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About PPPL
Established in 1951, the Princeton Plasma Physics Laboratory (PPPL) is dedicated to de-

veloping the scientific and technological knowledge base for magnetic fusion energy as a safe,

economical, and environmentally attracrive energy source for the world's long-term energy

requirements. It has been the site of the Tokamak Fusion Test Reactor which completed in
Apri| 1997 a historic series of experiments using deuterium-tritium fuel. A new innovative

faciliry rhe National Spherical Torus Experiment, has come into operation this year ahead of
schedule and on budget.

PPPL is managed by Princeton University under contract with the U.S. Department of
Energy. The fiscal year 1999 budget was approximately $57 rnillion. The number of full-time
regular employees at the end of the fiscal year was 393, not including approximately 87 subcon-

rractors, graduate studenrs, and visiting research staff. The Laboratory is sited on72 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 exten-

sive capabilities in a host of disciplines including advanced computational simulations, vacuum

technology, mechanics, materials science, electronics, computer technology, and high-voltage

power systems. In addition, PPPL scientists and engineers are applying knowledge gained in
fusion research to other theoretical and experimental areas including the development of a non-
conract diagnostic instrument for use by U.S. synthetic fiber manufacturers and propagation of
intense beams of ions. The Laboratoryt Office of TechnologyTiansfer assists industry-other
universities, and state and local government in transferring these technologies to the commer-

cial sector.

The Laboratoryt graduate education and science education programs provide educational

opportunities for students and teachers from elementary school through postgraduate studies.

On the Cover
In February 1999 the National Spherical Torus Experiment (NSTX) produced its first

plasma, marking the completion of assembly and the beginning of operations. Shown cin the

cover is the completed NSTX device, surrounded by project activities. Counterclockwise from
the upper left-hand corner: installation of a toroidal field coil; inspection of the center column
(two photos); installation of the center column; the NSTX team assembled following the comple-

tion of construcrion; the vacuum vessel; staffcheering first plasma; installation of passive stabi-

lizer plates within the vacuum vessel; vacuum chamber is lifted and then lowered in place on

the NSTX pedestal (two photos); installation of flanges on the vacuum vessel ports; cutting a

ribbon to celebrate the beginning of NSTX experimental operations are, from the left, Labora-

tory Director Rob Goldston, N. Anne Davies, Associate Director for Fusion Energy Sciences at

the DOE Offìce of Science, Representative Rush Holt (NJ-12th), Secretary of Energy Bill
Richardson, Representative Rodney Frelinghuysen (NJ-11th), Princeton Universiry President

Harold Shapiro, and Princeton Township Mayor Phyllis Marchand.

This publication highlights activities at the Princeton Plasma Physics Laboratory for fis-
cal year 1999 - I October 1998 through 30 Septembet 1999.



llission Statement
The U. S. Department of Energy's Princeton Plasrna Physics Laboratory is a
Collaboratiue National Center for plasma and fusion science. Its primary
mission is to deuelop the scientific understanding and the key innouations
which will lead to an attractiue fusion energy source.

Associated missions include conducting world-class research along the broad

frontier of plasma science and prouiding the highest quality of scientific
education.

Vision Statement
To create t/te innouations which will make fusion power a practical reality.
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Advant4ges of Fusion Energy

o -Worldwide availabiliry of inexhaustible low-cost fuel.

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

o No runaway reaction possible.

o Materials and by-products unsuitable for weapons production.

o Radiologicd,hazards thousands of times less than from fission.
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From the Director

f.l iscalYear 1999 was an exciting time

fi bottt fbr the Princeton Plasma
I- Physics Laboratory (PPPL) and for
the wider fusion energy sciences commu-
niry. At PPPL we brought the National
Spherical Torus Experiment (NSTX) on
line within budget and well ahead of
schedule. This was celebrated in a visit by
U. S. Secretary of Energy Bill Richardson,
who was accompanied by NewJersey Rep-
resentatives Rodney Frelinghuysen and
Rush Holt. (See cover photos and page

91.) Our employee newsletter, the PPPL
HOTLINE, aptly described the event as

"Irrepressible Secretary Lauds Lab. "
PPPtis research program extends well

beyond NSTX, and we scored major suc-

cesses this year in the smaller on-site ex-

perimental projects, both in fusion energy
science and in applications research.

\7e are particularly pleased with plans

to focus Current Drive Experiment-Up-
grade research activities on support ofthe
development of liquid-metal-wall tech-
nologies for magnetic fusion, and with our
successful demonstration of the use of la-
ser scattering techniques for on-line moni-
toring of artificial fiber production for the
textile industry. \7e also had excellent re-
sults in our off-site experimental research

at the DIII-D tokamak in San Diego, CA,
at the C-MOD tokamak in Cambridge,
MA, and at major fusion facilities over-
seas.

Theory and advanced computation
made great strides, for example, in the un-
derstanding of the dynamics of zonal

RobertJ. Goldston

flows, taking advantage of massively par-
allel processor computational capabilities
available to us through the National En-
ergy Research Supercomputer Center. The
design of the National Compact Stel-
larator Experiment, in collaboration with
a wide range of institutions, most promi-
nently the Oak Ridge National Labora-
tory, made substantial progress toward a

construction decision. Advances were also

made, through the Virtual Laboratory for
Technology, on the preconceprual design
of the Fusion Ignition Research Experi-
ment, a possible next step oprion for in-

vll



ternational consideration, if the Interna-
tional Thermonuclear Experimental Re-

actor does not go forward.
In the wider fusion energy sciences

community, this year moved the restruc-

tured program a major step forward, with
the development by the Fusion Energy

Sciences Advisory Committee (FESAC) of
an explicit plan for fusion energy sciences,

including goals and objectives on a 5, 10,

and 15 year timetable. The development

of this plan capped a year of events, in-
cluding:

o the development of a Magnetic Fu-
sion Energy and Inertial Fusion En-

ergy Program Leaders' Discussion

Draft Roadmap,

o the creation by FESAC of a major
"Opportunities Document" oudin-
ing the fusion program and oppor-
tunities for progress,

o a comprehensive and highly sup-

portive review by the Secretary of
Energy Advisory Board, and

o a major fusion energy sciences com-

munity summer study to discuss op-

portunities and directions.

The fusion energy sciences commu-
nity is now well-positioned, with a clear

set of priorities and accountable objectives,

for advancing confidently into the future.
PPPL is pleased to be an integral part of
that future.

vl11



National Spherical
I'iorus Experiment

The National Spherical Torus Experiment,

,Tl he Narional Spherical TorusI illru::lT:I3'6r;?i
sion energy science faciliry designed to
prove the physics principles of spherical
torus (ST) plasmas. Fiscal year 1999 was

an exceptionally productive and exciting
year for NSTX. On February 15, 1999,
after two and halfyears of design and con-

struction, first plasma was achieved 10

weeks ahead of schedule. NSTX construc-

tion was completed within budget, with
an outstanding safery record.

Research operations started and the

plasma current came up rapidly to the

FY99 goal of 0.50 MA, exceeding the pre-
vious ST record of 0.32 MA in the Small
Tight Aspect Ratio Tokamak in England.

The cross section of the NSTXdevice
is shown in Figure 1. In an ST plasma,

the size of the minor radius approaches that
of the major radius, and the cross section

approaches a half circle. As a result the ST
plasma appears spherical, while the con-
ventional tokamak plasma has the well-
known "donut" shape. This difference in
shape is expected to provide several ad-

vantages for an ST such as the ability to
contain a significantly higher plasma pres-

sure for a given magnetic field strength

1



Figure 1, Cross-sectional schernatic aiew ofthe
NSIX deaice.

(i.e., a higher plasma beta, which is the
ratio of thc plasma prcssurc to thc mag-
netic field pressure). Since the amount of
frrsion powerproduced is proportional to the

square ofthe plasma pressure, the ST plasma

configuration may lead to smaller and more

economical magnetic fusion reactors.

The NSTX Program Advisory Com-
mittee (Table I) is composed of senior re-

searchers in the fusion community. Mem-
bers review and advise the Princeton
Plasma Physics Laboratory (PPPL) Direc-
tor on priorities and plans for the NSTX
Research Program. A strong national re-

search team consisting of 14 institutions
was formed in FY99 through peer reviews

of research proposals and a community-
based panel review process. Members of
the NSTX National Research Team (Table

II) work very well together and contrib-
uted to the successful "readying" of the
machine for experiments and the produc-
tive research activities in FY99.

NSTX Mission
The mission of NSTX is to prove the

scientific principles of the ST plasma in-
cluding:

o noninductive start-up, current sus-

tainment, and profile control;

. global confinement and local trans-

port physi6s;

. pressure limits and self-driven cur-

rents;

Dr. Gerald A. Navratil, Chair
Columbia Universiry

Professor Raymond J. Fonck
University of \(risconsin-Madison

Dr. Kenneth Gentle
University of Texas-Austin

Dr. David N. Hill
Lawrence Livermore National Laboratory

Dr. Alan Hoffrnan
University of Vashington-Seattle

Dr. EdwardA. Lazarus
Oak Ridge National Laboratory

Dr. Farrokh Najmabadi
University of California-San Diego

Dr. Raffi Nazikian
Princeton Plasma Physics Laboratory

Dr. Robert Pinsker
General Atomics

Dr. C. Spencer Pitcher
Massachusetts Institute of Gchnology

Dr. Alan Sykes

Culham Laboratory

Dr. Yuichi Takase

University ofTokyo

Dr. Masayuki Ono (ex fficio)
Princeton Plasma Physics Laboratory

Dr. Martin Peng (ex ofrtia)
Oak Ridge National Laboratory

Thble L NSTX Program Aduisory Comrnittee
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Columbia University

Fusion Physics 6c Technology, Inc.

General Atomics

Johns Hopkins University

Lawrence Livermore National Laboratory

Los Alamos National Laboratory

Massachusetts Insdtute of Technology

Oak Ridge National Laboratory

Princeton Plasma Physics Laboratory

Sandia National taboratories

Universiry of California-Davis

University of California-Los Angeles

Universiqy of California-San Diego

University of \flashington.Seattle

Thble IL NSTX National Researcb Team

. scrape-ofF-layer and divertor phys-
ics; and

. stability and resilience to plasma dis-

ruptions.

The NSTX research team will inves-
tigate ST plasma regimes that promise
small fusion cores for near-rerm applica-
tions, such as the Volume Neutron Source
and for developing fusion energy technol-
ogy for electric power production in the
long term. The plasma paramerers extend
beyond the present state-of-the-art in
magnetic fusion energy and are characrer-
ized6y:

o simultaneous high toroidal beta(25-
45o/o), self-driven currenr fraction
(40-80o/o), and confinement in
steady state;

o noninducdve srarr-up of full cur-
rent, i.e., not relying on induction
from the ohmic solenoid;

o efficient noninductive drive for the
needed increment in plasma current;
and

o dispersed particle and power ex-

hausts on high heat fltx components
facing the plasma.

Successful proof of these desired prop-
erties will make possible cost-effective ST

devices capable of increases in the plasma
current and pressure by an order of mag-
nitude, with only modest increases in
plasma size. These devices could include
a pulsed Performance Extension (or Proof
of Performance) experiment ar -10 MA
in plasma currenr and a steady-state En-
ergy Gchnology Development experiment
at a similar current.

