and a fusion relevant FRC is
formed. This FRC is an attractive can-
didate for a fusion power source due to
its very high ratio of plasma pressure to
magnetic field strength.

A set of carefully chosen diagnos-
tics provides insight into the physics of
magnetic reconnection and real-time
monitoring of MRX plasmas. These in-
clude Langmuir probes (electron den-
sity, electron temperature, and plasma
flows), spectroscopic probes (ion temper-
ature and plasma flows), arrays of mag-
netic probes (spatial profiles of the local
magnetic field), and large pick-up loops
(global currents and magnetic fluxes).

The Sweet-Parker model of magnetic
reconnection is a resistive MHD model
that assumes a two-dimensional, incom-
pressible, steady-state plasma. It captures
many of the essential local features of the
magnetic reconnection layer and predicts
reconnection rates faster than resistive
dissipation, but still much slower than
that observed in solar flares. The reason
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for the too slow prediction is simple: all
of the plasma is forced to flow through
a very narrow dissipation region, restrict-
ing the amount of plasma allowed to par-
ticipate in the reconnection process.

The first laboratory experiments test-
ing the Sweet-Parker model were per-
formed in MRX. Null-helicity exper-
imental data indicated a reconnection
speed consistent with a generalized
Sweet-Parker model, which includes the
effects of plasma compressibility, finite
pressure in the downstream region of the
field lines, and nonclassical plasma resis-
tivity. The effective plasma resistivity was
found to be enhanced over the classical
Coulomb-collision value by up to a fac-
tor of ten; this enhancement plays a cru-
cial role in determining the reconnection
rate. These results suggest that the Sweet-
Parker model with nonclassical resistivi-
ty may explain the fast reconnection re-
quired to be consistent with, for instance,
solar flare observations. Two theories ex-
ist for this apparently enhanced resistivi-
ty: turbulent resistivity and the two-flu-
id Hall effect.

Current sheets formed in MRX con-
tain strong gradients in the plasma densi-
ty and cross-field currents, both of which
can drive unstable fluctuations and result
in turbulence. Electromagnetic fluctua-
tions found in MRX correlate well with
fast reconnection. The fluctuation ampli-
tude is similar for the three magnetic field
components, and the spectrum is peaked
near the lower-hybrid frequency. The ra-
dial spatial profile measurements show
that the magnetic fluctuation ampli-
tude is strongly peaked near the center of
neutral sheet. It is found that the ampli-
tude of magnetic fluctuations is sensitive
to plasma density or, equivalently, colli-
sionality. As the resistivity enhancement
also depends on the plasma collisionality,
a clear positive correlation between mag-

netic fluctuations in the lower-hybrid
frequency range and resistivity enhance-
ment is established in the low-collision-
ality regime.

In MRX, the precise profile of the mag-
netic field in the current sheet has been
measured by a very high-resolution mag-
netic probe array. The measured magnet-
ic profiles fit very well to the Harris solu-
tion, which was developed in 1962. This
agreement is remarkable since the Har-
ris theory does not take into account the
electric fields and dissipation associat-
ed with reconnection. The current sheet
thickness is found to be on the order of
the ion skin depth, which agrees with a
generalized Harris theory incorporating
different electron and ion temperatures
and finite electric field. Interestingly, very
similar scaling has been observed both in
the magnetotail and the magnetopause of
the Earth’s magnetosphere.

Highlights of FY05

The MRX research activities in FY05
reaped the benefits of the facilities up-
grades in FY04. Studies of the Hall effect
in magnetic reconnection continued, in
both the “push” and “pull” reconnection
geometries. These different geometries
served to illustrate the universality of the
Hall-mechanism during magnetic recon-
nection. The “push” reconnection stud-
ies were part of a series of experiments
studying the formation and stability of
FRC plasmas via the merging of sphero-

mak plasmas.

Studies of the Hall Effect
during “Pull” Reconnection in MRX
As noted above, the simple resistive
MHD model is unable to adequately
describe the observed fast reconnection
for plasmas in the low-collisionality re-
gime. In addition to turbulent resistivi-
ty, the Hall effect has been considered as
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a mechanism leading to fast reconnec-
tion. When the Hall effect is included,
electron and ion flows near the center of
the current sheet are allowed to decou-
ple in a manner not allowed in resistive
MHD. The ions are not forced to flow
through the narrow dissipation region,
thus allowing faster reconnection. The
electrons do flow through the narrow dis-
sipation region, where their out-of-plane
current pulls the magnetic field lines of
the reconnection plane. These field lines,
which are pulled out of the reconnec-
tion plane, lead to a quadrapole out-of-
plane magnetic field, a key signature of
the Hall effect.

This quadrapole out-of-plane magnet-
ic field has been observed in MRX, as il-
lustrated in Figure 3. The arrows in this
figure represent the reconnection mag-
netic field and the colors represent the
out-of-plane magnetic field. There are
four lobes of out-of-plane field, which
change sign when moving horizontally
or vertically from one lobe to the next:

these are the features of the Hall quadra-
pole field. The MRX is the first laborato-

ry plasma experiment to clearly observe
the quadrapole field and confirm the im-
portance of the Hall effect. Further mea-
surements demonstrated that the Hall ef-
fect, which allows the heavy ions to avoid
the narrow dissipation region, leads to an
increase in the reconnection rate.

The three-dimensional features of
the magnetic field lines are visible in the
computer-generated representation of re-
connection in Figure 4. Electrons flow-
ing out at the center of the reconnection
layer drag out the magnetic field lines, as
illustrated by the white lines. These ex-
tended field lines have components alter-
natively pointing towards or away from
the reconnecting plane, the effect that
gives rise to the quadrapole field signa-
ture.

Observation of the Hall Effect
during “Push” Reconnection

The Hall effect was also observed in
the early stages of “push” reconnection
in MRX, as illustrated in Figure 5. In
“push” reconnection, the reconnection
plane is tilted with respect to the fixed

Figure 3. The Hall quadrapole magnetic field measured in MRX.
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Figure 4. Three-dimensional visualization
of the Hall effect. Electrons flowing in the
reconnection current sheet drag magnetic
field lines out of the reconnection plane. The
out-of-plane component of the field lines
generates the signature quadrapole field.

r-z plane in which the measurements are
taken, as illustrated in Figure 5(c). By
reversing the signs of the toroidal field
in the reconnecting plasmas, the recon-
nection plane angle is flipped. As dis-
cussed above, the quadrapole field can

be thought of as the effect of the electron
current “pulling” the magnetic field lines
out of the reconnecting plane. Since the
reconnection plane is tilted, the electron
current “pulls” the field lines in a direc-
tion with both radial and toroidal com-
ponents. When the field lines are viewed
in the r-z plane, this effect causes the re-
connection X-line to appear to shift up
or down depending on the direction of
the opposing toroidal fields, as illustrat-
ed in Figure 5(b). Hence, the effect that
causes a quadrapole field in “pull” re-
connections causes an apparent shift of
the reconnection position in “push” re-
connection.

More quantitative studies have re-
vealed that the Hall effect contributes to
a significant increase of the reconnection
rate in addition to the modification to the
geometry. Interestingly, the case with in-
ward shifted X-line shows slower recon-
nection than with the outward shift. This
is because the inward shift leads to a large
compression of the magnetic field in the
center of the device, leading to large val-

Figure 5. The Hall effect in push reconnection. The direction of the electron
flow changes when the toroidal fields are reversed, causing the X-line to shift in

different directions.
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ues of the magnetic pressure in this re-
gion. This pressure prevents the plasma
from flowing into this region; in essence,
one end of the reconnection layer in Fig-
ure 1 is plugged, reducing the reconnec-
tion rate. The outward shifted case does
not lead to such severe magnetic flux
compression, and the plasma can flow
out both ends of the reconnecting layer.
Hence, in the inward shifted case, the lo-
cal Hall effect introduces a change in the
global boundary conditions, which then
modifies the reconnection rate. These
observations indicate the universal im-
portance of the Hall effect.

Plasma Merging for Fusion
Science Applications

In addition to the Hall effect stud-
ies, the spheromak merging experimen-
tal campaign has been successful in form-
ing long-lived FRC plasmas. This process
is illustrated in Figure 6(a-c). Two spher-
omaks are formed near the flux cores (a)
and translate towards each other and be-
gin to merge (b). The magnetic fields in-

side the spheromaks reconnect, and the
final state is an FRC (c).

The formation of these long-lived
FRC:s requires a number of conditions to
be met. First, the two spheromaks must
have approximately equal magnetic field
strengths, or else one will dominate the
other. Secondly, a passive stabilizer is
helpful in reducing the global motions
of the plasma. In MRX, a 10-cm diame-
ter hollow copper tube is used to provide
passive stabilization; if the plasma be-
gins to move, electric currents in the cen-
ter column “push” the plasma back to its
original location. These two steps are use-
ful in eliminating large plasma motions,
but destructive fine-scale plasma motions
have also been observed. The key final
step is to control the shape of the plas-
ma boundary. This is shown in Figure 6
where a plasma with more oblate shape
(pulled away from the center of the ma-
chine) is observed to have a long life in
panels 6(d-g), while a plasma which is
more pushed toward the machine center
displays a quick decay in panels 6 (h-j).

Figure 6. Spheromak merging for FRC formation. Stable and unstable examples are shown

in (d-g) and (h-k) respectively.
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Future Work

The research conducted in FYO05 has
clarified the role of the Hall effect in mag-
netic reconnection. However, the Hall ef-
fect alone cannot explain fast reconnec-
tion in nature; some other mechanism
must be responsible for the breaking of
magnetic field lines at the very center
of the reconnection layer. The observed

electromagnetic fluctuations are a prime
candidate to provide this effect. Hence,
the relationship between the Hall effect
and electromagnetic fluctuations will be
a prime subject in future research. The
MRX group will also continue to pursue
the topic of FRC formation and stabili-
ty studies, with the goal of improving the
viability of this fusion concept.
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Plasma Science and

Technology

he Princeton Plasma Physics Lab-
I oratory (PPPL) has an active
program in Plasma Science and
Technology which supports the Labora-
tory’s mission to create new knowledge
in plasma science and to use this knowl-
edge to develop new plasma technolo-
gies. These projects generally consist of
small experiments focused on a specif-
ic topic of interest. All of these projects
have strong graduate and undergradu-
ate participation, and many of them have
ties to work being done in the PPPL The-
ory Department. The Lithium Tokamak
Experiment, the Magnetic Reconnection
Experiment, and Applications Research
and Technology Transfer, discussed else-
where in this report, form part of this
program.

Someof these basic physics experiments
lie at the frontiers of fusion research. For
example, the novel Field-reversed Con-
figuration Experiment is designed to cre-
ate a remarkably efficient magnetic con-
finement system which could eventually
be used to burn advanced fusion fuels,
while the heavy ion fusion research aims
to create and focus extremely high-inten-
sity ion beams onto an inertial fusion tar-
get. These and all the other small exper-
iments are strongly coupled to plasma
physics research at other national labora-
tories and universities.

These experiments also have an im-
portant role in creating links between
plasma physics and other areas of science

and technology. For example, the work
on high-intensity accelerators is directly
applicable to future experiments in high
energy physics, and the Hall Thruster
Experiment may develop into superior
propulsion technologies for spacecraft.

Hall Thruster Experiment

A Hall Thruster is a plasma-based
propulsion system for space vehicles.
The amount of fuel that must be carried
by a satellite depends on the speed with
which the thruster can eject it. The vast
majority of satellites worldwide have re-
lied on chemical thrusters, although
chemical rockets have very limited fuel
exhaust speed. Plasmas can be ejected at
much higher speeds, therefore less fuel
needs to be carried on board. Until re-
cently, the Hall Thruster approach has
been pursued most vigorously in Rus-
sia; during the past quarter century, they
have placed about 100 Hall Thrusters in
orbit.

In 1999, a Hall Thruster Experiment
(HTX) was established at the Prince-
ton Plasma Physics Laboratory (PPPL).
The PPPL effort was the result of a col-
laborative theoretical research effort with
the Center for Technological Innova-
tion at Holon, Israel. This study, initial-
ly funded by the U.S. Air Force Office
of Scientific Research (AFOSR), identi-
fied improvements that might make Hall
Thrusters more attractive for commercial
and military applications. After demon-
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strating state-of-the-art thruster opera-
tion, including decreased plasma plume,
the project acquired broader support.
In addition to support from AFOSR,
the program has received support from
the Defense Advanced Research Proj-
ects Agency, the New Jersey Commission
on Science and Technology, and the U.S.
Department of Energy. The HTX facility

is shown in Figure 1.

Hall Thruster Operation

A conventional ion thruster consists
of two grids, an anode and a cathode,
between which a voltage drop occurs.
Positively charged ions accelerate away
from the anode toward the cathode grid
and through it. After the ions get past
the cathode, electrons are added to the
flow, neutralizing the output to keep it
moving. A thrust is exerted on the an-
ode-cathode system, in a direction oppo-
site to that of the flow. Because a positive
charge builds up in the space between
the grids, the ion flow and, therefore, the
magnitude of the thrust that can be at-
tained are limited.

In a Hall Thruster, electrons inject-
ed into a radial magnetic field neutralize

Figure 1. The PPPL Hall Thruster Experi-
ment (HTX) and research team.

the space charge. The magnitude of the
field is approximately 200 gauss, strong
enough to trap the electrons by causing
them to spiral around the field lines. The
magnetic field and a trapped electron
cloud together serve as a virtual cathode
(Figure 2). The ions, too heavy to be af-
fected by the field, continue their journey
through the virtual cathode. The move-
ment of the positive and negative electri-
cal charges through the system results in
a net force on the thruster in a direction
opposite that of the ion flow.

Plasma thrusters for current space ap-
plications employ xenon propellant. Xe-
non is relatively easy to store onboard the
spacecraft and to ionize within the thrust-
er. It also has a high atomic number (54),
which means a lot of mass per ionization
energy expended. The ionization ener-
gy is an unavoidable inefficiency. In the
range of exhaust velocities most useful for
current space applications, about 15 km/
sec, the energy loss for once-ionized xe-
non is less than 10 percent of the exhaust
energy. (If the weight per atom were half,
this percentage would double.)

Thruster Applications

Thrusters are used to compensate for
atmospheric drag on satellites in low-
earth orbit, to reposition satellites in geo-
synchronous orbit, or to raise a satellite
from a lower orbit to geosynchronous or-
bit. For each kilogram of satellite mass it
turns out that about one or two watts of
on-board power are available. At PPPL
Hall thrusters ranging from below a 100
watts to more than two kilowatts have
been built. PPPL physicists hope that
their ideas can be useful both for thrust-
ers operating at many thousands of watts,
e.g., for planetary missions, as well as in
the low power limit, e.g., for very small
satellites with masses of 50 to 100 kilo-
grams.
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Figure 2. The Hall thruster concept.

Thruster Results

Recent work at the PPPL HTX facility
(Figure 3) demonstrated that steep volt-
age drops could be diagnosed, localized,
and controlled in a Hall-thruster geom-
etry using segmented electrodes. These
techniques now support new thruster
configurations and new methods for fo-
cusing neutralized ion beams, thereby
achieving significant beam current den-
sities. Experiments on the recently up-
graded HTX facility with unique plasma
probe diagnostics began to challenge ac-
cepted limits on the magnetic insulation
properties of plasma. The importance of
plasma-wall interaction was demonstrat-

ed and the role of secondary electron
emission in power losses at the walls and
electron cross-field transport was shown.
The collaboration with the Aerospace
Corporation on ion beam focusing and
beam neutralization in segmented Hall
thrusters continued.

Hall Microthruster

In addition to imagining larger, more
powerful thrusters capable of accelerating
satellites more quickly or powering larg-
er satellites, scientists also envision a large
satellite disbursing hundreds of small-
er ones for the exploration of a planet or
as a space-based radar array. The PPPL
Hall Microthruster was invented to scale
to low power. This device employs a cy-
lindrical rather than the conventional an-
nular configuration. Because of its low
surface-to-volume ratio, the cylindrical
geometry is better adapted for micro-
thruster operation.

The technological problems associat-
ed with scaling to low power are by no
means straightforward. The power den-
sity tends to grow at small sizes, and the
smaller features are more susceptible to

Figure 3. Interior view of the Hall thruster vacuum chamber.
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heat loading. In attacking these techno-
logical constraints, in the cylindrical de-
sign, the central magnetic pole is almost
eliminated, as shown in Figures 4 and 5.

The cylindrical thruster geometry is
fundamentally different from the con-
ventional configuration in the way the
electrons are confined in the plasma
discharge and in the way the ion space
charge is neutralized. Here, the elec-
trons in the cylindrical part of the chan-
nel are trapped axially in a hybrid mag-
neto-electrostatic trap: on the anode side
they are reflected by the strong magnet-
ic mirror, while on the cathode side they
are reflected by the potential drop in
the plume. Electrons neutralize the ion
space charge not by being held axially by
the radial magnetic field, like in the con-
ventional thruster; rather, electrons are
allowed to move axially back and forth,
while being trapped axially in the hybrid
trap. Therefore, one of the fundamental
constraints of the conventional thrust-
er configuration is loosened, and the as-
sociated physics of this new thruster is
quite different.

The PPPL Hall Microthruster has now
been operated below the 100-watt range,

F=-uvB F=-eE

Figure 4. Schematic of the PPPL Hall
microthruster with cylindrical geometry.
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Figure 5. Pictured is a 100-watt cylindrical
Hall thruster.

useful for very small satellites with masses
of 50 to 100 kilograms. Efficiencies in the
range of 20 to 30% for 100-watt power-
level operation were attained, surpassing
present-day microthruster technology.
Present research on the cylindrical Hall
thrusters focuses on understanding the
magnetic field topology, electron crossed-
field transport, and ion thrust generation.
Performance evaluations of PPPL cylin-
drical Hall thrusters has been done at the
Air Force Research Laboratory, Edwards,
CA; the NASA Marshall Space Flight
Center; and at the Princeton University
Mechanical and Aerospace Department.
The results of these evaluations indirect-
ly confirmed unusually high ionization
in cylindrical Hall thrusters and the suit-
ability of this thruster for microthrust-
er (low-power) regimes, an idea that has
been proposed by researchers at PPPL.

Magnetic Nozzle Experiment

The Magnetic Nozzle Experiment
(MNX) studies the physics of mirror-ge-
ometry helicon-heated plasmas expand-
ing through magnetic field gradients.

70



Return to Table of Contents

MNX research is applicable to fusion sci-  sults, to appear in /EEE Transactions in
ence, solar physics, and spacecraft pro-  Plasma Science, are consistent with a
pulsion. A productive collaboration with  small superthermal population (E_ ~ 100
Professor E. Scime, West Virginia Univer- ¢V and n/n_~ 107) being responsible for
sity (WVU), continued in FY05. Gradu-  the strong ion acceleration.

ate students X. Sun (WVU), M. Miah,

and N. Ferraro performed research on ~ Princeton F ield-reversed

MNX. Configuration Experiment

The primary scientific investigations The Princeton Field-reversed Config-
during FY05 were explorations of elec-  uration Experiment (PFRC) was built to
trical potential changes along the plasma  study the physics of odd-parity rotating
column performed with a laser-induced-  magnetic fields (RMF,) interacting with
fluorescence system loaned by WVU.  magnetized plasmas. Theory predicts
Ton acceleration to supersonic speeds oc-  that field-reversed configurations (FRCs)
curs by passage through a double layer  formed by odd-parity rotating magnetic
formed by mechanical or magnetic aper-  fields should have closed magnetic field
tures placed in helicon plasmas, see Fig-  lines, hence good energy confinement

ure 6. The high directed energy achieved,  properties. Other favorable theoretical
70 eV for argon ions, shows that the dou-  predictions for odd-parity rotating mag-

ble-layer ion-acceleration method has po-  netic fields are excellent ion heating in the
tential for use in spacecraft propulsion  ion-cyclotron range-of-frequencies and
missions to remote planets. good electron heating, even far below the
Experiments on the role of superther-  electron-cyclotron resonance frequency.
mal electrons in determining the strength ~ The PFRC was designed to use commer-
of the double layer were begun. Diagno-  cially available equipment and to operate
sis of the helicon-heated plasmas was pre-  at low power. Both choices improve facil-
formed with passive emission spectrosco- ity safety and lower facility costs, impor-
py, interpreted with collisional-radiative  tant aspects to the eventual commercial
models, and Langmuir probes. The re-  success of fusion power.
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Figure 6. (a) Axially directed ion energy E, versus nozzle-field strength at z = 2 cm in the
MNX expansion region. The plate M2 was located one centimeter upstream of the nozzle-
coil midplane, as shown in the inset. (b) E, versus nozzle-field strength at z = 3.2 and 4.0 cm
from the nozzle-coil midplane. The M2 plate was located 3.1 cm downstream of the nozzle-
coil midplane, see inset. (c) E, of the medium-energy ions versus nozzle field strength at z
= 2 cm from the nozzle-coil midplane. The M2 plate was located 26.7 cm upstream of the
nozzle-coil midplane, see inset.
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In FY05, graduate students S. Lands-
man, N. Ferraro, A. Roach, D. Lundberg,
and D. Fong performed PFRC research.
The research strongly benefited from col-
laborations with theoreticians at Los Al-
amos National Laboratory (A. Glasser)
and the Courant Institute of Mathemat-
ics of New York University (G. Zaslavsky
and M. Edelman).

Theoretical investigations during FY05
were on the mechanism for odd-parity
rotating-magnetic-field plasma heating
(Figure 7). The heating of figure-8 orbits
was shown to be large compared to that
of betatron and cyclotron orbits. Heat-
ing occurred at resonances of the odd-
parity rotating-magnetic-field frequency
with the ion orbital frequency. The onset
and saturation of figure-8-orbits heating
was explained. These studies show how
it is possible to tune the energy of heat-
ed ions, allowing use of a resonance in fu-
sion rates, as occurs in a p-B!! fuel mix-
ture.

During FY05, improvements to the
PFRC experimental hardware were made
in the odd-parity rotating-magnetic-field
radio-frequency system, in the axial field
capabilities, and in the implementation
of noninvasive diagnostics.

Nonneutral Plasma, High-
intensity Accelerators, and
High Energy Density Physics

A nonneutral plasma is a many-body
collection of charged particles in which
there is not overall charge neutrality. Such
systems are characterized by intense self-
electric fields and, in high-current config-
urations, by intense self-magnetic fields.
Nonneutral plasmas, like electrically neu-
tral plasmas, exhibit a broad range of col-
lective properties, such as plasma waves
and instabilities. The intense self-fields in
a nonneutral plasma can have a large in-

Return to Table of Contents

oL @) Br=20G Q=09
=5
S
g 4r
53t
2ol
w ] Br=2G JW\

L W, WNMM /NN n,
\HH
ol va \l\/\ WL
0
(2n/mc|)
Bl (b) Fast Fourier Transforms N
Q=09

1 keV Betatron Orbit

Af
I
1
iy
@)jm
Y

Cyclotron and

Cyclotron Figure-8

0.1 w
0.0001 0.001 0.01 0.1
E/En

Figure 7. Results of numerical simulation of
ion trajectories in a field-reversed configu-
ration with odd-parity rotating-magnetic
fields. (a) Figure-8 ion energy versus time
for two values of rotating magnetic field
amplitude By. (b) Fast Fourier transforms
of ion energy for the two cases shown in (a)
and also for a betatron orbit. (c) Separation
between resonances, Af versus normalized
initial energy for normalized azimuthal ca-
nonical momentum P = 0.1, 0.2, and 0.3,
atBp =2 G.

fluence on detailed plasma equilibrium,
stability, and confinement properties, as
well as on the nonlinear dynamics of the
system.

There are many practical applications
of nonneutral plasmas. These include:

® improved atomic clocks;
® positron and antiproton ion sources;

® antimatter plasmas, with applica-
tion to antihydrogen production;
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® coherent electromagnetic radiation
generation, including free electron
lasers, cyclotron masers, and mag-
netrons;

® advanced accelerator concepts with
high acceleration gradients;

® investigation of nonlinear collective
processes and chaotic particle dy-
namics in high-intensity charged-
particle beams; and

® applications of intense ion beams to
studies of high energy density phys-
ics properties of warm dense matter
and heavy ion fusion.