Successful Completion
of NSTX Construction

To insure construction project com-
pletion within budget, it was decided in
1998 to begin first plasma operations in
February 1999, ahead of the April 30,
1999 DOE Milestone. Early plasma op-
erations would provide very important
data for the engineering and research team
while reducing construcrion cosr. To ac-

complish early first plasma, a success-ori-
ented schedule was developed. All the
needed componenrs arrived just in time
and device assembly wenr very smoothly.

The vacuum vessel and the cenrer
stackwere transported into the NSTXTest
Cell in earlyOctober 1998. Device assem-

bly started with the placement of the
vacuum vessel ar its final location in mid-
October. The center srack was installed in
early November. The vacuum vessel was
pumped down for the first time in mid-

D
J



1.0

6I 0.8
q)
o-
E

c
.9 0.6

e
cI o.+

o
(u

E
R o.z
L

0
1Q 2Q 3Q 4Q 1Q 2Q 3Q 4Q

FY 2000

Figure 2. NSIX d,eaice assembly completed'.

FY 1999

November and easily passed the vacuum

leak check. The device assembly was

largely completed in mid-December with
installation ofthe outer toroidal field coils.

Due to the excellent safety record of
NSTX construction, the NSTX team re-

ceived the 1998 New Jersey Governort
Occupational Health and Safety Award.

During January 1999, utilities were

hooked up to the device and various

preoperation test procedures were per-

formed. After the successful PPPL safery

review and DOE Operations Readiness

Assessment in early February, permission

for the first plasma was officially given on

February 1 1. For first plasma operations,

it was decided to limit the toroidal field

to 2 kG, the ohmic heating coil current

to 18 kA single swing (design value of 24

kA double swing), and the poloidal field

coil current to 10 kA (design value of 20

kA).

First Plasma Achieved
Ahead of Scheduie

On February 12, 1999, the Los

Alamos National Laboratory fast camera

observed the first "flash" of ohmic plasma

(about 20 kA of plasma current). It was

rather remarkable that a fusion device as

complex as NSTX obrained art t-rlrtnic

plasma on the first attempt. The NSTX
physics design team was able to predict

quite precisely which waveforms were

needed on various poloidal coil magnets

to produce desired null-field during ohmic

heating initiation. The reliabiliry of the

NSTX power system was another impor-
tant factor in the successful start-up. The

power supplies were improved during their

years of operation on theTokamak Fusion

Test Reactor, and despite their complex-

ity, now exhibit very reliable operation'

On February 15, the plasma current

quickly exceeded the DOE Level I Mile-
stone of 50 kA, ten weeks ahead of sched-

ule. \Within the following two days of
plasma operations, the plasma current
reached the 0.30 MA level, which is close

to the predicted value for the ohmic heat-

ing flux used (see Figure 2).

It should be noted that the newly

formed NSTX National Research Team

played a crucial role from the start. The

Los Alamos team members brought their

fast visible camera to capture the plasma

evolution. By guiding the poloidal field

waveform programming, this camera was

CHI, HHFW
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lnstallation Plasma
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Previous
ST Record

Achieved
First Plasma

FY 2000 Research Goal-->

FY'1999 Research Goal
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a useful tool in bringing the plasma cur-
rent to 0.30 MA in just two days. Also,
the EFIT equilibrium code reconstruction
of the first plasma was successfully carried
out by Columbia University ream mem-
bers using magnetic data.

The success of initial NSTX opera-
tions confirmed the basic device opera-
tional readiness of power supplies and
other utilities. \)7hile the device magners

were not energized to full capabiliry, first
plasma gave the engineering team confi-
dence that the device was indeed designed
and constructed correctly. The EPICS and
MDS-PLUS software platforms per-
formed extremely well.

On February 26, 1999, Energy Secre-

tary Richardson visited the Laboratory and
dedicated the NSTX facility, noting rhat
the device was built within cost and ahead
of schedule. After initial operations, the
NSTX construction team wenr back to
work. The center stack was pulled out,
facilitating the installation of important
components inside the vacuum vessel. In-
cluded were the passive and outer divertor
plates with more than2,500 graphite tiles,
twelve element high harmonic fast wave
antennas (as shown in Figure 3); Coaxial
Helicity Injection ceramic insulators,
plasma-facing components, and sensors on
the center stack.

Restart of Plasma Operations
NSTX plasma operations resrarted on

September I, 1999.The toroidal field was
increased to 3 kG, which is the nominal
field for l-MA operation. The poloidal
field coils were tested to full 20 kA. The
ohmic heating double swing at 18 kAwas
also tested for the first time. Again, the
ohmically heated plasma started on rhe
first attempt. It only took a few plasma
discharges to reach 0.32 MA, exceeding
the previous ST plasma currenr record.
The FY99 milestone of 0.50 MA ohmic
current was achieved on schedule.

The NSTX electron cyclotron pre-
ionization system utilizes a refurbished 18-
GHz klystron unit capable of delivering
30 k\f of power for 0.1 sec. The sysrem
was brought to NSTX by the Oak Ridge
National Laboratory team. It performed
reliably from the stan, crearing avertically
uniform plasma sheet at the electron cy-
clotron resonant layer, which is approxi-
mately R = 42 cm for the nominal 3-kG
toroidal field. The electron cyclotron
preionization system makes ohmically
heated plasma initiation less sensirive to
error fields, enhancing operarional flexibil-
iry. The electron cyclotron preionization
system will also be used ro create initial
plasmas needed for Coaxial Helicity In-
jection experiments.

Fi.gure g. Twelue-element Hi.gh Harmoni.c Fast Waue antenna
array installed in NSIX.
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Experimental Activities
During FY99, procedures for perform-

ing experiments in NSTXwere established

and the first experiments were planned for
the Phase I experimental run period. The
methods for preparing, reviewing, approv-

ing, and executing experimental propos-

als were presented and discussed at the
NSTXResearch Forum inJanuary 1999.
Draft forms for experimental proposals

were posted on the NSTX web pages for
the Research Team. The NSTX Operations

Group developed a complementary process

for commissioning and development tasks

needed to bring the machine to frrll opera-

tion, ready for physics experiments.

The expectation was that the major-
ity of experiments would be developed
and conductcd by mcmbers of three ex

perimental task groups established for
Phase I. Major research activities of Phase

Limited 101303
+-n{OEann1-V.tVUOgW

I include ohmic plasma optimization,
High Harmonic Fast \flave heating, and

Coaxial Helicity Injection. During the

summer of 1999, specific experimental
proposals needed to complete Phase I re-

search goals were defined in meetings of
the experimental task groups. Responsi-

bility for drafting the proposals was as-

signed, and first drafts were discussed. As

a result, the interests ofseveral researchers

could be accommodated in a single pro-

posal in some cases.

The first formal reviews of experimen-

tal proposals were conducted in August

1999 at NSTX physics meetings, acces-

sible to offsite team members by telecon-

ference and through the Internet for vi-
sual materials. During these presentations,

"review chits" were submitted, considered

by a chit review board, and returned to

the proponents of the experiment for ac-

LSN 101307
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tion, ifappropriate. \7hen concerns or rec-

ommendations had been addressed, the
relevant task leader approved the revised
proposal. By the end of FY99, seven pro-
posals were under development and two
were being revised after review.

Initial Characte rizartion
of NSTX Ohmic Plasrnas

Key to the achievement of high cur-
rent plasma operations was rhe implemen-
tation of the real-time plasma conffol sys-

tem in collaboration with General Atom-
ics. The Skybolt I computer system pro-
vided feedback control of the plasma ra-
dial and vertical positions, as well as the
plasma current. Through closed loop op-
eration, the plasma control system made
it possible to quickly reach 0.8 MA. The
system also facilitated the production of
plasmas that were limited by the center
stack, as well as those that were double or
single-null diverted (as shown in Figure 4)
andwhichhadelongations (r) from 1.5 to
2.3 andtriangularities (6) in excess of 0.4.

The flux consumption turned out to
be relatively small, in the range of 40o/o

of the ohmic heating flux lost to resistive
heat dissipation. The rate of consump-
tion may have been affected by magne-
tohydrodynamic (MHD) instabilities ob-
served during the early phase of the dis-
charge. Density and safery-factor (q) lim-
its were investigated by utilizing large gas

feeds (to increase density) and toroidal
field ramp-downs (to decrease q). The
EFIT equilibrium code estimated plas-
mas with volumes in excess of 12 m3,
stored energies of30 kJ, and energy con-
finement times of order 20 msec at den-
sities of abour 3 x 1919 -3. These values
are consistent with temperatures bemveen

0.5 and 1.0 keV as indicated from the

B Shot 100854

0 0.1 0.2 0.3 0.4

Log (B) Shot 100854

4

0
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15
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Fi.gure 5. MHD octiaities during olrmic discharge
eaolution.

soft X-ray diagnostic. The density limit
appeared to be most consistent with the
Murakami-Hugill limit.

MHD instabilities played a prominent
role in the plasma discharge evolution.
Shown in Figure 5 is a frequency-time
spectrogram of MHD activiry during a

rypical plasma discharge. The continuous
MHD activity is seen early on. It evenru-
ally slows down and locks, and may affect
the flux consumption. The locking even-
tually leads to a kinking ofthe plasma (first
large spike in the upper panel trace). Later
on, global reconnection events (later
spikes) lead to a decrease in the plasma
current and stored energy. Successful re-
productions of the plasma evolution in
rypical NSTXdischarges has been accom-
plished in TSC simulations, and this
should allow assessment of the stabiliry of
these plasmas to understand the MHD
signals.

7
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Curent Drive
Fxperimettt-Upgralhe

The Current Drlae Experiment- Upgrade.

tTf echnological progress and ad-

I -,::j;.Tffi,T[ffi8::l;
the major technological problems facing
the eventual commercial development of
fusion energy is the design of a reactor wall
which can survive the high heat and neu-
tron fltxes generated by an ignited plasma.
A novel and exciting recent development
which promises to solve this longstanding
engineering problem, while offering grear

physics benefits, is the development of the
liquid metal wall concept.

Designs ofinertial fusion reactors have

relied for some time on the concept of a
flowing liquid wall to guarantee survivabil-

iry under conditions of repetitive micro-
pellet ignition and burn. However, flow-
ing liquid metal walls have only recently
been proposed for magnetic fusion. In a
tokamak, a flowing metal wall of liquid
lithium may provide not only heat re-
moval, but plasma stabilization to permit
unprecedented high values of the plasma
beta.

The very low recycling wall provided
by liquid lithium promises high plasma
performance under reactor conditions.
Production of high-performance plasmas

with lithium coated walls was first tested
on the Tokamak Fusion Test Reactor, and
resulted in the highest fusion power and

9



gain obtained on that device. All these fac-

tors combine to make the concept of a
tokamak reactor with flowing liquid
lithium walls very attractive for fusion
energy production.

The Current Drive Experiment-Up-
grade (CDX-U) has recently begun a re-

search program devoted to the investiga-

tion of plasma interactions with liquid
lithium limiters and divertors. The pro-

gram involves collaborations with numer-
ous universities and national laboratories,

including the Universiry of California at

San Diego, Oak Ridge National Labora-

tory, Sandia National Laboratories,
Lawrence Livermore National Laboratory,

Argonne National Laboratory, General

Atomics, and the University of California
at T,os Angeles. Other institutions are par-

ticipating through the Energy Advanced

Liquid Plasma-facing Surface (ALPS) and

Advanced Power Extraction (APEX) pro-

grams of the U.S. Department of Energy

tl.-,\JEl.
The goal of these experiments will be

to produce a geometry in which the pri-
mary interaction of the plasma with a

material wall is with a liquid lithium sur-

face. Experiments will determine the ef-

fect of very low-recycling liquid lithium
walls on the edge plasma, as well as on the

core plasma parameters. The effect of
plasma currents, including halo currents

flowing in the edge plasma during MHD
events, on the stability of the free liquid
lithium surface will be investigated. This
program is intended to form a strong ex-

perimental basis for the introduction of
liquid lithium walls into larger confine-
ment devices.