Research on nonneutral plasmas and
high-intensity accelerators at PPPL fo-
cuses on three areas:

® basic experimental investigations of
nonneutral plasmas confined in a
Paul trap with oscillatory wall volt-
ages, used to simulate intense beam
propagation through a periodic
quadrupole field configuration;

® analytical and numerical studies of
the nonlinear dynamics and collec-
tive processes in intense nonneu-
tral beams propagating in periodic-
focusing accelerators and transport
systems, with particular emphasis
on next-generation accelerators for
ion-beam-driven high energy den-
sity physics and fusion, spallation
neutron sources, and high-ener-
gy physics applications of intense
charged-particle beams; and

® experimental investigations of radio-
frequency and ferroelectric plasma
sources for intense ion beam space-
charge neutralization; experimental
and theoretical studies of ionization
and stripping cross sections, and
multielectron loss events; and opti-

mization of negative ion beams for
heavy ion drivers.

Paul Trap Simulator Experiment

The Paul Trap Simulator Experi-
ment (PTSX) is a compact experiment
that simulates intense beam propagation
through periodic focusing magnetic al-
ternating-gradient transport systems over
distances of tens of kilometers by placing
the physicist in the frame-of-reference of
the beam. The transverse dynamics of the
particles in the two systems is the same.
Plasmas are trapped for hundreds of mil-
liseconds in the PTSX device, which cor-
responds to equivalent propagation dis-
tances of tens of kilometers. The PTSX
device confines cesium ions in the trans-
verse plane by applying oscillatory volt-
ages to the four quadrants of a 2-m-long
20-cm-diameter, segmented primary cyl-
inder. Static voltages, applied on 40-cm-
long end cylinders, provide axial con-
finement of the trapped one-component
pure ion plasma. The amplitude V, and
“temporal” frequency f of the oscillating
voltage in PTSX correspond to the am-
plitude and “spatial” frequency of the
magnets in the actual alternating-gradi-
ent transport system.

Recent experiments have concentrat-
ed on studying the effects of changes in
the “strength” of the transverse focusing
field. The focusing field strength is pro-
portional to V,/f, and experiments were
performed to explore the effect of instan-
taneously decreasing V,,/f during the ex-
periment. The results, when V /f is re-
duced by a factor of 1.5, are shown in
Figure 8 and demonstrate that the effect
is the same, regardless of how the focus-
ing field strength is reduced. The strength
can be reduced either by decreasing V,,
by increasing f, or by changing them si-
multaneously. The radial density profile
of the plasma becomes broader and, since
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Figure 8. Instantaneously decreasing the “strength” of the transverse
confinement allows the plasma to become broader and less peaked as
compared to the baseline case. The transverse beam emittance increases by

forty percent.

the total number of particles is preserved,
less peaked. The emittance, which is a
quantitative measure of the transverse
pressure of the beam particles, increases

by forty percent.

High-intensity Accelerators

Collective Excitations in a Bunched
Beam: The nonlinear delta-f method, a
particle simulation method for solving
the nonlinear Vlasov-Maxwell equations,
is being used to study the collective ef-
fects in high-intensity bunched beams.
For high-intensity bunched beams, the
equilibrium and collective excitation pro-
perties are qualitatively different from
those for long coasting beams. Due to the
coupling between the transverse and lon-
gitudinal dynamics induced by the 2-D
nonlinear space-charge field, there exists
no exact kinetic equilibrium which has
anisotropic temperature in the transverse
and longitudinal directions. Even in a
thermal equilibrium with isotropic tem-
perature, the particle trajectories on con-
stant energy surfaces are nonintegrable,
which implies that it is impossible to per-

form an integration along unperturbed
orbits to analytically calculate the linear
eigenmodes.

For the case of thermal equilibrium
with isotropic temperature, the self-con-
sistent kinetic equilibrium for a bunched
beam is first established numerically.
Then, the collective excitations of the
equilibrium are systematically investi-
gated using the nonlinear delta-f meth-
od implemented in the Beam Equilibri-
um Stability and Transport (BEST) code.
The BEST code has been recently paral-
lelized in the transverse direction using a
particle decomposition method, in addi-
tion to the previously implemented do-
main decomposition in the longitudinal
direction. The parallel scheme utilizes the
advanced communicator functions pro-
vided by the MPI protocol. For paral-
lelization in the transverse direction, the
particle decomposition method has much
better efficiency than the commonly used
domain decomposition. This is because
the communication load for transverse
domain decomposition is very heavy due
to the frequent domain crossing of a sin-
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gle particle in the external focusing lattice
and the space-charge potential.

The newly updated BEST code has
been used to study self-consistently the
collective effects of 3-D bunched beams.
For routine production runs with 1,500
processors on the IBM SP supercomput-
er at the National Energy Research Su-
percomputer Center, the performance
of the BEST code scales almost linearly
with respect to the number of processors.
For the case of thermal equilibrium with
anisotropic temperature, an approximate
equilibrium is adopted when the nonlin-
ear coupling due to the space-charge field
is weak, and the validity and collective
excitations of this approximate equilibri-
um are numerically studied.

Temperature-anisotropy Instability:
Temperature anisotropies develop natu-
rally in accelerators during the acceler-
ation phase. In intense charged-particle
beams with large temperature anisotropy,
free energy is available to drive a classi-
cal electrostatic Harris instability. The in-
stability is kinetic in nature and is due to
the coupling of the particles transverse
betatron motion with the longitudinal
plasma oscillations excited by the per-
turbation. For a long, coasting beam, the
delta-f particle-in-cell code BEST and the
eigenmode code bEASt have been used to
determine detailed 3-D stability proper-
ties over a wide range of temperature an-
isotropy and beam intensity. The delta-f
particle-in-cell code BEST has also been
used to study the nonlinear evolution
and saturation of the instability.

The nonlinear saturation is governed
by longitudinal particle trapping by a
spectrum (not just a single wave) of fast-
growing waves with a broad band of lon-
gitudinal wavenumbers and zero oscil-
lation frequency. The presence of many
waves leads to the nesting and overlap-
ping of particle resonances in longitudi-

nal phase space, and as a consequence, to
the fast randomization of the trapped-
particle distribution and longitudinal
heating of the beam particles (Figure 9).
The nonlinear interactions lead to the
shift of the wave’s spectrum into the long-
wavelength region. This can be explained
qualitatively as follows. The instability
is self-quenching, since as the instability
grows, the plasma heats up longitudinally
due to particle trapping and phase-mix-
ing. The large wavenumber modes satu-
rate first, but as the smaller wavenumber
modes grow and saturate, they increase
the longitudinal temperature even fur-
ther, which in turn begins to damp the
saturated modes at large wavenumbers.
As a result, the wave energy spectrum
transfers to the smaller wavenumber re-
gion. This is qualitatively consistent with
the behavior of the mode spectrum ob-
served in the simulations. The final lon-
gitudinal velocity distribution is not
Maxwellian and can be characterized by
a remnant temperature anisotropy, where
T /T, = 10%, where T} = m (vj). A very
interesting feature of the nonlinear satu-
ration is the formation of a stable, longi-
tudinal, nonlinear BGK-like wave struc-
ture with a negligible number of trapped
particles.

Neutralized Transport: lon-beam pulse
propagation through a background plas-
ma in a solenoidal magnetic field is an
important technique for beam focusing
that has been studied analytically. The
neutralization of the ion-beam current
by the plasma has been calculated us-
ing a fluid description for the electrons.
This study is an extension of our previ-
ous studies of beam neutralization with-
out an applied magnetic field. The high
solenoidal magnetic field inhibits radi-
al electron transport, and the electrons
move primarily along the magnetic lines.
Analytical studies show that the sole-
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Figure 9. Contour plots in longitudinal phase space for a beam with normalized tune
depression /v, = 0.6 at times (a) w,t = 65, (b) w,t = 75, (c) w,t = 100, and (d) w,t = 150.

Here, w; is the transverse focusing frequency.

noidal magnetic field starts to influence
the radial electron motion if _, = (DPCB,
(where w_, = eB/mc is the electron gyro-
frequency, W, is the electron plasma fre-
quency, and § = V,/c is the ion-beam ve-
locity relative to the speed of light). This
condition holds for relatively small mag-
netic fields. For example, for a 100-MeV,
1-kA Ne* ion beam, B corresponds to a
magnetic field of 100 G (Figure 10).
The Neutralized Drift Compression:
Heavy ion drivers use space-charge-dom-
inated beams which require longitudinal
bunch compression in order to achieve
high beam current. The Neutralized Drift
Compression Experiment (NDCX) car-
ried out in collaboration with the Lawrence
Berkeley National Laboratory (LBNL) in-
vestigates the key scientific issues that
determine the effective limits of drift
compression. The LSP particle-in-cell
simulation code is used to model the lon-

gitudinal and transverse compression of
an intense ion beam, achieved by impos-
ing a large initial velocity tilt on the drift-
ing beam and by neutralizing the intense
beam space-charge with a high density
background plasma. Measuring the beam
compression and current density with
high resolution is critical for NDCX, and
an understanding of the accessible param-
eter space is possible with advanced nu-
merical simulations. Knowledge of the
current density of the compressed heavy
ion beam is important for determining the
amount of power that can be delivered to
a target for warm dense matter and heavy
ion fusion experiments.

The NDCX measured a record longi-
tudinal compression factor of 60 times
the initial beam current of a 300-keV
K* ion beam after it drifted through two
meters of background plasma. The final
pulse width of the compressed beam was
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Figure 10. The charge and current neutralization of the ion-beam pulse is calculated in
two-dimensional slab geometry using the LSP simulation code for various magnetic field
strengths corresponding to w_/w , = 0, 0.7 and 1.4. Shown in the figure are the electron
charge density (top) and the beam self-magnetic field (bottom) contour plots in (x,y) space.
The background plasma density is n = 10"'cm™. The beam velocity is V;, = 0.2c, the beam
current 48.0 A corresponds to the ion-beam density n, = 0.5n,, and the ion-beam charge
state is equal to unity. The beam dimensions (r, = 2.85 cm and T, = 4.75 ns) correspond to
a beam radius r = I.Smce/wpe, and pulse duration T,W,, = 75.

4 nanoseconds. The measurement was
made by a fast Faraday cup diagnostic,
which was designed at PPPL to measure
the absolute beam current in the pres-
ence of background plasma as a function
of time at the longitudinal focal plane.
Comparison with LSP particle-in-cell
simulations was very good (Figure 11).
Two other models, a nonlinear fluid code
and a kinetic code, were developed in or-
der to corroborate experimental data and
LSP simulations. All four were in excel-
lent agreement with each other (Figure
12). The theoretical studies suggest that
larger compression factors with smaller
pulse widths can be achieved on NDCX
after optimization of experimental pa-
rameters. For example, in one case, the
peak current density achieved at the fo-

cal plane could exceed 1 kA/cm?, corre-
sponding to an increase in beam density
by a factor of more than 10°.

Charge Neutralization Experiments:
Researchers at PPPL have developed ad-
vanced plasma sources to support the
charge neutralization studies conducted
on the NDCX. One of the sources devel-
oped at PPPL is a radio-frequency plasma
source that operates at 13.6 MHz. For ra-
dio-frequency waves, the skin depth is on
the order of one centimeter. Therefore, the
radio-frequency antenna is placed as close
as possible to the interaction-region with
the ion beam. Operating in a pulsed mode,
the source is able to produce plasma densi-
ties exceeding 10" cm™ at background gas
pressures in the few microTorr range. This
plasma source provided a sufficient source
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Figure 11. Comparison of LSP particle-in-cell code simulations
with experiment. The LSP code results are shown in red and the
experimental results with error bars are shown in black. The plots

show the beam current as a function of time at the focal plane,
normalized to the initial beam current.

Figure 12. The beam current is plotted as a function of time at various
axial locations, including the longitudinal focal plane, normalized to the

initial beam current.

of electrons for charge neutralization on
the Neutralized Transport Experiment to
allow focusing of the ion beam to a spot
size of 2 mm. To create plasmas that are
one-meter long, as required for NDCX,
a ferroelectric ceramic plasma source has
been built and tested. Barium-titanate ce-
ramic rings, with a relative dielectric co-
efficient of several thousand, are stacked
together to form a one-meter long, three-
inch-diameter, thin-walled cylinder (Fig-
ure 13). A 6-kV pulse applied between the

outer surface and the inner surface creates

a strong radial electric field that is greatly
enhanced at the inner surface of the cyl-
inder because of the large relative dielec-
tric coefficient of the ceramic. The ceram-
ic material itself is vaporized at the inner
surface and converted into a plasma. Mea-
surements show that plasmas with den-
sities of 10" cm™ and temperatures less
than 10 eV are created.

Negative Ion Beams
Some years ago, PPPL proposed the

use of negative halogen beams as possible
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Figure 13. The one-meter-long ferroelectric
plasma source is comprised of five shorter
sources connected together, leaving space
for diagnostic access.

drivers for heavy ion fusion, since they
would not collect electron clouds. Such
clouds can increase the beam emittance
and lower the power density on the tar-
get. They could be efficiently photo-de-
tached to neutrals, which could reduce
beam expansion due to space charge be-
tween the final focus element and the tar-
get. An initial feasibility experiment pro-
duced usably high current densities of
Cl, along with conditions strongly sug-
gestive of the existence of a plasma in the
ion source extraction plane composed
mostly of positive and negative ions, with
relatively few electrons. This would be a
novel and interesting state of matter, of
both basic and practical interest.

Accordingly, a second experiment was
carried out. The primary purpose of this
experiment was to compare current den-
sities and beam emittance for Cl" and CI*
beams, extracted from an ion-ion plas-
ma, with the current densities and emit-
tance of Ar* beams extracted from or-
dinary ion-electron plasmas, and to see
whether negative halogen beams could
be produced with parameters roughly
comparable to those of similar mass pos-
itive ions at similar discharge parameters.
For this purpose, a new radio-frequency
(rf) ion source was built, and all experi-
ments were conducted using the same ion
source, beam extractor, emittance scan-
ner, and Faraday cup, so that any system-
atic errors should cancel out.

The absolute current densities in this
experiment were lower than those in the
earlier one because the plasma confine-
ment was lower in this source (the mag-
netic cusp field strength at the source
wall was about half that of the earlier
source), and the radio-frequency pow-
er density was lower because this source
was considerably larger. However, by us-
ing one source, beam extractor, and set of
diagnostics to measure Ar*, Cl*, Cl', and
¢, the present experiment demonstrat-
ed that halogens can be used to produce
negative and positive ion beams at cur-
rent densities quite close to those which
can be produced of similar mass noble
gases under similar discharge conditions.

For instance, with 15.4-kW radio-fre-
quencyand 30-kV extractionat 1.5 mTorr,
the positive chlorine current is 89% and
the Cl current is 76% of the Ar* cur-
rent at 2 mTorr. The normalized emit-
tance as a function of perveance is simi-
lar for Ar*, Cl*, and Cl', and the effective
beam ion temperature of the minimum
normalized perveance beams is essential-
ly the same, about a third of an €V, for all
three beams. The relatively low amount
of co-extracted electrons (e¢/Cl" = 7 for
the best conditions) without any electron
suppression other than the internal filter
field, is probably in large part the result
of an ion-ion reduced-electron plasma in
the extraction plane, as is also suggest-
ed by the near-equivalence (80-95%) of
the CI" and positive chlorine currents at
similar source conditions. In a heavy ion
driver beam injector, this level of elec-
trons could either be eliminated after ex-
traction, or eliminated during extraction
by techniques developed for H™ beams
in magnetic confinement fusion. Since
the electrons move much faster than the
CI, their space charge contributes only a
small amount to the extraction perveance
(about 3% for the minimum electron
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ratio measured). Both Langmuir probe
measurements of the plasma density and
Faraday cup measurements of the beam
current density found a linear relation-
ship between these quantities and the ra-
dio-frequency drive power. Based upon
these experiments, it appears that, if neg-
ative halogen beams are eventually cho-
sen as heavy-ion fusion drivers, then the
current density obtainable with a given
source and extractor should be nearly as
high for the negative ion as for a positive
noble ion of similar mass, and the emit-
tance should be similar.

Magnetorotational

Instability Experiment

Astrophysicists have long surmised that
accretion disks, orbiting around such ob-
jects as forming protostars or black holes,
are in a turbulent state. The inferred accre-
tion rates imply a turbulent outward flux
of angular momentum, which is necessary
for accretion to occur. But how do these
disks become turbulent? The rotational
equilibrium profile of a fluid disk bound
by the gravity of a central object (Keple-
rian) produces a circumferential velocity
that decreases radially as Q(r) o« 2, so
that this arrangement has angular momen-
tum increasing outwards. Thus Keplerian
disks are linearly stable to the centrifugal
instability according to the Rayleigh cri-
terion. It is now commonly held that the
turbulence in astrophysical accretion disks
is caused and maintained by the magneto-
rotational instability (MRI). This instabil-
ity is essentially the coupling of the flow
shear inherent in a Keplerian profile with
the Maxwell stresses of an ambient mag-
netic field.

The apparatus for this experiment is
shown in Figure 14. It is essentially a Tay-
lor-Couette flow device; that is, a cylin-
der within a larger cylinder. The appara-
tus can generate a sheared velocity profile
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within the fluid annulus in between the
cylinders. The traditional Taylor-Couette
design described above has been further
modified to accommodate two inter-
mediary rings at both axial boundaries.
These rings are to reduce the unwant-
ed secondary flows (Ekman circulation)
produced by the frictional effects of the
top and bottom boundaries.

Key to the success of this experiment is
the generation of specified Keplerian-like
velocity (and thereby momentum) pro-
files, which are effectively free from dis-
tortions due to end-cap friction. To study
the efficacy of the end-rings, a series of

Figure 14. The Magnetorotational Instabil-
ity Experiment.
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experiments were performed using water
as the working fluid within the appara-
tus. The transparency of water allows for
the utilization of traditional fluid imag-
ing diagnostics. This fact was taken ad-
vantage of and a Laser Doppler Velo-
cimetry system was used for a series of
hydrodynamic experiments.

The initial hydrodynamic experiments
had two goals: (1) to assess the efficacy
of the rings in establishing an ideal pro-
file, and (2) to assess the background
fluctuation level of the resultant flows.
The effectiveness of the intermediary
rings upon the flow can be seen in Fig-
ure 15(a), where a velocity profile with
the rings activated is contrasted with one
where the rings are mechanically coupled
to the outer cylinder (the latter is a typi-
cal arrangement for most Taylor-Couette
experiments). Furthermore, the flow pro-
files appear to scale well, as seen in Figure
15(b). As for the background fluctuation
levels, they appear to be nearly quiescent
in this centrifugally stable regime, even at
high fluid Reynolds numbers (10°-10°).
This fact is important because there is
a rather contentious ongoing debate on
whether “nonlinear” (or “subcritical”)
shear instabilities could occur in these
types of flows, and hence also in Kepleri-
an disks. No evidence is seen for such in-

stabilities. This fact, along with the dem-
onstrated control we now have over the
fluid through increased boundary condi-
tions (the rings), lays a good foundation
for experimental studies of the magneto-
rotational instability.

Preparations to begin MRI studies are
well underway. Among other things, the
vessel has recently been refitted to hold
an electrically conducting fluid (an alloy
of liquid Gallium) and to be surrounded
by six electromagnets. It already has been
demonstrated that, in principle, it is fea-
sible to produce the MRI in the labora-
tory based on the achieved radial profiles
in water and theoretical analyses. For an-
ticipated experimental parameters, sev-
eral MRI modes are expected to be un-
stable and so a nonlinear or (possibly)
weakly turbulent state may be obtained.
The nonlinear saturation of the instabil-
ity should prove useful in providing in-
sight into physical mechanisms that are
important to accretion disks, as well as
benchmarking astrophysical codes. In
fact, a first attempt using a well-known
astrophysical code (ZEUS) is well under-
way to predict the nonlinear evolution of
the MRI.

Use of rapidly rotating liquid met-
al presents certain diagnostic challenges
however. In particular, its opacity means

Figure 15. (Left) Measured radial profiles of toroidal velocity with intermediary rings
activated (red) and deactivated (blue). (Right) Radial profiles of toroidal velocity with three
different speeds. Solid lines indicate ideal Couette profiles.
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that the plethora of optical-based di-
agnostic techniques available for water
is of no use. Instead, various methods
for diagnosing the velocity field, which
is an opaque flow field, are being pur-
sued. Separately, an array of magnet-
ic sensors, both of inductive coils and
Hall probes, is also being constructed
for the detection of the perturbed mag-
netic field associated with the MRI. For-
tunately, the most important character-
istic of the flow astrophysically — the
angular momentum transport — will be
measurable simply as torques upon the
driving motors. These diagnostics alto-
gether will ensure that when the MRI
is produced, it will be well character-
ized. If successful, the MRI experiment
will be a significant advancement in as-
tronomical knowledge generally, and for
the budding field of ‘laboratory astro-
physics’ in particular.

Diagnostic Development
Electron Bernstein Wave
Emission Diagnostic

The National Spherical Torus Exper-
iment (NSTX) and many other plasma
devices with high ratios of plasma pres-
sure to confining magnetic field pressure,
operate in a regime where the electron
plasma frequency far exceeds the low har-
monics of the electron cyclotron frequen-
cy. In this regime electron cyclotron emis-
sion (ECE) radiometry, an established
diagnostic technique widely employed
on low-aspect-ratio tokamaks and stel-
larators, cannot be used to diagnose the
electron temperature profile evolution.
Electron Bernstein wave emission (EBE)
is being studied on NSTX as a possible
electron temperature profile diagnostic
for plasmas operating in this “overdense”
regime. A critical issue for this type of
diagnostic is that, unlike ECE, electron
Bernstein wave emission must be detect-
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ed via mode conversion to electromag-
netic radiation. Two EBE mode-conver-
sion processes have been investigated on
NSTX: conversion to the extraordinary
mode at normal incidence to the mag-
netic field (B-X conversion) and conver-
sion to the elliptically polarized ordinary
mode via the slow X-mode at an oblique
angle to the magnetic field (B-X-O con-
version). Of these two processes, B-X-O
conversion appears to be the more prom-
ising EBE mode-conversion process for
high-temperature plasmas such as those
produced on NSTX. B-X-O conversion
is less sensitive to variations in the den-
sity scale at the mode-conversion layer
and does not necessitate a material lim-
iter needed to establish the steep density
scale length required for efficient tunnel-
ing from the Electron Bernstein Wave to
the X-mode.

Initial results obtained using a B-X-O
antenna on NSTX were very encourag-
ing and in stark contrast to the poor, fluc-
tuating conversion efficiency measured
for the B-X antenna previously installed
on NSTX. Fundamental frequency EBW
emission EBE from the magnetic axis of
low-confinement mode (L-mode) NSTX
plasmas was efficiently converted to
O-mode electromagnetic waves. Figure
16 shows that the measured time evolu-
tion of the Electron Bernstein Wave radi-
ation temperature was in relatively good
agreement with modeling predictions that
used 3-D ray tracing and a 1-D full-wave
mode-conversion model. Measured con-
version efficiency for thermal EBE from
the plasma magnetic axis was 80 + 20%.
Recently, second harmonic B-X-O con-
version experiments were also begun and
results from these measurements are still
being analyzed. Access to the core plasma
at second harmonic is expected to be lim-
ited in some NSTX plasmas due to the
greater harmonic overlap at higher fre-
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Figure 16. (a) Time dependence of the measured fundamental Electron
Bernstein Wave radiation temperature (light purple) and its time-averaged
value (dark purple) compared to the calculated radiation temperature (brown)
for low-confinement mode NSTX plasma. (b) Calculated radius of the source
of the Electron Bernstein Wave emission moves from the last closed flux surface
to the axis between 0.2 and 0.25 s, corresponding to the rise in calculated and
measured Electron Bernstein Wave radiation temperature.

quencies. Both the fundamental and sec-
ond harmonic Electron Bernstein Wave
radiometers are dual-channel instruments
with quad-ridged antennas allowing si-
multaneous measurement of the emission
polarization. Measured EBE polarization
at both the fundamental and second har-
monic is consistent with near-circular po-
larization, agreeing with modeling predic-
tions. Further, modeling indicates that the
EBE mode-conversion is efficient over a
wide range of density gradients at the up-
per hybrid resonance layer where the EBE
mode-conversion occurs.