Facility Description
A schematic of CDX-U, indicating the

magnetic field coils and vacuum vessel

cross section, is shown in Figure 1. An
extensive program of upgrades and modi-

Vertical
Field
Coils

Null Formation Coils
Shaping Coits (Cap Bank)

Fl,gure 7. Cross-sectional oiew of AX-U, htgh-
lfghfi.ng the polotdalft.eld coll set.

fications, which made the facility suitable

for liquid lithium wall experiments, was

completed in FY99. Power supplies origi-
nally installed at the Princeton Plasma

Physics Laboratory (PPPL) for the
n-,:-- ---- -- T) --- r,---^ ^-'.* ^^- l\ if^l:c^^-:^^
r- t trlccLUII DcLa r-xPgl I I I tcll L-lvruLll I llaLr(rlr

(PBX-M) were cabled to the CDX-U
poloidal and toroidal field coils. The re-

maining CDX-U capacitor bank supplies,

which power the ohmic solenoid and a
new poloidal field coil designed to improve

plasma initiation, were also upgraded. As

a result, the maximum toroidal field has

increased to 2.2 kG (from 1 kG), with a
flattop of 100 ms.

The new power supplies for the verti-
cal and shaping fields will eventually per-

mit discharges with plasma current up to
150 kA, while the discharge duration will
be extended to greater than 25 ms. All
power supplies (with the exception of the

two capacitor banks) are presently prepro-

grammed and controlled by digital-to-ana-

log waveform generators. Feedback con-

trol of radial and vertical position will be

introduced during FY00. The plasma ge-

ometry remained substantially unchanged

with major radius R = 34 cm, minor ra-

Eddy Curent
Cancellation
Shaping Coils

Toroidal
Field Coils
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dius a = 22 cm, and an aspect ratio A =

Na> 1.4.

A new transmitter for radio-frequency
(rf) heating experiments in the High Har-
monic Fast \flaves (HHF\Q regime has

been completed. The transmitter will
double the available rf power (from 100

k\fl to over 200 k\W) to extend the liquid
wall studies to higher power densities.

Plasma Diagnostic
Development

A newThomson scattering system be-

came operational in FY99. The system

utilizes a vertical laser beam and horizon-
tal viewing of 12 radial points in the
plasma discharge. The entire system (la-

ser and viewing optics) is installed on a

movable optical table, which can be repo-
sitioned on successive discharges to per-
mit two-dimensional (2-D) images of the
plasma. This diagnostic is now providing
profiles of electron temperature (Figure 2)
and density (Figure 3) at a single time
point in the discharge. TheThomson scat-

tering data will provide profile informa-
tion for planned experiments in spherical
torus (ST) transport, monitoring of the
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core plasma during liquid metal wall ex-

periments, and calibration for advanced

electron temperature diagnostics, such as

the electron Bernstein wave (EB\W) emis-

sion diagnostic.
The ST represents a novel plasma re-

gime for large confinement experiments

such as the i.{ationai Sphericai Torus Ex-

periment (NSTX), and in some cases novel

diagnostics are needed for the particular
characteristics of the ST plasma. As part
of the CDX-U program, an effort is un-
derway to develop a replacement for the

electron cyclotron emission (ECE) diag-

nostic on which conventional tokamak
programs have long relied for detailed,

time-resolved measurements of the elec-

tron temperature profile. The high den-

siry of a ST plasma relative to the mag-

netic field implies that (<rlo./trl..)2 tt I ,

where 0J,,. is the electron plas-a Frequency

and tD.. is the electron cyclotron Fre-

quency. Under these conditions, electro-

magnetic radiation from the first four or
five electron cyclotron harmonics cannot
propagate from the emitting layer to the

plasma edge, which prohibits conventional

ECE diagnostics. The EB\f will propa-

gate to the plasma edge, however, where

it can be either detected directly or mode-

converted to an electromagnetic wave and

collected with a microwave antenna.

A first test of the EB\f diagnostic has

been performed in CDX-U, and the re-

sults have been compared with the data

from the new Thomson scattering diag-

nostic. Initial results (Figure 4) have been

obtained with microwave antennas to clc-

tect the mode-converted EB\M \fhile
both sets of measurements show a similar
trend with the plasma major radius (R),

there is a large discrepancy in the electron

temperatures deduced from them. A col-

laborative effort is presently underway
with researchers at the Massachusetts In-
stitute ofTechnology (MIT) to model the

mode conversion efficiency, one ofthe fac-

tors that may account for this difference.

Future experiments involving direct detec-

tion of the Bernstein wave are planned for
FYOO.

The plasma spectroscopy group at

Johns Hopkins University has been a ma-
jor participant in the CDX-U program for
several years. During FY99, the Johns
Hopkins group constructed, installed, and

operated several new diagnostics on CDX-U.
These include a new tangential bolometer

array, a grazing incidence extreme ultra-
violet spectrometer, and a multilayer mir-

------Te (11/s)
--r- Te (1119)
--r-Te (EBW)
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ror (MLM) array fu ultrasoft X-rays. The
MLM array is prototypical of an instru-
ment designed for NSTX. The mirrors in
the array presendy image the 150 A OVt
line, and results which indicate a striking
oxygen impurity accumulation in the
CDX-U core plasma are shown in Figure
5. This core impurity accumulation may
be responsible for the slighdy hollow elec-

tron temperature profile shown in Figure
2.In addition to the OVI line, a set of
mirrors has been prepared to image the
130 A lithium line. The MLM array will
therefore provide information on lithium
influx and the profile of lithium accumu-
lation during the upcoming liquid metal
wall experiments.

Other diagnostics that became opera-
tional during FY99 include a fast, 10,000
frame-per-second visible light camera and
two collaborator-developed diagnostics.
These are a Fourier transform spectrom-

eter developed at the Australian National
University and a laser-induced fluores-
cence diagnostic developed and installed
by Florida Agricultural and Mechanical
Universiry. The Florida sysrem uses an ar-
gon ion laser to pump trace amounts of
argon injected into the plasma discharge.
The light emitted as rhe excired argon ions
relax is detected by anarray of phoromul-
tiplier tubes to provide information on
edge plasma turbulence.

Future Plans
Experiments with liquid lithium will

begin with a removable rail limiteq to be

designed and constructed by the PISCES
group at the University of California, San

Diego. Installation of the rail limiter and
additional associated diagnostics is sched-
uled for the spring of 2000. Following
about three months of experiments with
the rail limiter, a toroidal liquid lithium
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"ttay," which is designed to function as a

toroidal belt limiter, will be installed in
CDX-U. Experiments with the toroidal

tray will utilize the diagnostic set devel-

oped during the rail limiter experiments.

During FYO1 , the toroidal limiter tray will
serve as a single-null divertor target, when
additional poloidal field coils are added

to CDX-U to permit positioning of an X-
point above the lithium tray.

During the lithium experiments, the

EB\f emission investigations will con-
tinue. Low power EB\f heating investi-

gations using 14 GHz klystrons on loan
from the University of \flisconsin PE-

GASUS program are also planned. In ad-

dition, there will be upgrades to increase

both the level of auxiliary HHF\W heat-

ing and the pulse length of CDX-U. This
will permit the liquidwall experiments to
be extended into more relevant parameter

regimes.

Collaborations and Graduate
Studies

The liquid lithium wall effort has in-
troduced a major new component into
CDX-U collaborations. The first liquid
lithium system to be installed in CDX-U
will be a rail limiter designed and con-

structed by collaborators from the Uni-
versity of California, San Diego. Theywill
also participate closely in the experiments

with this limiter. Numerous other insti-
tutions associated with the USDOE ALPS

and APEX programs to develop liquid
metalwalls and limiters will participate in
these experiments also.

The CDX-U group and the plasma

spectroscopy group at Johns Hopkins Uni-
versiry Baltimore, plan to continue their
long-term collaboration in the area of di-
agnostic development for the ST. The
CDX-U group also maintains ongoing

collaborations with the University of\flis-
consin, Madison, the University ofTokyo,

Japan, the A.F. Ioffe Physical-Technical

Institute, St. Petersburg, Russian Federa-

tion, and the Hebrew Universiry Israel.

In addition, CDX-U scientists have

workedwith ST researchers from the Small

TightAspect Ratio Experiment at Culham
Laboratory in England. A collaboration

with Fisk University and Florida Agricul-
tural and Mechanical University resulted

in the installation and preliminary testing

of a laser-induced fluorescence diagnostic

for the study of edge plasma turbulence,

and this workwill be continued in FY00.

A primary role of CDX-U at PPPL

has always been to serve as a training
ground for graduate students in experi-

mental plasma physics. Princeton Univer-

siry graduate student Tobin Munsat is ex-

pected to defend his doctoral thesis on

transport in an auxiliary-heated ST in the

spring of 2000. Vladimir Soukhanovski,

a graduate student from Johns Hopkins
University, is expected to complete his

thesis research on CDX-U in the same

time frame. Brent Jones, another Prince-

ton lJniversiry student, is currently col-

lecting data for his thesis research on EB\W

emission on CDX-U. Graduate students

from Florida Agricultural and Mechani-

cal University used data collected on

CDX-U as part of their Master of Science

thesis research.

The CDX-U played a significant role

in the PPPL Plasma Science and Fusion

Energy Institute, a summer training pro-

gram for high school science teachers.

Since CDX-LJ now has a particularly
simple control interface, it was possible for
the teachers to design their own experi-

ments and operate the machine as part of
their summer research experience.

Undergraduate and high school stu-

dents have alsoworkedwith CDX-U as part

of summer science honors programs. It is

hoped that this strong commitment to edu-

cation will continue in FY00 and beyond.
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ilIagnetic Reconnection

Experiment

The Magn etic Reconnection Experiment.

tTf he Nlagnetic Reconnecrion Ex-

I N:TJiJYff]il}TU:],:
reconnection as a fundamental plasma
process in a controlled laboratory environ-
ment. Magnetic reconnection 

- 
*1s 16-

pological breaking, annihilation, and
reconnection of magnetic field lines 

-occurs in virtually all plasmas, both in the
laboratory and in nature.

Despite its omnipresence, reconnec-
tion is not a well-understood phenom-
enon. In laboratory fusion plasmas, such

as tokamaks, reconnection manifests itself
as "sawtooth" oscillations in electron tem-

perature and ultimately degrades plasma
confinement. In nature, reconnection
plays an important role in the dynamics
of solar flares and in the origins of the
aurora borealis. In recent years, the solar
satellite Yohkoh has produced remarkable
pictures of the Sun, shown in Figure 1,

and has provided the best evidence yet that
reconnection is involved in solar flare en-

ergy release. However, the rate of energy
release is a mystery, unaccountable by cur-
rent understanding of reconnection phys-
ics. The observed "fast reconnection" has

made magnetic reconnection a very active
area ofresearch.
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Fi.gare 1. Soft X-ray picture of the Sun taken by the Yohkoh satellite. Visi.ble are bright spots,

called, "aati,ae regions" which are helieued, to be associated with strong magnetic a.ctluity i'nclud'ing

magn e I i c re c o nn e c tion.