In FY06, remotely steered fundamen-
tal and second harmonic oblique O-

mode Electron Bernstein Wave antennas
will be installed and tested on NSTX.
Until now EBE studies have used ei-
ther fixed or manually steered B-X-O an-
tennas. These new antennas will allow
a detailed mapping of the dependence
of the EBE mode-conversion efficien-
cy and emission polarization with anten-
na pointing direction. The antennas can
be steered between plasma discharges al-
lowing a broader range of plasma condi-
tions to be studied during an NSTX ex-
perimental run day. Emission data from
the remotely steered Electron Bernstein
Wave antennas will be used to bench-
mark modeling predictions.
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3-D Microwave Imaging Diagnostic
on TEXTOR

Under a strong collaboration between
three institutions (PPPL, the University
of California at Davis, and the FOM In-
stituut voor Plasmafysica “Rijnhuizen”
in the Netherlands), Electron Cyclotron
Emission Imaging (ECEI) and Micro-
wave Imaging Reflectometry (MIR) di-
agnostics, which simultaneously measure
density and temperature fluctuations,
have been routinely operated on the
TEXTOR tokamak. A logical test of the
electron temperature fluctuation mea-
surement for the ECIE system was the
m/n = 1/1 mode (sawtooth oscillation)
which is a well-established MHD phe-
nomenon in tokamak plasmas. Follow-
ing successful initial tests on TEXTOR
in FY04, improved high-resolution 2-D
images of the electron temperature fluc-
tuations measured by the ECEI system
were used to study the physics of the
m/n = 1/1 mode in TEXTOR in FYO05.
In the course of this study, the observed
2-D electron-cyclotron emission images
were directly compared with the predict-
ed 2-D pattern of the relevant theoretical
models of the sawtooth oscillation: the
full reconnection, quasi-interchange, and
ballooning mode models.

TEXTOR has a circular cross section,
a major radius of 175 c¢m, and a minor
radius of 46 cm. The toroidal magnetic
field in the present work was in the range
1.9 to 2.4 T and the corresponding plas-
ma current was less than 305 kA. Key
plasma parameters were as follows: cen-
tral electron density and temperature was
in the range 1.5 to 2.5 x 10" m™ and
from 1.2 to 1.6 keV, respectively. The
corresponding peak toroidal beta was ap-
proximately 1.0% and the average po-
loidal beta was between 0.3 to 0.5. The
toroidal rotation of the plasma varied
from about 1 to 8 x 10* m/s. The speed

of a thermal electron was approximately
6 x107 m/s. The Alfvén and ion acoustic
speeds were 5 x 10° and 7 x 10° m/s, re-
spectively. Using plasma parameters close
to the q ~ 1 surface, the characteristic re-
connection time (T_) was approximately
700 us. The system has 16 (vertical) by 8
(horizontal) sampling volumes arranged
in a 2-D matrix of 16 cm (vertical) by
7 cm (radial) with a time resolution of
about 5 usec. The fluctuation quanti-
ties were relatively calibrated to the aver-
aged value obtained with a long integra-
tion time and the intensity of the images
is represented by 0T /<T >, where <T > is
the time-averaged electron temperature.
A schematic of the coverage areas on the
midplane together with the sample im-
aging data acquired during the sawtooth
crash is shown in Figure 17.

In the full reconnection model, the
plasma current density in the core region
increases [q(0) drops below unity], and
the m/n = 1/1 internal kink mode be-
comes unstable due to the pressure driv-
en instability. In this model, the forma-
tion of the island is an indication of the
topological change of the magnetic field
through reconnection. One of the frames
from the simulation results is striking-
ly similar to the relevant time slice of
the 2-D images (island and hot spot) as
shown in Figure 18(a). However, in the
image of the hot spot, there is no indi-
cation of a heat flow until the reconnec-
tion through the sharp temperature point
(ballooning mode type) takes place in the
later stage. This observation suggests that
this model has two stages in the recon-
nection process (weak and strong) or may
need an additional physical mechanism.

In the quasi-interchange model, the
core plasma having a flat q (-1) profile
inside the inversion radius becomes un-
stable due to a slight change of the mag-
netic pitch angle. As the hot spot deforms
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Figure 17. Scanned sampling views are shown with respect to the
TEXTOR plasma during the course of the experiment; the range of the
sampling view is from the q ~ 2 layer at the low-field side to the q ~ 1
layer at the high-field side. Based on time-averaged images from similar
crash phases, composite images are constructed as shown in this figure:
(1) heat is inside the inversion radius before the crash, (2) a hint of the
heat is shown (greenish color) at the outside of the inversion radius
while the growth of the island (blackish blue color) is evident in the
intermediate stage of the crash, and (3) heat is accumulated outside the
inversion radius after the crash.

Figure 18. (a) Experimental 2-D images of the hot spot and island
formations are overlaid for comparison on the 2-D line patterns from
the full reconnection model developed by Kadomstev and the quasi-
interchange model developed by Wesson. (b) The 2-D frames of the
high- and low-field side of the hot spot with the fully grown ballooning
mode from the simulation are directly compared with the relevant
experimental 2-D images of “pressure finger” from the high- and low-

field side.
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into a crescent shape, the cooler outside
portion of the plasma is convectively in-
ducted into the core region, resulting in
a flattening of the core pressure profile.
The 2-D images of hot spot and island
do not resemble those from this model
as shown in Figure 18(a). Since the oc-
currence frequency of the pressure-driv-
en reconnection is dominant, the recon-
nection process based on the pressure
instability may be the dominant mecha-
nism compared to the magnetic instabil-
ity. In plasmas with a moderate beta [
~ 0.4 and B,(0) - 1%], where the experi-
ment was performed, the level of the bal-
looning modes and global stochasticity of
magnetic field lines that are strongly cou-
pled with the pressure surfaces is moder-
ate compared to those at high beta plas-
mas in the ballooning mode model. As
shown in Figure 18(b), the sharp temper-
ature point at the low field side is strik-
ingly similar to the ballooning mode in
the simulation. Note that the hot spot
and island are represented in red and
light green color in the simulation, re-
spectively, whereas the greenish yellow
represents the hot spot in the 2-D image.
At the high-field side, the hot spot is in-
dented toward the center in the simula-
tion, while the observed the 2-D image
of the sharp temperature point resembles
that of the low-field side as shown in Fig-
ure 18(a). While the global stochasticity
is dominant in the pressure pattern of the
simulation, the experimentally measured
heat flow patterns at the high- and low-
field sides are highly collective as shown
in Figs. 18(a) and 18(b).

X-ray Imaging Crystal Spectrometer
The U.S. Department of Energy grant
for the development of an X-ray Imag-
ing Crystal Spectrometer to measure ion-
temperature profiles on NSTX was re-
newed in 2005 and, in preparation for

the FY05 experimental campaign, sever-
al significant improvements were made
to the detector electronics. The software
and readout electronics for PPPLs multi-
wire proportional counters were adapted
for delay lines of up to 500 ns, so that it is
now possible to record data from the en-
tire 10-cm by 30-cm area of the detector
developed by the Brookhaven Nation-
al Laboratory (BNL) without data over-
flow. Also, additional electronics were in-
stalled to monitor the signals at the ends
of the delay lines, in order to measure the
actual photon count rate on the detector.
With these improvements it was possible
to measure the throughput of the pro-
cessed data from the time-to-digital an-
alyzer, which rejects photon events if the
time between such events is less than the
characteristic time of the delay line, as a
function of the actual photon count rate
on the detector.

Using the BNL detector with a 500-ns
delay line, it was found that the through-
put of the processed data is limited to
150 kHz. This limit is obtained when
the actual photon count rate is 500 kHz.
If the actual photon count rate is high-
er than 500 kHz, the throughput of the
processed data is reduced; it is zero if the
actual count rate is 2 MHz.

These findings explain the observa-
tions from the FY04 experimental cam-
paign when only very faint spectra or no
spectra at all were obtained in spite of the
injection of significant amounts of argon.
In fact, it was learned that the amount of
argon in the plasma had to be much less
than what was used during the FY04 ex-
perimental campaign in order to obtain
the maximum throughput. The best re-
sults were obtained by injecting argon
from a 140-cc plenum, with a fill pressure
of 300 Torr, for 100 ms at two seconds
before a NSTX plasma discharge. Such
argon puffs caused only a small tempo-
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rary pressure increase of 10” Torr, which
was measured by a fast-ion gauge. Under
these conditions, the amount of argon
in the plasma was so low that no argon
lines were detected by the SPRED sur-
vey spectrometer, which is used to mon-
itor the concentrations of impurities in
the plasma.

By monitoring the actual count rate
on the detector, it was also learned that
the radiation from helium-like argon is
significant only at about 150 ms after the
beginning of a NSTX plasma discharge.
Only then is the electron temperature
high enough to produce helium-like ar-
gon. Since the typical duration of NSTX
discharges with a plasma current of 1 MA
is about 500 ms, spectra of helium-like
argon can be collected for a time window
of about 250 ms. The results are shown
in Figure 19.

During the FY05 NSTX experimental
campaign, there were only a few plasma
discharges with argon injection and those
discharges did not have identical param-
eters, so that the spectrum shown in Fig-
ure 19 is only of value for a demonstra-
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tion of the instrumental performance. A
severe impediment is the count rate lim-
it of 150 kHz of the presently used BNL
multi-wire proportional counter. A seg-
mented multi-wire proportional counter
with a count rate of 800 kHz and a new
silicon diode array, the so-called Pilatus
IT detector, with a count rate capability
of 1 MHz per pixel, will be tested during
the FY06 NSTX experimental campaign.
With an appropriate high-count rate de-
tector, it should be possible to obtain spa-
tially resolved spectra with a time resolu-
tion of 10 ms.

Liquid Metal Experiment

The Liquid Metal Experiment (LMX)
is a small-scale laboratory experiment fo-
cused on the physics of magnetohydro-
dynamic (MHD) effects on surface waves
and turbulence in liquid metals. MHD
turbulence has been regarded as an es-
sential element of many intriguing phe-
nomena observed in space and laboratory
plasmas, and it has also been a prominent
subject of basic plasma physics research.
Recent interest in the application of lig-

Figure 19. A spatially resolved spectrum of helium-like argon lines w, x, t, and z with
the associated dielectronic and inner shell excited lithium-like satellites. The data
have been accumulated from several NSTX plasma discharges (discharges: 117848,
117849 and 117853-117857) with ohmic heating to improve the statistics.
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uid metal to fusion devices (such as “first
walls”) adds new demands for a better
understanding of the physics of electri-
cally conducting fluids in a magnetized
environment. Dynamics of free-surface
MHD flows may also have important
connections to energetic astrophysical
phenomena (such as X-ray bursts), e.g.,
on neutron stars, where accreted mat-
ter is thought to drive free-surface flows
within a fluid-like dense plasma ocean.
The LMX experiment studies basic phys-
ics issues encompassed by such scenarios,
with a focus on MHD effects upon free-
surface shear flow and fluid turbulence.
An alloy of liquid gallium is used that can
be well approximated by incompressible
MHD.

Three basic physics issues in particular
are being addressed in this experiment:
(1) How do MHD effects modify surface
stability (either in linear regimes or non-
linear regimes, such as solitary waves)?
(2) How do MHD effects modify shear
stability? Is the flow more stable (through
suppression of cross-field motions) or
less stable (through introduction of new
boundary layers)? Can the flow be de-
stabilized by the critical layer instability,
where the flow speed matches with the
surface wave phase velocity? (3) How do
MHD effects modify thermal convection
either with a vertical or horizontal tem-
perature gradient? Is the thermal convec-
tion enhanced or suppressed?

Previous investigations of this experi-
ment made significant progress in under-
standing (1) and some of part (2). It was
determined that driven surface waves are
not affected by a magnetic field applied
in the perpendicular direction of wave
propagation while the waves are damped
with a parallel magnetic field. A linear
theory, which takes into account MHD
effects, predicted magnetic damping of

surface waves that was in good agreement
with the experimental results.

Velocity profiles as a function of mag-
netic field strength were assessed with a
prototype small channel flow having a
transverse co-planar field up to 1.2 kG.
It was seen that the profiles become more
peaked with increasing magnetic field,
a result which can be understood as an
effect due to small channel aspect ra-
tio (depth << width). The effects due to
small channel aspect ratios have received
only little attention. They could have im-
portant implications; i.e., with less influ-
ence from the boundaries, different types
of instabilities may have a larger role than
has been previously appreciated.