Experiments on MRX have provided
crucial data with which the theoretical and

observational research communities can

compare their work. Already, cross-disci-

plinary interactions have led to fertile dis-

cussions and useful reassessments of the

current understanding. Indeed, experi-

mental research on MRX has triggered a

renewed interest in magnetic reconnection

unseen for some decades.

The small size and rich plasma phys-

ics of MRX make it an ideal faciliry on
which to study basic science and to train

graduate students. Because of the strong

impact of this experiment on many fields

of research, MRX is jointly funded by the

U.S. Department of Energy, the National
Science Foundation, and the National
Aeronautics and Space Administration.

Research Objectives
The primary objective of experiments

on the Magnetic Reconnection Experi-

ment is the comprehensive analysis of
magnetic reconnection both locally and

globally in solar and magnetospheric rel-

evant plasmas. The analysis focuses on the

coupling between microscale features of
the reconnection layer and global proper-
ties such as the driving force, the magne-

tohydrodynamic (MHD) flows, and the

third component of the magnetic field.
In particular, MRX has the following

research goals:

o Experimentally evaluate two-dimen-
sional theoretical models;

o Determine the circumstances under
which three-dimensional effects will
dominate;

t Study global MHD issues, includ-
ing evolution of magnetic helicity;

o Identify the mechanisms by which
magnetic energy is converted to
plasma flow and thermal energies;
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o Investigate the role of non-MHD
physics in the reconnecrion layer.

Answers to these quesrions will con-
tribute to the advancement of fusion en-
ergy research and directly impact theories
of reconnection in the solar corona and
the Eartht magnetosphere. Information
pertaining to how the magnetic energy,
initially released as hydrodynamic flows,
is transformed into heat will lead directly
to improved understanding of the physics
of solar flares.

Experimental Setup
Two plasma toroids with identical to-

roidal currents are formed using inductive
electric fields generated from rwo sets of
coil windings. The two plasma toroids are

then merged together via (1) their mutu-
ally attractive force and (2) an applied ex-
ternal magnetic field. MRXwas designed
to achieve a variety of merging geometries
and magnetic field topologies. Two rypes

of reconnection have been studied: null-
helicity and co-heliciry. In the former there
is no toroidal magnetic field in rhe recon-
nection layer, and in the latter there is a

sizable toroidal field. Qualitative differ-
ences in the reconnection layer arise de-
pending on the presence of the toroidal
field. A picture of an MRX plasma dis-
charge appears in Figure 2.

A set of carefully chosen diagnostics
provides insight into the physics of mag-
netic reconnection and real-time monitor-
ing of MRX plasmas. These include
Langmuir probes (electron density and
temperature), spectroscopic probe (ion
temperature and flows), and arrays of
magnetic probes (spatial profiles of local
magnetic field vector). Installation of a

laser-induced fluorescence diagnostic for
nonperturbative measurements of local
ion energy distribution is in progress.

Results
Experimental Test of the Sweet-

Parker Model. The well-known Sweet-
Parker model of magnetic reconnection
predicts reconnection rares faster than that
of resistive diffusion, but much slower
than those observed in solar flares. The
model is a resistive MHD model and as-

sumes a two-dimensional, incompressible,

Fi.gure 2. A plasma discharge in the Magnetic Reconnectton Experl.ment.
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and steady-state plasma. Despite these

constraints, however, the model captures

many of the essential local features of the

magnetic reconnection layer. For forty
years, the merits and shortcomings of this

and other more elaborate models have

been debated. The first laboratory experi-

ments on the Sweet-Parker model were

performed on MRX.
Null-helicity experimental data indi-

cated a reconnection speed consistent with
a genera\ized Sweet-Parker model, which
includes the effects of plasma compress-

ihiliry, finite pressure in the downstream

region of the field lines, and nonclassical

plasma resistivity. Compressibiliry allows

more incoming plasma to accumulate in
the current sheet, leading to a slight en-

hancement in reconnection speed over the

classical Sweet-Parker speed. Conversely,

finite downstream pressure hinders the

outgoing plasma, leading to a reduction

in plasma outflow speed and hence recon-

nection speed. The measured plasma re-

sistivity was found to be enhanced over

the classical Coulomb-collision value by

up to a factor of ten; this enhancement is

thought to play a crucial role in determin-
ing the reconnection rate. Further experi-

ments investigated the validiry of the gen-

eralized model for co-helicity recon-

nection. It was found that the recon-

nection rate in the co-helicity case agreed

with the generalized Sweet-Parker model

within experimental error. Figure 3 shows

the experimentally measured reconnection

rate plotted as a function of the general-

ized Sweet-Parker value for both null-
helicity and co-helicity reconnection.
These combined results suggest that the

Sweet-Parker model with nonclassical re-

sistivity may explain the fast reconnection

required to be consistent with solar flare

observations.
Testing the Sweet-Parker model in a

laboratory experiment is an important first

0.01

0.01 0.10
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Flgure S. E;ttperlneatully uteusured recorr-

nection rate (in flow speed, V*, d,iuid'ed by

Alfuin speed, Va ) i'n MRX.

step in sorting out the essential physics be-

hind "fast reconnection." However, much

research must be performed before any de-

finitive answers can be obtained. Most
important is the identification of (non-

MHD) mechanisms for the enhanced,

nonclassical resistivity.

Nonclassical Ion Heating during
Reconnection. Conversion of magnetic

field energy to plasma kinetic energy is a

primary consequence of reconnection.

This process is believed to play an impor-
tant role in coronal heating, solar flares,

and acceleration of auroral jets in the mag-

netosphere. Solar observations and in situ

satellite measurements show the existence

of extremely energetic particles. However,

the direct cause and effect between

reconnection and the acceleration and/or

heating of these energetic particles is un-

known. This is due to the extreme chal-

lenge of diagnosing a single reconnection

event adequately and at the same time
observing local plasma acceleration and

heating that is clearly consistent with the

single reconnection event. In the labora-

tory this can be done.

In collaboration with Dr. G. Fiksel of
the Universiry of \flisconsin, an optical
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probe called IDSP (Ion Dynamic Spec-

troscopy Probe) was inserred to measure
local ion temperature and flows during re-
connection events. In null-helicity
Ieconnection, a clear surge in ion tempera-
ture by a factor of up to three during
reconnection phase was observed (see Fig-
ure 4) while the ion temperarure was ba-
sically flat when no reconnection is in-
duced. Spacially resolved measurements
showed that ions are heated only in the
diffusion region, further indicating direct
ion heating due to the reconnecrion pro-
cess. In co-helicity reconnection, a weaker
ion heating was measured to be consistent
with a slower reconnection rate compared
to the null-heliciry case.

The Sweet-Parker model predicts an

Alfvdnic beam in the downstream region.
However, Mach probe measurements
(calibrated by IDSP) in MRX indicate an

upper bound on the flow speed that is

much smaller than the Alfvdn speed. This
is consistent with the generalized Sweet-

Parker model with a high downsrream
pressure. \(/hereas the Sweet-Parker model
predicts that 50o/o of the magneric energy
will be transferred to directed flow energy
and the other 50o/o to plasma thermal en-
ergy, MRX data suggests that magnetic en-
etry can be converted almost entirely to
ion thermal energy without an Alfvdnic
flow. This process may have relevance,
for example, to the coronal heating
problem.

MRX results showed that abour- 650/o

of magnetic energy is directly converred
to ion thermal energy, ofwhich only l7o/o

can be accounted for by classical processes,

including viscous heating. As a resuh,
roughly 50o/o of dissipated magnetic en-
ergy is converted to ion thermal energy
through nonclassical processes. Experi-
mentally, it was observed that the ion en-
ergy increase correlares well with resistiv-
ity enhancement, suggesting rhat the same

30
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Figure 4, Time eaolution of ion temperature
(top) and magneti.c energlt d,issipated per unit
aolume (bottom), both in the center of recon-
nection layery indicating the causalitlt between
reconnecti.on and ion heating.

fast reconnection mechanism(s) also di-
recdy heats ions.

Study of Current Sheet
Profile

In 1962, E.G. Harris found an el-
egant collisionless solution of the one-
dimensional equilibrium profile when
plasma is confined by oppositely di-
rected magnetic field, a situation which
is very similar to magnetic reconnection.
Since then, many theoretical and numeri-
cal studies of magnetic reconnection use
the Harris solution of magnetic field
profile, B(") ' Bo tanh (x/6). However,
this profile has not been observed in real
plasmas.

In MRX, the precise profiles of mag-
netic field across the currenr sheet has

been measured by avery high-resolution
magnetic probe array (5-mm sparial
resolution). It turns our rhat the mea-
sured magnetic profiles fit very well the
Harris solution, as shown in Figure 5.
This agreement is remarkable since the
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Harris theory does not take into account

reconnection and associated electric
fields and dissipation. The sheet thick-
ness 6 is found to be approximately 0.4

times the ion skin depth, which agrees

with a generalized Harris theory incor-
porating non-isothermal electron and

ion temperatures and finite electric field.

Interestingly, both in the magnetotail
and the magnetopause of the Earth's

magnetosphere, it has also been observed

that the thickness is on the order of the

ion skin depth.

30 40
R (cm)

(Z=0cm)

Future W'ork
Future work will address the source of

the enhanced resistivity, including the role

played by waves, instabilities, and turbu-
lence. The reconnection process in global

MHD aspect and three-dimensional per-

turbations to the quasi two-dimensional

current sheet geometry will be studied

concurrently.
The results from these efforts should

bring us closer to understanding the fun-
damental process of magnetic recon-

nection.
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Fi.gure 5. (a) Radiat profile of reconnecting magnetic field (B) measured by a high'resolution

magnetic probe arrny. (b) Cunent sheet infered, from B, measurements. The thickness of the

current sheet is appro$imately c/ap and' also pu,
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Fusion lheory anil
Advanced Computing

Dik:';#ffi:Th:
partment continued its lead role in help-
ing the U.S. Depanment of Energy's
(DOE) Fusion Energy Sciences Program
attain the scientific undersranding needed
to establish magnetic confinement of
plasma as an atrracive, technically feasible
fusion reactor option. This involves inno-
vative development of improved calcula-
tion capabilities and the application of
state-of-the-art theoretical and computa-
tional tools to the interpretation ofexperi-
mental results. Predicting the properties
of an energy-producing fusion plasma is a

great scientific challenge which depends
on the integration of many complex phys-
ics phenomena that cannot be deduced
from empirical scaling and extrapolation
alone. Increasingly powerful compura-
tional resources have stimulated progress,

and the PPPL Theory Departmenr con-
tinues to be at the forefront in demon-
strating how such capabilities advance sci-
entific knowledge and impact innovarion.

The research areas addressed by the
Theory Department impact plasma sci-
ence issues of importance ro all of the
maj or magnetic confi nement experiments
and to the design and operation of pro-
posed future devices. Key topics include:

o classical as well as turbulence-driven
transport in the presence of sheared

magnetic topology and plasma flow;

o dynamical interplay between small-
scale dissipation mechanisms and
the evolution of large-scale MHD
systems;

. wave-particle interactions featuring
energetic particle dynamics and their
influence on alpha-particle physics
in present-day experiments and fu-
ture ignited plasmas; and

o plasma boundary physics with em-
phasis on a realistic depiction of the
transport ofneutrals which is needed
to realistically assess the properties
of advanced divertor confi gurations.