To better study all these phenome-
na, a larger and more refined experi-
ment has been designed which permits
a higher flow rate in a stronger magnet-
ic field. The new apparatus, a schemat-
ic of which is shown in Figure 20, is be-
ing constructed and is nearly complete.
The dynamical parameters should allow
for a MHD channel flow that is likely
to be unstable and turbulent. Studies
on stability, turbulence, and transport
are anticipated to commence shortly. A
particular focus on this next wave of re-
search will be on shear-driven instabil-
ities in MHD. New studies involving
heat transport are also planned — these
will be taylored to address specific “first
wall” convection issues. Overall, the re-
sults from this experiment should help
fill an important knowledge gap that
should prove useful in the general un-
derstanding of free-surface MHD flows
and their application to both fusion and
astrophysics. Active collaboration with
broader scientific communities, includ-
ing experts in astrophysics, computa-
tional science, and mechanical engineer-
ing, is ongoing,.
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Figure 20. Schematic of a larger, more refined nearly completed Liquid Metal
Experiment.
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Engineering and
Technical Infrastructure

r I Yhe Princeton Plasma Physics Lab-
oratory (PPPL) Engineering and
Technical Infrastructure Depart-

ment is responsible for managing the
Laboratory’s engineering resources. This
includes a staff of engineers, technicians,
and support personnel organized func-
tionally (Mechanical; Electrical; Com-
puter; and Fabrication, Operations, and
Maintenance Divisions) to support the
Laboratory’s research endeavors. The De-
partment is responsible for the techno-
logical infrastructure of the Laboratory’s
experiments as well as the maintenance
and operation of the major C- and D-site
experimental facilities.

NCSX Engineering

During FY05, the National Compact
Stellarator Experiment (NCSX) Project
was focused on completing the final de-
sign of stellarator core components and
fabrication of the vacuum vessel and
modular coils for the device. An U.S. De-
partment of Energy (DOE) Office of Sci-
ence review was conducted on December
7, 2004 to evaluate the Project’s cost and
schedule performance subsequent to the
approval of Critical Decision 3 (CD-3),
“Start of Construction,” on September
16, 2004. The Committee had numer-
ous positive findings about the Project
Team, such as increased cost contingen-
cy, active management involvement, and

quick responses to challenges. It recog-
nized, however, the technical complexity
of the Project and the need to maintain
adequate cost and schedule contingency.

Because of changes in the NCSX fund-
ing profile, the DOE Office of Fusion
Energy Sciences (OFES) directed a re-
baseline of the Project. A series of reviews
of the Project’s change proposal was held.
The DOE Deputy Secretary approved
the new baseline on July 27, 2005. As a
result of this direction, the Project end
date (CD-4 milestone) was delayed 14
months to July 2009. The total estimated
cost increased by $6.1 M from $86.3 M
to $92.4 M.

NCSX Coil Winding
and Component Manufacturing
Fabrication of the modular coil wind-
ing forms and vacuum vessel subassem-
blies proceeded well technically. The
NCSX design calls for 18 modular coils,
comprised of three coil types designat-
ed A, B and C (Figures 1 and 2). The
first modular coil winding form (C1) is
scheduled to arrive at PPPL from Major
Tool and Machine, Inc. in October 2005
(Figure 3). Delivery of winding forms C2
and C3 to PPPL is expected before the
end of December 2005. Completion of
final design for the Type-A and Type-B
modular coils is planned for the first half
of calendar year (CY) 2006.
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Major Tool and Machine, Inc. is also
fabricating the vacuum vessel subassem-
blies (Figures 4 and 5). Their delivery
schedule for the three vacuum vessel sub-
assembly segments is March 27, May 15,
and June 16, 2006.

The design of the modular coil as-
semblies is benefiting greatly from the

Figure 1. The NCSX will utilize three
modular coil types (A, B, and C) which will
be bolted together to form a single field-
period assembly.

design, fabrication, and testing of a pro-
totype known as the “Twisted Racetrack
Coil” (TRC) shown in Figure 6. The
TRC was used to test key aspects of the
modular coil designs. It was fabricated
using the same coil manufacturing facil-
ity that is set up in the former Tokamak
Fusion Test Reactor (TFTR) Test Cell

Figure 2. The National Compact Stellerator
Experiment shell structure will be formed
by bolting together three field-period as-

semblies.

Figure 3. The first NCSX modular coil winding form is scheduled for shipment

to PPPL in October 2005.
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Figure 4. The first vacuum vessel subassembly in manufacture at Major Tool

and Machine, Inc.

Figure 5. NCSX vacuum vessel assembly
showingthe ports thatwill provide diagnostic
and heating access to the plasma.

for the fabrication of the NCSX mod-
ular coils.

The TRC is a third representation of
a modular coil. It includes many of the
modular coil design features such as a
winding form with typical machined
“tee” profile, identical conductor and in-
sulation, coil leads, cooling scheme, and
final coil clamps. The successful manu-
facturing and testing of the TRC helped

finalize tolerance control, manufactur-

Figure 6. The Twisted Racetrack Coil in the
vertical turning fixture which will be used
for the winding of NCSX modular field

coils.

ing procedures, tool development, veri-
fication of the vacuum-pressure impreg-
nation plan utilizing the autoclave, and
training of key personnel. Numerous im-
provements in the design and manufac-
turing processes resulted from TRC fab-
rication.
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A coil test facility was set up in the
basement of the TFTR Test Cell. The
TRC was cooled down to liquid nitrogen
temperature and tested at high current
(31 kA). Thermally, the coil performed as
expected providing increased confidence
that the production coils will also per-
form as expected. Finally, the TRC was
Meggared and cut apart for visual inspec-
tion. The Side-A ground insulation failed
the Meggar Test at 5.5 kV in the lead area,
which was redesigned for the production
coils. Side-B failed at 10.5 kV, above the
6-kV manufacturing test voltage.

The TRC was sectioned in nine places,
allowing close examination of the coil fab-
rication details. Inspections found good
overall epoxy impregnation, validating the
mold design and vacuum-pressure impreg-
nation procedure. Modifications needed
to address localized issues of incomplete
saturation were made for the production
coils. Minimal distortion (keystoning) of
the conductor cross section was seen and
the conductor height was uniform be-
tween the first and last layer.

Substantial progress has been made in
the design integration of the vacuum ves-
sel with its ancillary components, includ-
ing heating and cooling lines, port strip
heaters, thermocouples, and magnetic
diagnostics. Magnetic diagnostics in-
clude 160 distinct flux loops for diagnos-
ing stellarator symmetric magnetic flux-
es, and a further set of six distinct flux
loops for non-stellarator symmetric flux-
es. Sixteen pairs of heating and cooling
lines have been modeled for each half pe-
riod of the vessel. The use of flexible cool-
ing lines is being tested at the Oak Ridge
National Laboratory (ORNL). All the
lines will be routed outside the cryostat
through large vertical ports. The heater
leads, thermocouple leads, and magnetic
diagnostic leads will also exit the cryostat
through these same ports.

Final design of the toroidal-field (TF)
coils has been completed. The TF design
has been modified to preload the TF in-
ner legs in compression through jack-
screw devices connected to the coil sup-
port structure at the top and bottom of
the TF inner legs. This change simplifies
the preloading mechanism and reduces
peak stresses in the TF winding. The me-
chanical and fatigue properties of the TF
winding pack were tested at ORNL and
found to be satisfactory. The copper con-
ductor order for the NCSX TF coils was
placed with Outokumpu with delivery ex-
pected in November 2005. A Request for
Proposals will be issued in early CY06 for
the fabrication of completed TF coil as-
semblies, which include the TF winding
and wedge pieces bonded to the winding.

The design of the base support structure
was peer reviewed in September 2005. Two
options were presented. In the baseline ap-
proach, the fixture required to translate
and position the field period for final as-
sembly also serves as the permanent sup-
port structure. An alternate approach was
presented in which the fixture is temporary
and permanent supports are located un-
derneath the Type-C coils. The advantag-
es of this alternate approach are numerous,
and it was adopted as the new baseline.

Preparations for field-period assem-
bly began in earnest in FY05. The turn-
ing fixture for installation of the cooling
tubes and magnetic diagnostics on a vac-
uum vessel period assembly was designed
and is being fabricated. Tests were run to
determine if it is feasible to assemble the
modular coils over the vacuum vessel us-
ing rigging instead of a custom-designed
modular coil handling fixture. The tests
demonstrated the feasibility of the rig-
ging approach, saving several hundred
thousand dollars.

A novel method for aligning coils dur-
ing assembly using mutual inductance
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measurements was developed. The po-
tential advantage over mechanical meth-
ods is that it would align the coils by
aligning the magnetic fields, thus more
directly targeting the issue of importance
to physics performance. A plan is being
drafted to show how the proposed meth-
ods could be integrated with assembly
operations.

NCSX Project Safety

Safety continued to receive due atten-
tion on the NCSX Project. In the wake
of an unfortunate accident at the San-
ford Linear Accelerator Center (SLAC),
NCSX undertook the following actions:

® Require Hazard Awareness Training.
All NCSX personnel will take Haz-
ard Awareness Training to better ap-
preciate the hazards encountered
while performing their jobs, and to
learn to make better use of Job Haz-
ard Analysis, which is one of the ba-
sic tools for promoting safety.

® Increase use of the Work Planning
Form. This form is a simple tool for
identifying job issues and control
measures, including, though not
limited to, safety.

® Improve Visitor Management. Proj-
ect staff from ORNL, as well as
consultants from other organiza-
tions, are getting heavily involved in
NCSX fabrication activities. PPPL
has the responsibility to make sure
that every visitor has a host and that
hosts meet their responsibilities for
visitor safety. Visitors are respon-
sible for following PPPL require-
ments while on site.

NSTX Engineering Operations
The FY05 National Spherical Torus
Experiment (NSTX) experimental run

campaign began in April 2005, com-
pleting 18 run weeks by mid-September.
During this period there were 718 hours
of high-power operations with technical
subsystems operating at an average avail-
ability of 92.9%. There were 2,476 plas-
ma attempts, resulting in 2,221 plasmas.

NSTX operated with enhanced plasma
shaping capability with the design, fabri-
cation, and installation of two new axial-
ly shorter poloidal-field coils mounted at
the upper and lower ends of the central
solenoid. Also, optimized gas and micro-
wave power injection points were imple-
mented in conjunction with a more pre-
cisely controlled coaxial helicity injection
system capacitor bank to investigate sole-
noid-free plasma initiation.

Six error-field coils proposed for ex-
periments to better characterize the lim-
its of stability of spherical torus plasmas
were designed and mounted on NSTX.
A new Switching Power Amplifier power
supply was installed and commissioned
to drive 3 kA, controllable to 7 kHz, in
each of three pairs of the error-field coils,
and provided initial data for the larger set
of resistive wall mode experiments.

Before the start of the experimen-
tal run campaign, the toroidal-field coil
joints were dismantled and a new tech-
nique developed and implemented for
the epoxy potting of the joint flags within
the upper and lower hub support boxes.
This, along with the addition of a com-
mercially available friction coating to en-
hance the stiffness of the hub assemblies,
allowed for toroidal-field operation to

5.75 kG.

Laboratory Power Systems

PPPL continued work with private in-
dustry to develop and implement meth-
ods to bring older electrical switchgear to
current safety standards for arc-flash pro-
tection. The Laboratory completed work
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with Siemens-Westinghouse Corp. on
a system to allow remote racking of the
4-kV switchgear, and with General Elec-
tric on upgrades to the extensive 480-V
D-Site bus system. In addition, PPPL re-
placed the 45-year-old C-Site emergen-
cy diesel generator with a new 820-kW
unit manufactured by Caterpillar Corp.,
and commissioned a new uninterruptible
power system for the central computing
system.

Princeton University

Cyclotron Decommissioning

During the first quarter of FY05, the
decommissioning of the Princeton Uni-
versity Cyclotron, located under Jadwin
Hall, was completed. The Fabrication,
Operations and Maintenance Division,
which led the decommissioning of the
TFTR at PPPL, generated plans for the
Cyclotron decommissioning and select-
ed the contractors for the safing and re-
moval of electrical components, as well
as for the removal of more than one mil-
lion pounds of concrete shielding, 200
tons of lead shielding, and the cyclotron
itself. The electrical safing and removals
started in late July 2004, and by late Sep-
tember enough had been completed that
the mechanical removal contractor could
begin work. All removals were completed
by the end of December 2004, as sched-
uled, so the University could begin con-
verting the area into a new physics re-
search facility.

Engineering Work-for-Others

During FY05 two major Work-for-
Others projects within the Engineering
and Technical Infrastructure Department
were in progress.

The first of these projects was the
continuation of the development and
deployment of the Miniature Integrat-
ed Nuclear Detection System (MINDS).

MINDS, which is an extension of nucle-
ar detection technologies developed at
PPPL in support of the safe decontam-
ination and decommissioning of TFTR,
is a real-time radionuclide identification
system designed for homeland security
applications.

During March of 2005, MINDS tech-
nology was licensed to InSitech, a private
company with interest in introducing
emerging technologies into the market-
place. During FY05, MINDS was de-
ployed in a variety of venues (Figure 7)
including a military base, a large com-
muter rail and bus center in the north-
east U.S., in a security vehicle, at a DOE
laboratory, and with a large U.S.-based
Security Company.

Also during FY05 worked continued
in support of the High Average Power
Laser Program. This included the devel-
opment of a silicon/nanocrystalline dia-
mond electron-beam transmission win-
dow. The electron-beam transmission
window, or “hibachi foil,” is the barrier
that separates the electron-generating
cathode from the high-pressure KrF las-
ing gas within an excimer laser system. In
addition to the continued development
of this novel hibachi window, PPPL also
developed the conceptual design of a vac-
uum pumping system for an Inertial Fu-

Figure 7. PPPLs Miniature Integrated Nu-
clear Detection System (MINDS) deployed

at a facility entrance.
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sion Energy (IFE) target chamber for the
High Average Power Laser Program. The
IFE target chamber is anticipated to op-
erate in a pulsed fashion (5-10 Hz) pro-
ducing a relatively large volume of plas-
ma exhaust gasses. The IFE vacuum
pumping system is designed to maintain
the target chamber base pressure to re-
quired steady-state operational levels in
the milli-torr range.

Computing
Business and Financial Computing

PPPLs business computing system
consists of Microsoft’s Great Plains e-
Solutions software running on Micro-
soft’s Windows 2000 Server and a SQL
Server 2000 as the database manage-
ment system. The core system went live
on May 1, 2004. In addition to the busi-
ness operations systems, PPPLs busi-
ness computing system supports facility
maintenance based on Micromain XM.
During 2005, this system was expanded
to include emergency equipment main-
tenance scheduling for fire extinguishers
and eyewash stations.

The business systems are housed on
three Dell servers: one production SQL
database server, one Windows IIS web
server, and one test/development serv-
er running both SQL and IIS. All servers
were purchased in July 2001 at the begin-
ning of the project. Dell ceases mainte-
nance on servers over five years old, there-
fore the production hardware will need
to be replaced in FY006.

Scientific and Engineering Computing
PPPLs primary computing resources
for scientific and engineering applications
are three clusters that utilize “Beowulf”
technology to provide cost-effective mid-
scale serial and parallel computation-
al capabilities to Laboratory research-
ers and fusion community collaborators.

The clusters were initially built at PPPL
in late FYO1 and FY02, have not been
upgraded, and are now obsolete. A de-
sign has been approved to phase in a 400
CPU cluster over two years with 25% to
33% annual refresh thereafter.

In August 2005, a very high-speed in-
terconnect cluster was brought online
providing 48 CPU’s, an Infiniband in-
terconnect, and 144 GB of memory (the
‘kite’ cluster). This cluster has been fully
booked since it became available.

Off-site researchers are making use of
PPPL computing resources, most notably
via the FusionGrid TRANSP code run
production service, with several thou-
sand jobs run in FYO05. Although these
serial runs use only a small percentage
of the overall capacity of the cluster, the
availability of the service is important to
its users, introducing an off-site sensitivi-
ty to the reliability of the system.

Computing Infrastructure

In FY05, a new 192-terabyte tape li-
brary, a 12-terabyte storage array, and a
storage area network were brought on-
line and have proved to have exceptional-
ly high performance and reliability. This
infrastructure opens a new era of com-
puting support at PPPL, as the storage is
used by multiple operating systems in-
cluding VMS (used by NSTX), UNIX/
Solaris file servers, Linux servers, and
Windows e-mail, domain and opera-
tions servers. A dedicated “portal” pool
of systems was brought on-line for gener-
al purpose login and computation. A key
advantage to this approach is the ability
to add to the pool with no downtime as
demand increases.

Backup of desktop systems is now ac-
complished in-house using Veritas Net-
backup. In previous years, backups were
accomplished by using the TSM facility

on main campus. Using Netbackup, we
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have been able to offer daily backups con-
sisting of all data on a disk at a much fast-
er rate. Approximately 400 desktop com-
puters are presently being backed up.

Patch management and the automat-
ic pushing of software updates to do-
main users were major accomplishments
in FY05. A critical patch management
scheme was used on the Windows side
to patch operating systems while Group
Policy was used to install/maintain win-
dows security settings and some appli-
cation software. For Macintosh users,
Apple Remote Desktop is being imple-
mented to centrally manage some soft-
ware applications and patching.

Cyber Security

Cyber Security at PPPL continues to
be a very important and highly visible
issue. Staff retirements during FY05 re-
sulted in organizational changes, includ-
ing appointment of both a new Chief
Information Officer and Cyber Securi-
ty Officer. A new Cyber Security Tech-
nical Working Group, chaired by the Cy-
ber Security Officer, was formed. This
group holds weekly planning and status
meetings that have been very productive
in fostering the inter-group communica-
tion required to make cyber security im-
provement efforts as effective as possible.

PPPL had no detected cyber securi-
ty breaches during FY05, which marks a
milestone of five years without a cyber se-
curity break-in. A few systems, primarily
visitors connecting already-infected per-
sonal laptops to our network, were de-
tected with viruses and worms. The ef-
fort to keep worms, viruses, trojan horses,
spyware, and other malicious software off
of PPPL networks continues to be signif-
icant. Much effort in the cyber security
area has been targeted at addressing cyber
security alerts, installing the latest patch-

es, and ensuring that all users have the
latest virus protection.

Two U.S. DOE cyber security audits/
reviews were performed in FY05, which
included detailed external and internal
vulnerability scanning and penetration
testing. Several areas for improvement
were identified and are being addressed,
but overall PPPLs cyber security program
was found to be in good shape. Policies
and procedures required for compliance
with the Federal Information Security
Management Act (FISMA) and the Na-
tional Institute of standards and Technol-
ogy (NIST) regulations were identified
by the reviews, and a significant effort is
underway to produce the documentation
needed to meet those requirements.

The PPPL perimeter firewall contin-
ues to operate in default-deny mode and
drop numerous attempted connections.
This firewall was successfully upgraded in
FY05 and can now support up to gigabit-
speed wide area network connectivity. An
Intrusion Detection and Prevention Sys-
tem was also implemented as part of this
upgrade. Users requiring access to our
nonpublic computer services from off-
site continue to use SecurlD-based two-
factor authentication, providing a very
high level of password security. Our auto-
mated firewall virus protection continues
to be very busy, detecting and cleaning
hundreds of email-attached viruses daily.
The visitor/unknown computer systems
firewall that was placed in operation dur-
ing FYO05 continues to successfully de-
fend our internal network against pos-
sible virus/worm infection. This firewall
segregates visitor and PPPL laptops and
dial-in computers into an internal virtu-
al network, and systems on this network
are monitored for virus/worm infections
and other suspicious network traffic. The
firewall automatically alerts administra-
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tors in real time when an infected ma-
chine scans our networks, and blocks
these systems if necessary. This firewall
successfully detected suspicious comput-
ers that connected to our network, and
allowed administrators to take corrective
action quickly.

Improvements in dial-in modem secu-
rity were accomplished in several ways.
The standard PPPL dial-in modem bank
was moved to the segregated, fire-walled
network, and dial-in password authen-
tication is now via SecurlD only. Local
telephone firewalls with ACLs (Account-
ing Control Lists) were deployed on oth-
er computer modems that allow external
dial-in access.

To prevent possible embarrassment
from inappropriate use of web browsers
and to block access to sites that are known
to proliferate hacker tools, peer-to-peer
software, and malicious code, Enterprise
web-filtering software (WebSense) con-
tinues to be used. Despite these mea-
sures, spyware continues to be a problem
on Windows systems. Plans are under-
way to determine how to best improve
spyware prevention.

Increased emphasis on internal cy-
ber security and insider threats have re-
sulted in several initiatives for improve-
ment. Almost all Windows systems now

have basic security policy and patch up-
dates managed by the PPPL domain, so
that future vulnerabilities can be patched
more efficiently. Enforcement of the new
policy, which requires all Windows sys-
tems at PPPL to be managed by our do-
main unless specifically exempted by su-
pervisory approval, is increasing. Redhat
Linux clusters now boot from a central
server allowing for uniform cyber secu-
rity policy and simple patching. Mac OS
systems are starting to be managed via
Apple Remote Desktop. PPPL began a
program of internal vulnerability scan-
ning using standard software packages.
Periodic scans of all computer systems,
dial-in modem systems, and wireless net-
works are done, and known vulnerabili-
ties are identified and addressed.

A new Exchange e-mail system is now
fully deployed. This new system pro-
vides a third layer of virus protection for
all inbound e-mail, and provides a sec-
ond layer for PPPL internal e-mail. En-
crypted protocols for both sending and
checking e-mail are now required, and
unencrypted protocols are no longer al-
lowed. Password authentication is now
required to both send and check e-mail.
Attachment file types known to often
contain viruses or worms are blocked
and quarantined.

99



100



Return to Table of Contents

Environment,

Safety, and Health

r I Yhe Princeton Plasma Physics
Laboratory (PPPL) and Prince-
ton University enthusiastically

support the U.S. Department of Energy’s
(DOE) commitment to worker safety at
the DOE Laboratories. The safety of ev-
ery one of our staff, faculty, students, and
guests is taken very seriously. Safe opera-
tion is of paramount importance; PPPL
continually works to improve safety per-
formance. The Laboratory supports the
challenging goals that the DOE Office
of Science has established, and is imple-
menting strategies to accomplish them.

During FY05, the Laboratory experi-
enced a dramatic decrease in its key work-
er safety metrics compared with FY04.
The FYO05 Total Recordable Case (TRC)
and Days Away, Restricted, Transferred
(DART) case rates were 0.93 and 0.23, re-
spectively, compared with 1.63 and 1.02
in FY04. This represents a 43% drop in
recordable injuries and a 75% decrease
in accidents that prevented workers from
fulfilling their normal job duties.

Safety initiatives previously begun were
continued or expanded in FY05. Activi-
ties being performed to increase employ-
ee safety awareness and to reduce work-
related injuries and illnesses are discussed
below.

Hazard Analysis

A formal Hazard Awareness course ini-
tiated in FY04 was continued in FYO05.
This training focuses on identifying and
mitigating job hazards using classroom

training and field exercises. The class size
is limited to a maximum of 16 staff to al-
low for direct interaction with the par-
ticipants. The course is recommended for
all employees and has already been giv-
en to diverse groups within the Lab, in-
cluding senior managers, graduate stu-
dents, and off-site collaborators. Twenty
sessions were held in FYO05 involving 290
employees. Additional training sessions
are scheduled for FY06. Other activities
in this area in FY05 include:

® Provided dedicated and in-depth
industrial hygiene, health physics,
and electrical and construction safe-
ty engineering support to the Na-
tional Spherical Torus Experiment
(NSTX) operations and upgrades
and to the National Compact Stel-
larator Experiment (NCSX) colil
fabrication and testing activities.

® DPerformed a safety evaluation review
of the Advanced Lithium Wall Coat-

ings Experiment.

® Defined actions required by the Na-
tional Environmental Policy Act

(NEPA) for the U.S. ITER Project.

Workplace Improvements
Workplace improvement activities for

FYO05 include:

® Completion of workplace safety im-
provements using the Occupation-
al Safety Health and Administration
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(OSHA) inspection punch list, well
within the 24-month timeframe es-

tablished by the DOE.

Continued to promote and respond
to safety items identified via the
web-based ES&H Safety and Sug-
gestions (SOS) Box. Twenty-four
suggestions or comments were re-
ceived from PPPL employees and
were followed up on in FY05. Re-
sults were posted on the web, acces-
sible from the PPPL Employee Ser-

vices home page.

Conducted 26 management safety
walkthroughs to review the safety
of Laboratory areas and to assign re-
sponsibilities and schedules for cor-
rective actions. Experimental, lab-
oratory, and shop areas are visited
annually and all other areas every
two years. Participants in the walk-
throughs included senior lab man-
agement, line managers, DOE staff,
ES&H professionals, and workers.
Additionally, ES&H action itemsare
generated based on frequent (usual-
ly twice per week) DOE-Princeton

Site Office reports on surveillances

of PPPL areas.

® Held the Fourth Annual Safety Fo-
rum for the PPPL staff.