The PPPL Theory Department fulfi lls
its mission in a cost-efltctive manner:

. by generating the physics knowledge
required for realistic extrapolation of
present experimental results;

o by suggesting new approaches to
stimulate experimental campaigns to
improve performance;

o by developing improved theoretical
analysis capabilities that are funda-
mentally sound;

o by contributing to the innovative de-
sign of new experimental devices;
and

o by providing a stimulating research

environment which effectively en-
ables the Laboratory to atrracr, rrain,
and assimilate the young talent es-
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sential for the excellence of the
plasma sciences.

Achieving the Theory Department
goals requires continued advances in ana-

lytical capabilities, together with the ac-

tive applications of the best existent theo-

retical tools for interpretation and design.

Key contributions to the areas highlighted

below are reminders of the lead role theory

can play in the fusion program. They un-

derscore the fact that many of the advances

in the field have resulted from an improved

understanding of the basic mechanisms

involved in toroidal confinement, not just

from the development of empirical rules

for scaling. The continuing improvements

in operating regimes in magnetically con-

fined plasmas and in diagnostic techniques

should enable even more realistic compari-

sons of experimental results with theoreti-

cal models. As more reliable physics-based

models emerge, it is expected that the pace

of breakthroughs wiii bc accclerate.l by

more efficient harvesting of key results

from experimental facilities and from iden-

tification of attractive new approaches and

the associated designs for new facilities.

Examples ofsignificant progress in the

fusion program enabled by scientific re-

sults from the PPPL Theory Department

are discussed below.

Three-Dimensional
Nonlinear MHD

The physics capabilities of the three-

dimensional extended-MHD code, M3D,
have been significantly improved and gen-

eralized in collaboration with New York

University and the Massachusetts Institute

of Technology to enable more realistic

analysis of advanced tokamaks and alter-

nate concept devices. Accomplishments
include:

o Utilization of M3D's two-fluid ca-

pability to calculate the growth and

rotation of magnetic islands in toka-

maks - 
an important step in the

development ofan appropriate non-

linear computational model for
studying the neoclassical tearing
mode.

o Derivation and successful imple-
mentation of finite Larmor radius

corrections to the energetic-ion pres-

sure response, enabling the applica-

tion of a modelwith gyrokinetic ions

and fluid electrons to show reduc-

tion of the growth rate of the fish-

bone mode due to Landau damp-
ing by background thermal ions;

and the application of a model with
fully kinetic (nongyrokinetic) ions

in productive studies of configura-
tions without a strong toroidal field,

such as Field Reversed Configura-
tions.

o Addition of an all-real-space three-

ciimensionai representation to the

existing rwo-dimensional real-space

and one-dimensional Fourier-space,

unstructured mesh version of the

M3D code. This allows study of
stellarator configurations with non-

axisymmetric boundaries, and en-

ables investigations of key questions,

such as under what conditions good

flux surfaces exist in stellarators, and

what the nonlinear consequences of
instabilities might be in new con-

figurations, such as the National
Compact Stellarator Experiment
(NCSX).

Turbulent Transport
Simulations and Analysis

Gyrokinetic Simulations. Tiansport

scalings, with respect to collisionaliry and

device size, have been obtained from mas-

sively parallel gyrokinetic particle simula-

tions of elecffostatic toroidal ion-tempera-
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ture-gradient turbulence in the presence

of zonal flows. Simulation results show
that ion thermal transport from electro-
static ion-temperature-gradient turbulence
depends on ion-ion collisions, due to the
neoclassical damping of self-generated
zonal flows that regulate the turbulence.
Fluctuations and heat-transporr-level ex-
hibit bursting behavior with a period cor-
responding to the collisional damping
time ofpoloidal flows. Results from large-
scale full-torus simulations with device-
size scans indicate that ion-temperature-
gradient transporr can deviate from the
gyro-Bohm scaling, even with small-scale
fluctuation and isotropic spectra. \With

regard to more comprehensive treatment
of electron dynamics, significant progress
has been achieved with the iftrovative in-
troduction of a split-weight scheme. This
new method has been successfully dem-
onstrated for treating nonadiabatic elec-

tron dynamics in simple geometry.

Gyrofluid Simulations. The nonlin-
ear gyrofluid (GF) code has been extended

to include fully electromagneric fluctua-
tions, and initial studies have been carried
out. These are especially important in re-

gions oflarge pressure gradients, such as

in the National Spherical Torus Experi-
ment (NSTX), in advanced tokamak re-

gimes, or in other advanced fusion con-
cept operating scenarios. Building upon
its well-established capabiliqy for dealing
with effects of turbulence-generated small-
scale fluctuating ExB zonal flows, rhe
gyrofluid code has now been extended to
include the linear effects of external ExB
shear flow, such as those driven by neutral
beams. It is presently being exercised in
studies of this stabilizing effect in opti-
mized shear discharges in the Joint Euro-
pean Torus, in NSTX, and other experi-
ments.

Kinetic Electromagnetic Analysis
A generalized gyrokinetic formalism

called the gyro-gauge kinetic theory has

been derived to nonperturbatively deal
with kinetic effects on global MHD modes
including the abiliry to accounr for high-
frequency modes such as Ion Bernstein
\flave and Compressional Alfvdn wave.
The new elecffomagneric code, KIN-2D,
has now been successfully benchmarked
against the PEST and NOVA-K codes
with numerical results calculated for the
n= I kink mode and the n=2 Toroidal
Alfvdn Eigenmode (TAE) mode.

Basic Tirrbulence
Theoretical analysis was directed to-

ward understanding the assertion rhat
long-time, nonintegrable tails on experi-
mentally measured correlation functions
may vitiate the "standard transport para-
digm' (of local, diffusive transporr). The
topic is related to the relevance of self-or-
ganized criticaliry in microturbulent rrans-
port, and involves fundamental issues of
nonequilibrium plasma statisrical dynam-
ics. A nonlinear stochastic model was con-
structed that reproduces rhe salient fea-
tures of the observed tails, yet lacks cru-
cial features of self-organized criticality.
Both theoretical and numerical analysis
lead to the conclusion that such tails are
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generic and are not necessarily associated

with the breakdown of local transport.

Stellarator Physics
Excellent progress on key physics is-

sues arising in the design of a compact

stellarator experiment has continued to be

made in the past year with numerous pa-

pers published. Results include:
MHD Stability. Improved diagnos-

tics have been added to the Terpsichore

3D MHD stability code, and have been

used to elucidate the physics of kink mode

stabilization. It has bccn found that stabi

lization via three-dimensional shaping

works by producing a strong local shear.

In kink stabiliry calculations at a beta of
4o/o, the destabilizing contributions due to

the current and the pressure are roughly

equal.

Equilibrium Flux Surfaces. Improve-

ments have been made to the PIES code

aleorithm to increase its speed. An im-
proved blending algorithm for handling

Poincare plot showi,ng theflux surfocesfor an
NCSX configurotion. Ihe plot was prod'uced hlt

computation with the PIES code'

PIES initialization with aVMEC solution
has been incorporated, and has speeded

up \W7X calculations by about a factor

of 6. Also in collaboration with the Insti-
tute for Plasma Physics in Greiswald, Ger-

many, the free-boundary version of PIES

has been improved. Specifically, the nor-

mal component of the magnetic field is
now adjusted at the "control surface" in-
terfacing the external Green's function so-

lution (provided by the NESTOR code)

with the interior PIES solution. The field

line following in the code has also been

speeded up by transforming from a Fou-

rier representation to a spline representa-

tion of the magnetic field. For speeding

up theAmperet Lawsolution in the code,

it has been recognized that key matrix in-
verses can be stored after the first itera-

tion, and do not need to be recalculated.

Plasma Control. A control matrix
method has been developed which
applies singular value decomposition
methods to determine the adjustments
to coil currents required to control key
physics properties. The method has

been applied to study the control over

transport and stability properties
available in a candidate coil set, and
will be applied in the assessment of
future coil designs.

Axisymmetric Modeling
of Noninductive Current
Build-up in Spherical Torus

An investigation of the feasibiliry of
increasing the toroidal current in a spheri-

cal torus via noninductive current drive

was performed using the TSC code . It was

concluded that building up the plasma

current by way of bootstrap overdrive
should be possible, but the timescales for
this are very long due to the desire to avoid

transient back-currents. TSC modeling of
existing NSTX plasma current evolution
has been rrery successful, giving excellent
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rtor PIenum

Main
Chamber

Contoar plot ofmolecalar deuterium pressure
in a DEGAS 2 simulation of the Alcator C-Mod
d.laertor baffiing (' flapper") experiments,
showing tbeflow ofgasfrom the diaertor re-
gion throagh the plenam and into the main
chamher.

agreement with the experimental data. The
current evolution in the coaxial heliciry
injection experiments has also been mod-
eled by including the coaxial helicity in-
jection voltage source, and allowing for
current flowing on the open filed lines.

Plasma Boundary Physics
The coupling of the DEGAS 2 neu-

tral and Lawrence Livermore National
Laboratory's UEDGE fluid plasma rrans-
port codes was demonstrated. H. Thkenaga

flapan Atomic Energy Research Institute)
has modeled JT:60U (tokamak in Japan)
and DIII-D (tokamak at General Atom-
ics in California), running the coupled
codes in a noniterative mode. Neuual-
neutral elastic scattering has been added
to DEGAS 2 by R. Kanzleiter (Rensselaer

Polytechnic Institute) as parr of his thesis
work. Initial efforts indicate that the elas-

tic scattering processes will be critical to
understanding Alcator C-Modt (tokamak

at the Massachusetts Institute ofTechnol-
ogy) divertor baffling ("flapper") experi-
ments. There are now at least five external
sites using DEGAS 2.

Resistive Sfall Modes
A circuit equation formulation of re-

sistive wall mode feedback stabilization
schemes, which had been developed for a

straight plasma column, has now been
extended to a toroidal configuration. It is
being benchmarked on DIII-D in antici-
pation of its use for NSTX. The PEST
code has been modified and tested ro ap-
proach within 0.9999 of the flux at the
separatrix.

RF Physics
New results from systematic studies of

plasma rotation induced by Ion Cyclotron
Range of Frequency (ICRF) headng in
tokamaks have shown that even though
ICRF introduces no angular momentum
into a tokamak, the torque density source
consists ofseparate regions ofpositive and
negative torque. This process has been

Plenum

Main
Chamber

OuterTraget

Cat-aw&! uiew of a three-dimensional ai.sual-
i.zation of the hardware geometr! used, i.n
DEGAS 2 simulations of the Alcator C-Mod,
d,iuertor baffiing "flapper" experiments. The
ring-Iike shacture near the bottom is the outer
diaertor target. A realistic treatment of the
aacaum plenum region is included to ltenni.t
modeling of theflow of gasfrom the d,i,uertor
through the plenum to the main chamben
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studied with a Hamiltonian-guiding cen-

ter code, ORBIT with ion-ion pitch-angle

scattering and drag, and Monte-Carlo ini-
tial particle distributions fitting expected

ICRF profiles. A diffusion equation for the

angular momentum transport then gives

a plasma rotation profile. \fhen the reso-

nance location is on the low-field side, the

calculated rotation has the magnitude,

profile, and co-current sense ofAlcator C-

Mod observations. Tore Supra (tokamak

in France) heats primarily on the high field

side, and simulations in this case give nega-

tive crntral plasma rotafion, in agreement

with the Tore Supra observations. Scaling

to reactor size devices follows a diamag-

netic velocity relation.