Worker Safety
and Performance Awareness

Safety information and issues were
shared with the PPPL staff throughout
the year:

® An ES&H Newsletter was issued
periodically that provided timely in-
formation on topical safety issues.

® PPPLs electrical safety program was
reviewed and revised in response to
the lessons learned from the Octo-
ber 2004 Stanford Linear Accelera-
tor Center (SLAC) arc flash event.
A special team from the DOE Of-
fice of Science reviewed PPPLs
program and found among other
things that “line management sup-
port of electrical safety initiatives
has led to a strong safety culture at
PPPL.” Recommendations by the
team for further improvement of

Carl Potensky (left) and Shawn Connolly accepting one of three “NJ Governor’s
Safety Awards” given to PPPL during 2005.
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the electrical safety program were
implemented.

® Monthly reports were issued to the
staff on safety performance and re-
lated ES&H issues.

® Shared internal and external les-

sons-learned reports with the PPPL
staff.

® Submitted “Safety Bulletins” to the
PPPL staff to provide reminders for
specific aspects of electrical safety,
e.g., the PPPL energized electrical
work permit and the safety require-
ments for electrical testing, trou-
bleshooting, and voltage measure-
ments.

® Continued to work on an applica-
tion to obtain a DOE Voluntary
Protection Program endorsement.
Acceptance into the Voluntary Pro-
tection Program is DOE’s official
recognition of the outstanding ef-
forts of employers and employees
who have achieved exemplary occu-

pational safety and health.

Outreach

A team of three PPPL staffers traveled
to the University of Wisconsin at Madi-
son to perform requested safety reviews
of the Madison Symmetric Torus (MST)
and PEGASUs experiments and facilities,
and to provide training to University of
Wisconsin fusion personnel on radia-

tion safety, electrical safety, and confined
space entry.

Safety Awards

During FY05, PPPL, the Maintenance
and Operations Division, and the NSTX
Project received safety awards from the
State of New Jersey for performance in
Calendar Year 2004. These awards were:

® PPPL — “Recognition Award” for
having a low rate of away-from-
work lost time injury/illness cases.

® Maintenance and Operations Divi-
sion — “Citation of Merit Award”
for having no away-from-work lost
time injury/illness cases.

® NSTX Project — “Commission-
er of Labor and Workforce Develop-
ment Continued Excellence Award”
for having gone four consecutive
years without an away-from-work
lost time injury/illness case.

These awards were presented at a New
Jersey Governor’s Occupational Safety
and Health Awards Program Area dinner
in May 2005.

The ES&H Division, with strong sup-
port from senior Laboratory manage-
ment, works aggressively and proactively
to keep workers safe while allowing them
to perform their jobs efficiently and ef-
fectively. There is a strong worker safety
culture at PPPL and we are committed to
making it even stronger.
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Applications Research and
Technology Transfer

he transfer of technology to pri-
Tvate industry, academic institu-

tions, and other federal laborato-
ries is one of the missions of the Princeton
Plasma Physics Laboratory (PPPL). The
Laboratory is currently working with a
number of partners in scientific research
and technology development. These col-
laborations are Cooperative Research and
Development Agreements (CRADAs) or
Work for Others (WFOs) projects, and
primarily involve applications of science
and technology developed for PPPLs fu-
sion program. In addition to CRADAs
and WFOs, the Laboatory also uses Li-
censing Agreements, Personnel Exchang-
es, and Technology Maturation Projects
to promote the transfer of PPPL tech-
nology.

A CRADA, which is a contractual
agreement between a federal laborato-
ry and one or more industrial partners,
enables industry and PPPL researchers
to work on programs of mutual inter-
est. Costs and project results are gener-
ally shared between PPPL and the part-
ner. Work for Others arrangements may
involve either federal or non-federal
partners. The partners pay for the work
performed at PPPL. In the Personnel
Exchange Program, researchers from in-
dustry assume a work assignment at the
Laboratory, or PPPL staff may visit the
industrial setting. In a Technology Mat-
uration Project, a Laboratory research-

er may work on technologies of interest
to industry, where further development
is required before a formal collaboration
can begin. In addition to the above tech-
nology transfer mechanisms, the PPPL
Technology Transfer Office encourages
the development of technologies that are
potentially relevant to commercial inter-
ests. These projects are funded by PPPL
as Laboratory Program Development Ac-
tivities.

The PPPL Technology Transfer Office
works closely with the Laboratory’s Bud-
get Office and with the Princeton Uni-
versity Office of Research and Project
Administration (ORPA). PPPL technol-
ogy is licensed through ORPA, and PPPL
inventions are processed through ORPA.
The Laboratory works closely with the
University for the patenting and protec-
tion of PPPL intellectual property.

CRADA Projects
Data Grids for Large-scale
Fusion Simulations

In this Phase II, Small Business Inno-
vation Research CRADA project funded
during FY05, Tech-X Corporation is im-
plementing a FusionGrid Service for data
transfer and access with PPPL collabora-
tion. The service will connect heteroge-
neous data collections and provide trans-
parent Interactive Data Language and
AVS/Express client interfaces with the
MDSplus and HDF5 application inter-
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faces. The service will allow for pluggable
network protocols (MDSip, GridPST,
and GridFTDP).

The Princeton Plasma Physics Labora-
tory is uniquely qualified to collaborate
on this project based on its experience in
fusion simulations, fusion experiments,
and visualization along with its expertise
in grid computing. The PPPL Compu-
tational Plasma Physics Group, which is
the primary PPPL party in this CRADA,
has experience in developing data grids
for large-scale fusion simulations from its
work on the National Fusion Collabora-
tory Project.

Flowing Liquid-lithium Walls
using Engineered Surfaces

The objective of this CRADA proj-
ect is to demonstrate flowing liquid-lith-
ium walls using engineered surfaces. Lig-
uid metal walls have been identified as a
promising solution to magnetic fusion
energy first-wall problems. Among the
liquid metals, lithium has unique prop-

erties which make it a promising materi-
al for the first wall in a fusion reactor. It
is the only candidate liquid metal that of-
fers the possibility of a low-recycling wall.
In this project, Plasma Processes, Inc. is
fabricating samples of engineered surfac-
es for testing with liquid lithium utilizing
the Advanced Lithium Wall Coatings fa-
cility act PPPL.

WFO Projects

Micro-air Vehicles Project

This project is conducted in support
of the U.S. Naval Research Laboratory’s
(NRL) Micro-air Vehicles (MAV) Pro-
gram, which involves fundamental re-
search and development of acrodynamics
and airframes for novel concepts in un-
conventional miniature aircraft design.
(Figure 1) MAVs generally have a wing-
span of less than two feet and weigh less
than a pound. These aircraft are expected
to perform useful surveillance missions.

The FY05 effort continued the devel-

opment of the Samara aircraft concept.

Figure 1. Dave Cylinder tests the ornithopter at PPPL. The ornithopter is a micro-air
vehicle being developed in collaboration with the Naval Research Laboratory under
the Survivable Autonomous Mobil Platform, Long Endurance (SAMPLE) Project.
Micro-air vehicles generally have a wingspan of less than two feet and weight less
than a pound. These aircraft are expected to perform useful surveillance missions.
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The Samara is a stop-rotor aircraft that
combines the vertical ascent/descent ca-
pabilities of a helicopter with the speed
and aerodynamic efficiencies of a fixed-
wing airplane. Enhanced performance
of this type of aircraft is being explored
with the development of Samara II. The
improvements include controlled-hover
ability, simplified stability controls, and a
more compact geometry. Samara Il began
first flight tests near the close of FY05.

During FYO05, efforts continued in the
development of a more robust, control-
lable, and reliable version of the Biplane
Insectoid Travel Engine (BITE-Wing)
aircraft. During FY05 prototypes were
tested using vectored thrust on the low-
er rear wing, increasing control authority.
The addition of a small amount of wing
dihedral has dramatically increased flight
stability. The construction of new BITE-
Wing air vehicles that began in FY05 in-
corporated these improvements with
more power and more damage resistance.
Tests of these newer versions will begin
in FY006.

The Samara, BITE-Wing, and other
new vehicle efforts are part of the ongo-

ing NRL Survivable Autonomous Mobile

Platform, Long Endurance (SAMPLE)
Project. These vehicles must be able to
move in two or more modes of locomo-
tion, including flight, crawling, hopping,
and swimming. They are also expected to
carry out extended missions in a variety
of environments.

Hibachi Window Project

This effort involves the development
of an electron beam transmission win-
dow for use in a KrF laser system in sup-
port of direct-drive inertial fusion energy.
This project includes the study, design,
and production of thin “hibachi” win-
dows fabricated from silicon wafers (-100
micron thick) coated with a ~1.2-micron
thick nano-crystalline diamond coating.
The effort in FY05 involved the develop-
ment of a 24-window hibachi prototype
with edge cooling (Figure 2). This design
incorporates an aluminum frame with in-
ternal channels for active cooling. Bench
testing of the silicon windows during
FY05 indicated that they can withstand
differential pressure and pulsed pressure
cycling consistent with those required for
the laser to work in an extended 5-Hz
rep rate. Work on the window develop-

Figure 2. Anode insert with 24 hibachi windows installed for testing at
NRLs Electra Laser Facility. The 24 round objects are the silicon wafers.
The copper tubes provide edge cooling so when the electrons pass through
the windows heat can be removed from the edges of the frame.
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ment is expected to optimize mounting
and cooling configurations. The fabrica-
tion of this hibachi prototype will focus
on a design that supports an economical
configuration and that provides ease for
changing-out individual windows while
maintaining the frame parameters and
operational considerations.

Miniature Integrated Nuclear
Detection System

During FY05, PPPL scientists con-
tinued development of the Miniature
Integrated Nuclear Detection System
(MINDS), which is designed to de-
tect and identify specific radionuclides
for homeland security applications. The
MINDS, which was funded under three
WEFO projects for Picatinny Arsenal dur-
ing FY04, has application for use by po-
lice, security personnel, the Nation-
al Guard, the Coast Guard, and other
agencies involved in homeland security,
national security, or transportation rule
compliance. In March 2005 Princeton
University and InSitech, a small business
located at the Picatinny Arsenal in New
Jersey, signed a licensing agreement for
the commercialization of MINDS.

The MINDS is configured to detect
potential nuclear threats from a weapon
of mass destruction or from nuclear con-

tamination, such as a “dirty bomb.” The
objective is to detect and identify nucle-
ar material in transit, such as entering a
site, passing through a tollbooth, placed
inside of a shipping container, or hidden
in other ways, under realistic conditions.
A major feature is the ability to compare
the energy spectrum of the detected ra-
dionuclide with the spectrum of partic-
ular radiological materials that might be
used in weapons. MINDS, which is de-
signed to respond to nuclear signatures at
levels slightly above normal background
radiation, can be programmed to re-
spond to specific signatures (Figure 3),
thus eliminating false positive alarms re-
sulting from the movement and transpor-
tation of approved radionuclides, such as
in medical shipments. The possibility of
false positives is a major concern of secu-
rity personnel.

An initial proof-of-principle demon-
stration was performed in August 2002
in which MINDS detected small quan-
tities of radionuclides in a stationary
cargo-type shipping container. Addi-
tional demonstrations in FY03 showed
MINDS’ ability to detect similar ma-
terial in a moving vehicle. In FY04, the
MINDS system was improved with the
introduction of a new neural-network-

based detection algorithm. Also in FY04,

Figure 3. Energy spectra showing the presence of the radioactive elements

Americium and Cesium.
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a mobile configuration of MINDS was
developed and demonstrated for law en-
forcement agencies.

In FY05, the MINDS library was ex-
panded to include a wider array of radio-
nuclides and improvements were made to
the detection algorithms. Also, MINDS
was positioned at two locations off-site

from PPPL to collect data from the field.

Other WFO Projects

Title: Sterilization of Liquid

Foods

Sponsor: U.S. Department
of Agriculture

Scope:  The purpose of this project
is to develop new pasteurization methods
that use radio-frequency (rf) waves and
microwave heating. These heating tech-
niques used to warm plasma in a fusion
device, are being tested for pasteurizing
raw liquid foods such as eggs, fruit juices,
and milk.

Radio-frequency waves offer advan-
tages over the traditional pasteuriza-
tion method of directly heating raw liq-
uid foods. The direct method often heats
foods unevenly, possibly resulting in in-
complete pasteurization in lower-tem-
perature regions