Advanced Computing
As noted earlier, the advanced scien-

tific computing activity at PPPL is an in-
tegral part ofthe research program in the

Theory Department. In this area, PPPL

has continued to provide the national lead-

ership and technical progress essential for
the effective development and deployment

ofadvanced computing capabilities to deal

with problems of exffaordinary complex-

ity encountered in the plasma sciences.

This involves the application of modern

computational techniques and high-per-

formance computers to address outstand-

ing issues facing fusion energy research.

PPPL has responded to the charge from
the USDOE Office of Fusion Energy Sci-

ences (OFES) to take the lead role in work-

ing with the rest of the fusion community
to develop an appropriate vision and

implement the associated plan for the Plas-

mas Science Advanced Scientific Comput-
ing Initiative (PSACI).

Technical progress, which has entailed

close collaborations between the Theory
Department and the Computational Phys-

ics Group at PPPL, includes the introduc-

tion of new physics capabilities and the

conversion and optimization of several

major PPPL codes to effectively utilize
massively parallel computers. Associated

activities involved the introduction of new

algorithms and computational techniques

and the application of modern visualiza-

tion tools.
Participation in the new advanced

computing programs proposed by the

DOE Office of Science is of great benefit

to the Fusion Energy Sciences Program

with respect both to accelerated research

and the general perception of its scientific

stature.

The PSACI represents the OFES

thrust in this key area. It aims to discover

and employ crosscutting computer science

and applied mathematical methods to help

drive research progress and also to begin

to establish a national terascale distributed
scientific simulation infrastructure for the

plasma sciences. Because of the broad

scope of the PSACI and the eventual need

for possible interagency and interdiscipli-
nary coordination, it will be managed as a

project at all levels.

In the interest of the overall U.S. Fu-

sion Energy Sciences Program, PPPL was

chosen by OFES to serve as the lead insti-
tution in managing PSACI research activi-

ties. The pilot programs to be launched

during FY00 are expected to enable new

capabilities in realistic transport and tur-
bulence simulations and in nonlinear ma-

croscale simulations.

In the coming year, the advanced sci-

entific computing program at PPPL will
participate in the research and provide
leadership for the PSACI. In response to

the charge from OFES, PPPL will also

continue to build the infrastructure capa-

bilities needed to establish a Distributed
Center of Excellence in Computational
Plasma Science.

26



Off-Site Research

P
rinceton Plasma Physics Labora-
tory (PPPL) scientists conducr re-
search on leading domestic and in-

butions to DIII-D results reported in jour-
nals and in papers presented ar major con-
ferences, and also played leading roles in
planning and execution of experiments.
PPPL engineering and technical staffcom-
pleted important projects needed for cal-
endaryear 1999 (CY99) and CY00 experi-
ments and provided valuable support for
the CY99 DIII-D major shutdown activi-
ties. PPPL also continued to provide
needed operations engineering and appli-
cations software support.

Stability
In collaboration with resear&ers from

Columbia Universiry the Oak Ridge Na-
tional Laboratory (ORNL), and GA,
PPPL researchers conducted the first tests

of active feedback stabilization of resistive
wall modes (R\fM and reported favor-
able results. Stabilization ofR\ilM is avery
important element in the development of
high-performance advanced tokamak plas-
mas, and DIII-D is the only large toka-
mak with a major effort in that area. The
main objective of the first experimenrs was

to stabilize the R\WM by creating a"per-
fectly'' conducting shell with acdve com-
pensation of the n=1 flux leaking through
the resistive vacuum vessel. Results indi-
cate that the n= I flux leakage from the
vacuum vessel can be compensated by the
feedback system. The amplitude of the
magnetohydrodynamic (MHD) mode
was reduced, and its onser was delayed. In
addition to this so-called "sman shell"
technique, a survey ofseveral other con-

ternational off-site facilities to address key
scientific issues emphasizing PPPLs core
competencies in theory, diagnostics, ex-

periment design and analysis, and opera-
tions. PPPLs domestic collaborations on
DIII-D at General Atomics (GA) and
Alcator C-Mod at the Massachusetts In-
stitute ofTechnology (MIT) focus on op-
timization and understanding of the toka-
mak. International collaborations focus on
large-scale burning-plasma issues and
long-pulse steady-state issues.

The primary tokamak physics issues

are the understanding and the knowledge-
based control of the spatial profiles of the
plasma current density, pressure, and
transport, as well as improvement of mac-
roscopic stabiliry by feedback control of
wall modes and neoclassical tearing modes.
In innovative concepts, researchers apply
PPPtls toroidal physics expertise and tools
to promising toroidal magnetic confine-
ment concepts and apply diagnostic and
analysis techniques to increase understand-
ing, with the objective of exploiting that
understanding to improve performance
and to optimize the concepts.

Doublet-III-D Collaboration
PPPL is a major collaborator in the

tokamakprogram at the DIII-D National
Fusion Faciliry at GA. The collaboration
was extremely productive during 1999.
PPPL physicists made substantial contri-
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trol methods was carried out, including a

preprogrammed rotating magnetic field
and the "fake rotating shell" and "mode

control" feedback schemes. In FY00, these

experiments will be extended to higher-

performance plasmas and will emphasize

optimization of control algorithms.
The FY99 experiments were enabled

by the delivery and commissioning of
three switching power amplifiers, which
were procured by PPPL to provide cur'
rent to the feedback control coils. In the

initial experiments, one power amplifier
supplied both feedback control and error
field correction to each of the three pairs

of existing active coils (C-coils) at modest

current. After delivery, installation, and

commissioning of the remaining two
power supplies, which was accomplished

seven months ahead of schedule, the ex-

periments were extended to higher-perfor-
mance plasmas.

Figure 1 illustrates the feedback stabi-

lization scheme. Magnetic fields produced

by nonaxisymmetric MHD modes are

detected by six "saddle loops," which were

installed by PPPL in FY9B. Each saddle

loop sensor covers a 60o toroidal segment

on the DIII-D midplane and is pairedwith
the diametrically opposed loop. This ar-

rangement provides three signals for de-

termining the amplitude and toroidal
phase of the modes. After processing the

sensor data using one of a variery of feed-

back algorithms, control commands are

generated for the three power supplies,

each ofwhich energizes one pair of the six

active coils. To improve characterization

of the helical structure of resistive wall
modes during CY00 experimenrs, PPPL

has installed twenty-four new saddle loop

sensors in two toroidal arrays of twelve

coils each, as shown in Figure 1.

Among other experimental results

obtained in FY99, the first attempts at

feedback stabilization of low-density
locked modes were not successful, but
analysis suggests that application of feed-

back earlier in the plasma discharge, and

use of improved feedback algorithms, may

allow control of locked modes. Soft X-ray

measurements of plasmas with resistive

o

2.O
a

m-3ooco(s
o)

-20 e Loop
Extension
(PPPL)

I

I
I
I

*
External
Saddle Loop

C-Coil

(PPPL)

Saddle Loop
Extension

oo

00

Pt)

Fi,gure 1. Schemati.c illustration of the feedback stabilizatlon equi.pment used on DIII-D, includ''

ing i.nput and output waueforuns for the three switchi'ng power ampli'flers.

100

00

28



wall modes, using toroidally separated
cameras, are in good agreement with
saddle loop magnetic measuremenrs and
confirm the n=1, kink-like mode srruc-
ture. The first measurements on DIII-D
of halo currents during nondisruptive
MHD events were also reported.

Confinement and Thansport
The second area of major emphasis of

the PPPL/DIII-D collaborarion was in the
formation and sustainment of internal
transport barriers. In FY99, PPPL collabo-
rated in a number of experiments on DIII-
D aimed at understanding internal trans-
port barrier dynamics and demonsrrating
some degree of barrier control. Studies
with counter neutral-beam injection com-
plemented previous work performed with
co-injection, as well as that performed on
the Tokamak Fusion Test Reactor (TFTR)
with co and counter neutral-beam injec-
tion. The role of the interplay berween

pressure and rotation drive in governing
barrier dynamics was examined using data
from these studies. It was shown that bar-
rier dynamics are critically dependent on
the alignment of pressure and rotation
profiles.

'Wave-Plasma 
f nteractions

Studies of electron cyclotron heating
(ECH) and electron cyclotron currenr
drive (ECCD) are central to DIII-Dt
mission to develop the tools necessary for
advanced tokamak operation. These tools
will also be useful for alternate concepr
research and for standard tokamaks. Spe-

cifically, the ECH/ECCD program will
use high-power gyrotrons for localized
control and modification of pressure and
current profiles, and for suppression of
neoclassical tearing modes. In addition,
heating in the ion cyclotron range of fre-
quencies (ICRF) has played a prominent
role in past experiments on DIII-D and
will be used in conjunction with ECH/

ECCD and neutral-beam heating in stud-
ies of high-performance, advanced toka-
mak plasmas.

Experiments on DIII-D in FY99 were
hampered by the availability of only a

single l-M\f, 110-GHz gyrotron. Fur-
thermore, very little time was devoted to
ICRF operation because of system up-
grades and other experimental priorities.
No ICRF experiments are planned for
FY00, so that technical personnel can con-
centrate on commissioning new gyfotrons.
Nevertheless, PPPL physicists obtained
significant new results by carefully analyz-
ing data from earlier experiments.

Evidence was reported of an internal
kink instability possibly driven by barely
trapped suprathermal electrons produced
by off-axis ECCD. It occurs in plasmas

with an evolving safery factor profile q(r)
when q,,,1n approaches 1. This instabiliry
is most active when ECCD is applied on
the high-field-side of the flux surface. It
has poloidal and toroidal mode numbers
mln=lll with a bursting behavior. In posi-
tive magnetic shear plasmas, rhis mode
becomes the fishbone instability. The ob-
servation can be qualitatively explained by
the drift reversal of the barely trapped
suprathermal electrons.

A study of Alfvdn instabilities during
ICRF sawtooth stabilization experiments
suggests that these energetic particle
modes, whose frequency decreases as q(0)
decreases, may cause tfansport of fast ions
and lead to monster sawreerh. If q(0) can
be controlled by ECCD, it may be pos-
sible to extend sawtooth-free operation.
These phenomena will be studied further
when ICRF operation resumes in FYO1.

Four gyrotrons should be readyfor use

in the FY00 experimental campaign. This
will allow significant exrensions of previ-
ous studies, and PPPL will play key phys-
ics and technical support roles in those
experiments. One of the major PPPL ac-
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complishments during FY99 was the de-

velopment, delivery, and installation of a
remotely steerable ECH/ECCD launch-

er, capable of controlling toroidal and

poloidal injection angles of two 110-GHz
gyrotron beams. This will allow precise

and convenient localized heating and cur-
rent drive, and will substantially improve

experimental flexibilitywith respect to the

antennas previously in use, which required

a clean vent ofthe vacuum vessel in order

to change between heating and current
drive configurations. Now, for the first
time, the current drive or heating c,rnfigtt-
ration can be changed remotely between

plasma discharges.

Figure 2 shows the new launcher dur-
ing laboratory tests prior to installation on

DIII-D. The upper fixed copper mirrors,

direct the input beams onto the lower
molybdenum and graphite steering mir-
rors. After installation, as shown in Fig-

ure 3, a fixed shield protects the upper
mirrors, and a shutter can be positioned
to protect the steering mirrors when the

launcher is not in use.

Theory and Modeling
The PPPL/DIII-D collaboration in

theory and modeling has objectives across

a range of plasma theory, modeling, and

code development areas. These activities

are integrated with the experimental pro-

Figure 2. The steerable launcher durtng labo-
ratory tests.

Fi.gtre 3. Tbe steerable laancher after i'nstal-
lati.on and testlng, aiewedfrom inside the DIII'
D aacaurn aessel.

grams in stabiliry (resistive wall modes,

extension of the duration of high-perfor-

mance modes by stabilization of edge

modes, and stabilization of neoclassical

tearing modes) and transport (emphasiz-

ing understanding and control of trans-

port). The VACUUM code is currently

being modified to simulate the feedback

stabilization of the resistive wall mode in
DIII-D. VACUUM relates the perturba-

dons on the various surfaces, i.e., the

plasma, both sides of the resistive shell,

and the active control C-coils. As a first
approximation, a PEST or GAIO surface

eigenmode of an ideal kink is assumed.

By energizing the C-coils in the code ac-

cording to the various proposed feedback

schemes, code results can be compared

with experimental results, and the model-

ing will also provide helpful guidance for
future experimental runs.

Substantial progress has also been

made in the understanding ofzonal flows.

For this year, a key issue was developing

diagnostics to try to measure the zonal

flows that are so important in gyrokinetic

turbulence simulations. Discussions are

ongoing between PPPL theorists and GA
and PPPL experimentalists to find the best

combination of code and equipment de-

velopment.
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A new theoretical model has been de-
veloped to account for toroidal rotation
in plasmas heated by ICRF alone, as has

been observed in Alcator C-Mod. The
model is based on a detailed study of fast
ion orbits and demonsrrares the possibil,
ity of sustainment of core plasma roration
by ICRF, even though there is no ner
torque on the plasma.

Diagnostic Development
In collaboration with GA and the

Lawrence Livermore National Laboratory,
PPPL completed installation of the Thn-
gential Central Thomson Scattering Sys-

tem, which provided measurements of
core plasma electron temperature and den-
siry during the FY99 experimental pro-
gram. In cooperation with GA and
ORNL, PPPL designed and installed
modifications needed to accommodate
both ASDEX and Penning gauges for the
new upper divertor area. These diagnos-
tics are important for fast neutral gas pres-
sure measurements and for measufements

ofpartial pressures ofdifFerent neutral gas

species in the divertor plenum.

Alcator C-Mod Collaboration
PPPL physicists and engineers made

major contributions to MIT's Alcator C-
Mod tokamak scientific program during
FY99. PPPL physics and engineers de-
signed, fabricated, and helped install a new
four-strap ICRF antenna which doubles
C-Mod's auxiliary heating power and al-
lows the launch of directed waves for cur-
rent-drive experiments. PPP[is radio-fre-
quency engineering group has provided
hands-on assistance with the tuning of the
ICRF transmitters, as well as incorporat-
ing PPPIJs operating experience into the
transmitter rebuild, following the loss of
several high-power output tubes. The ad-
dition of lower-hybrid current drive will
allow C-Mod to explore plasma param-

eters in the advanced tokamak regime, and
a joint MIT/PPPL proposal was submit-
ted to the U.S. Department of Energy
(DoE).

New plasma diagnostics were brought
on line. The grating polychromator #2
electron cyclotron emission (GPC2 ECE)
diagnostic improvement allows greater
spatial resolution of electron remperarure
profiles across the plasma core. The addi-
tion of edge Thomson scattering extends
electron temperature measurements to the
plasma edge. Other plasma diagnostics in-
stalled or initiated include the motional
Stark effect measurement of the plasma
current distribution, two-dimensional im-
aging of turbulence at the plasma edge,

and upgrades to the microwave reflecto-
meter to allow density and fluctuation
measurements to be extended farther up
the edge pedestal.

TRANSP code modeling of plasma
transport in C-Mod discharges has allowed
their inclusion into the InternationalTher-
monuclear Experimental Reactor (ITER)
database and comparison with a number
of uansport models. TORIC and METS
code modeling of the ICRF physics pro-
cesses allows for benchmarking of these

codes to electron power deposition data
and gives confidence in their use in a pre-
dictive mode.

ICRF Antenna
A new four-strap ICRF antenna (Fig-

ure 4), designed and fabricated at PPPL,
was installed into C-Mod in December,
1998. It was designed to couple up to 4
M\7 of ICRF power to the C-Mod
plasma, doubling the auxiliary heating
power ftom 4 M\7 to S M\( Its more
advanced design is intended to allow op-
eration at approximately twice the power
density of previous antennas, and it allows
the launch of directed waves for current-
drive experiments. The external resonant
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Figure 4. The new foar-strap ICRI antenna
mounted inside Alcator C-Mod,

loops were installed and tuned to operate

at both 78 rnd 60 MHz through the
simple addition of transmission line seg-

ments. Repeated transmitter failures in
March, 1999led to the delay of start-up

until September. The antenna was then

vacuum conditioned up to 40 kV followed

by the application of increasing amounts

of radio-frequency power into the plasma.

In the D(H) hydrogen minoriryheat-
ing regime at 78 MF{a the new antenna

achieved -2.5MW power into the plasma,

with (0, 180, 180, 0) current strap phas-

ing, and -3 M\f, with (0, 180, 0, 180)

phasing. Preliminary studies show heat-

ing comparable to the older antennas at

D- and E-Port, but with higher levels of
impuriry generation (titanium, carbon,

and molybdenum from the front tiles).

The total power into the plasma using all

three antennas together pushed up to 5
M\W for brief periods.

The rapid increase in impurity gen-

eration above - 1.3 M\f and the decreas-

ing power-handling capability during the

run prompted a critical inspection of the

antenna following the end of the FY99

experimental campaign. Substantial arc

damage was found on the antenna struc-

ture and the front tiles. The antenna was

disassembled, the arc damage was cleaned,

and modifications to the antenna struc-

ture and tile assembly were performed.

Further modifications, to both the fault

protection circuits and the conditioning
procedures, were also implemented.

ICRF Operational Support
PPPL physicists have been fully inte-

grated into the operation of the C-Mod
ICRF system for a number of years, while

the PPPL radio-frequency engineering

group has provided close assistance with
hardware installation and maintenance.

The calamitous transmitter failures of the

Spring of 1999,which resulted in the loss

of several high-power transmitter output
tubes, led to a stand-down for the whole

ICRF system and the fbrmation of a task

force to assess the failures. This group in-
corporated both PPPL engineers and

physicists, along with their MIT counter-

parts. The ffansmitter fault modes were

analyzed, and a substantial rebuild was

initiated, including circuit modifications

based on PPPL transmitter experience.

This hands-on involvement, initially
-r.-- -.1 -- -,--,^^-^-t-^^.- ^,-^-^^-1 ^^ -^---:-alIIICq aL LlallsllllLLcl PruLtrLlrt-rll, lluw lrl-

cludes transmitter tuning and optimizing
to achieve maximum power into the

plasma.

Lower-hybrid Cument Drive
C-Modt new auxiliary heating capac-

iry of 8-M\W ICRF source power may be

leveraged very effectively to push C-Mod
into the advanced tokamakphysics param-

eter space, if an additional method for off-
axis current profile modification is pro-

vided. A joint MIT/PPPL proposal add-

ing off-axis current drive based on the

absorption of 4.6-GHz lower-hybrid
waves was written and submitted to DOE.
PPPL will supply the lower-hybrid launch-

ers (see Figure 5), based on the successful

design used on the Princeton Beta Experi-

ment-Modification, and aTFTR neutral-

beam high-voltage transformer and recti-

fier. MIT will supply the klystrons, high-

voltage switchgear, and controls. The
project timetable is funding limited, but

t..
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Figure 5. Planned lower-hybdd current-dNae
launcher.

operation with the first launcher is plan-
ned to start late in FY02.

used to study electron power deposition
during ICRF heating and the shape of the
edge pedestals in high-confinement modes
(H-modes). These results were presenred
at the 1999 American Institute of Phys-
ics' Applications of Radio-frequency Power
to Plasmas Conference held in Annapolis,
Maryland. These measurements have also

shown direct evidence of off-axis mode-
conversion heating of elecrrons in the
D(H) regime (see Figure 6), consistent
with predictions of several ICRF deposi-
tion codes.

Edge Thomson Scattering Diagnostic
Additional fibers were added ro the

core C-Mod Thomson scattering diagnos-
tic (see Figure 7) and imaged onto rhe
spectrometer originally installed for
divertor X-point Thomson measurements,

providing increased edge electron rem-
perature measurement capabiliry. A review
of the original divertor X-point Thomson
scattering collection oprics revealed a de-
sign flaw, causing extremely low light
transmission and a cancellation of this di-
agnostic. The newly enhanced edge capa-

Electron Cyclotron Emission
Diagnostic Improvements

Improvements continued to be made
to the electron cyclotron emission (ECE)

diagnostic which measures elecrron rem-
perature. The performance of the GPC2
diagnostic was upgraded to provide 18-
channel spatial resolution, with 4O-micro-
second time resolution. Up to 27 radial
channels are available, if the older GPC1
is included. These measuremenrs were

0
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Figure 6. ECE measurement of electron power deposition and comparison with ICRF codes.
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Figure 7, Edge Ihomson scattering diagnostic.

bility now routinely provides electron edge

temperature and density profiles for ped-

estal studies.

Motional Stark Effect Diagnostic
A measurement of the poloidal mag-

netic field via the motional Stark effect on

fast neutral atoms injected by a diagnos-

tic neutral beam allows the spatial distri-
bution of the plasma current which gen-

erated the field to be determined. PPPL

designed, fabricated, and installed the op-

tical system (see Figure 8) which will view

andanalyze the light emitted by the diag-

nostic beam being installed by the Uni-
versity of Texas. This optical system will
also provide signals for the Texas Beam

Emission Spectroscopy diagnostic.

The internal optics were installed in-
side the C-Mod vacuum vessel. The ex-

ternal optics and data acquisition electron-

ics were prepared, but await completion

of the diagnostic beam.

Two-Dimensional Imaging
of Edge Plasma Turbulence

Tangential viewing of a gas puff in-
jected into the plasma edge may reveal a

rwo-dimensional image of plasma turbu-
lence there. Light emitted from the gas

atoms by plasma collisional excitation can

be photographed with a fast video camera

to reveal turbulence structure and scale

lengths (see Figure 9). This information
may then be correlated with plasma core

transport to determine the relevant role

ofedge turbulence on transport.
Initial measurements of edge light us-

ing existing optical equipment were made,

clearly revealing fluctuation signals. A

gas

camera
last

wffi
Fi.gure 8. Motional Stark elfect aacuum opti.cs

mounted inslde Alcator C-Mod'.

Figure 9. Sketch of proposed two-dimensional
edge turbulence imaging d'iagnostic.

separalrix
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dedicated optical system is now in prepa-
ration to allow full two-dimensional im-
aging.

Reflectometer Upgrade
During FY99, an upgrade to the C-

Mod microwave reflectometer was initi-
ated with the addition of microwave re-
ceiver components to allow plasma den-
sity and fluctuation measurements to be
performed fanher up the plasma.edge ped-
estal (see Figure 1 0). This upgrade will also
provide fluctuarion correlation length
measurement capabiliry. Further upgrades
to extend this capabiliry ro the plasma core
are being considered.

Thansport Modeling
Several C-Mod plasmas have been

used to test a number of transport models
(IFS-PPPL, Multi-mode, RL\f, RL\trB),
all of which predict temperarures lower
than the measured values. The IFS-PPPL
model, based on ion-temperature gradi-
ent-driven turbulence, predicts critical
ion-temperature gradienr scale lengths
about 50o/o longer than those measured.
C-Mod plasmas have collisionalities which
are higher than the range ofvalidiry of the
model, so new calculations of the expected
critical ion-temperature-gradienr scale
lengths were made. The GS2 gyrokinetic
stabiliry code was used in collaboration
with \M Dorland, Universiry of Maryland;
critical ion-temperature-gradienr scale
lengths for linear stabiliry were found to
be somewhat longer than that of the IFS-
PPPL model, the theoretical expectation
is still not consisrent with the measure-
ments. Nonlinear simulations of the tur-
bulence will be made nexr ro see if the
"nonlinear upshift" of the location of "ef-
fective criticaliry' can reconcile theory and
experiment. Such an upshift has been es-

tablished theoretically in other plasmas,
but the unusually high collisionaliry of C-
Mod is expected ro reduce this effect.

144 G
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Freq{unable
2 Channels128 GHz

110 GHz

BB GHz
Present
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Fi.gure 10. Plasma edge region showi,ng rellec-
tome ter me a.surement c ap abi lity.

ICRF Modeling
The experimental capability of C-Mod

to enter the advanced tokamak regime
through the application of high-power
ICRF heating and current drive, as well
as the planned lower-hybrid current drive,
requires accurare modeling for experiment
planning and to assess the subsequent
physics results. Though PPPLs TRANSP
code is capable of analyzingminority ion
heating experiments, rhe ICRF package
must be extended to treat the ion Bernstein
wave (IB\W), excited via mode conversion
from the fasr wave, especially at higher
minority concenrrations. The TORIC
full-wave ICRF code, which includes a

quasi-localized trearment of the IB\fl, will
be installed in TRANSP during FY00.
Benchmarking comparisons of TORIC
against the METS integral one-dimen-
sional kinetic code was performed, and
good agreemenr was found. Electron heat-
ing predictions of both codes have been

compared with a variery of C-Mod mode-
conyersion experiments. Both codes show
a strong sensitiviry to the electron densiry
in mode-conversion heating of D(H) plas-
mas. Reasonable agreement is found in
O(3Ue) for on-axis heating of the 3He,

while differences in the off-axis predictions
are believed to be due to poloidal resolu-
tion limits in TORIC. TORIC will be in-
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stalled in the TRANSP time-dependent

transport analysis package, and initial test-

ing will be conducted in FY00.

International Collaborations
During FY99, the PPPL International

Collaborations Program continued to pro-

vide opportunities for Laboratory re-

searchers to take part in experiments at

the most advanced fusion facilities abroad

to enhance scientific understanding'
PPPLs International Collaborations

Program fits nicely with the recommen-

dations for the U.S. Fusion Energy Sci-

ences Program defined at the U.S. fusion

communiryt 1999 Fusion Summer Study

\Torkshop and subsequentll, by the Fu-

sion Energy Sciences Advisory Commit-
tee . The focus of PPPLs international col-

laborations has been on physics studies on

the worldt largest tokamaks, theJoint Eu-

ropean Torus (JET) in England and the

Japanese Tokamak (JT-60U) and the

world's largest stellarator, the Large Heli-

cal Device (LHD), in Japan.

JET is the only device capable of car-

rying out burning-plasma physics experi-

ments using deuterium-tritium (D-T)
fuel. PPPLs experience from TFTR con-

tributed to the JET DTEI experimental

program last year and, this year, has pro-

vided support in creating improved con-

finement regimes in preparation for a fu-
ture D-T operation. PPPf: strength in

transport modeling and in modeling of
MHD behavior, particularly involving
energetic particles such as alpha particles,

has proven significant for understanding

plasma behavior.
The plasmas inJT-60U have provided

the highest fusion performance, in terms

of projection from deuterium-deuterium
(D-D) neutron emission to that of D-T.

Again the concentration has been on im-

proving the plasma confinement. The
modeling of the plasma behavior has been

the major part of the PPPL contribution'

The LHD in Japan, began oPeration

in March, 1998, and has achieved good

plasma parameters as its heating power has

increased. PPPL has so far participated

mosdy by providing plasma diagnostics,

but Laboratory researchers look forward

to taking part in physics studies as this

important program matures.

The PPPL International Collabora-

tions Program has been enhanced by stud-

ies on smaller devices where specific issues

were being investigated. International col-

laboration on spherical tori (STs) will be-

gin to flourish in FY00, when the Mega

Amp Spherical Torus (MAST) device at

Culham, England, andGLOBUS-M in St.

Petersbutg, Russia, begin to operaLc.

Experiments and analysis elucidating

features in four significant areas of fusion

science research were carried out during
FY99. These are detailed below An im-

portant diagnostic development is also

highlightcd. In addition, a collaborative

study program on aspects ofthe use oftri-
tium in TFTR, under an Annex to the

DOE{AEzu (Japan Atomic EnergY Re-

search Institute) Collaborative Agreement'

moved forward. This program is carried

out in collaboration with the Los Alamos

National Laboratory.

Plasma Tirrbulence and TransPort
PPPlLs strength in involving theorists

closely with experimentalists in interpre-

tation of their results led to the applica-

tion of new modeling codes to determine

whether the impact of microturbulence

should be reduced in plasmas for configu-

rations with improved confinement. Stud-

ies were carried out in both JET and JT-
60U. The abiliry to evaluate the transport

properties of the plasma using the PPPL-

developedTRANsP analysis code and the

fast computing capabiliry at PPPL ben-

efited this effort greatly. For JEt plasmas

in the "optimized-shear" mode of opera-

don were analyzed.The understanding of
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these plasmas is now being gready im-
proved by the use of the motional Stark
effect diagnostic. Built jointly by PPPL
and JEI this apparatus provides a mea-
surement of the local magnetic field in-
side the plasma. The q-profiles were found
to be flat or mildly reversed with q(0)>1
in both the target and high-power phases

of optimized-shear discharges. TRANSP-
analysis was also applied in support of the

JET study of the edge localized mode
(ELMy) H-mode configuration, consid-
ered to be the most probable operational
mode for a steady-state fusion reactor. On
JT-60U, an atrempr to discriminate be-

tween the transport models used to pre-
dict the performance of a nexr-step device
was in progress at the end of FY99. In-
cluded in this study is an evaluation of the
relationship between core and pedestal
temperatures for ELMy H-mode plasmas.

An important aspect of the effort on JT:-
60U has been an attempt to explain
changes in densiry fluctuations during the
creation of an improved-confinement re-

gion, obserued using the correlation reflec-
tometer instrument provided by PPPL.

Macroscopic Stability
New modeling codes were applied

with some success to understand the low-
frequency, potentially confi nement-dam-
aging MHD instabilities in bothJET and

JT-60U. These codes predict the impact
of fast ions, either being created by the
neutral beams or by radio-frequency waves

heating the plasma, on the growrh of these

instabilities. Three codes were used to ana-

lyzeJET ELM-free deuterium and deute-
rium-tritium plasmas. Plasma-sheared ro-
tation was introduced into the calcula-
tions. The m=1 instabiliry mode was as-

sumed to rotate with a frequency equal to
the plasma rotation frequency at the q= i
surface. The instabiliry has a global srruc-
ture and can interact with fasr particles at

different minor radii. It was found that

rotation increases the fast particle contri-
bution to rn= 1 stability, in qualitative
agreement with observarions of long
sawtooth periods in JET high-perfor-
mance plasmas.

A new type of magneric probe, mak-
ing use of micro-chip technology, was de-
signed. Eight were installed on LHD to
measure both the steady and MHD-in-
stabiliry-generated fields. Preliminary data
was obtained.

Fast Particle Physics
During FY98, experience gained from

TFTR D-T experimenrs was used in JET
experimental operations and theoretical
analysis ofJET D-T data, including mea-
surements of the behavior of alpha par-
ticles created in the fusion reacrions.

Theoretical analyses performed by
PPPL physicists during FY99 aided the
understanding of some measurements of
the loss of fast ions, associated with inter-
nal disruptions on JET A new code, which
can resolve kineticAlfvdn-rype modes, was

applied to identify the observed precrash
chirping mode 

- 
a very low-frequency

mode with strongly ballooning srructure.
It is stable in the absence of fast ICRF-
driven H-minority ions, but becomes un-
stable when minority ICRF ions are in-
troduced. It is suggested that this mode,
identified as a kinetic ballooning mode
(KBM), during its chirp, can produce par-
ticle transport from the center to rhe q=2
surface, where a2ll internal kink mode is
excited. The transport driven by KBM
must still be demonstrated, and another
code is being used to calculate the redis-
tribution of particles from the cenrral re-
gion outward when the mode amplitude
is sufEciently large.

In these regimes, very high-frequency
fluctuations have been observed in plas-
mas heated by radio-frequency waves or
by neutral beams. These fluctuations have
been related to a type of instability mode
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identified initially as being driven by al-

pha particles. On JT-60U, however, fast

neutral particles crcatctl by a rrcgativc-iou-

source neutral beam are injected into the

plasma. (PPPL has been contributing to

the steady improvement of the perfor-
mance of this source, both in maximum

enery and in reliabiliry by developing a

thorough understanding of the physics of
this novel type of beam.) Here instabili-

ties of a similar type have been predicted

theoretically and observed. Collaborative

experiments on JT-60U were performed

where chirping and burst modes of the

Toroidal Alfvdn Eigenmode type, excited

by negative-ion neutral-beam injection,
were investigated. Two theoretical codes,

NOVA-K and HINST, have been used

for analysis of chirping modes. Three
possible physical mechanisms for the fre-

quency chirping in the Alfvdn frequency

range have been identified. They are : (1)

thc slowly cvolving q profile rvhich leads

to a radial shift of the mode, and its sub-

sequent change in frequency, and has

been already studied in JT-50U and

TFTR; (2) the change in the fast-particle

pressure profile as a result of increased

plasma density and, hence, broadening

of the beam-deposition profile; and (3)

the change in particle distribution func-
tion in phase space in a very short time
(3-5 msec). The range of the frequency

chirp estimated from the HINST analy-

sis is consistent with that experimentally
measured.

Another kind of Alfudn Eigenmode

instability, ellipticity-induced Alfvdn
eigenmodes (EAEs), was observed during
ICRF heating, and was stabilized with
negatiye-ion neutral-beam injection. High
frequency modes in the range 525-550
kHz, with toroidal mode numbers of n=3-

7, were excited after the sawtooth crash,

during the ICRF heating. The high-fre-

quency modes were stabilized by negative-

ion neutral-beam injection at 350 keV.

Stabiliry analysis using the NOVA-K code

showcd that fast ions crcated by negative

ion neutral-beam injection enhance the

damping of the EAEs and tend to stabi-

lize them.
During FY99, PPPL provided scien-

tists at the LHD with a new analyzer for
measurements ofhigh-energy particles lost

as a result of neutral-beam heating in the

LHD's complex magnetic field. This ana-

lyzer is of the rype developed for TFTR,
which can provide the distribution in en-

ergy of the fast particles. An analyzer for
escaping fast ions of the scintillator type,

also developed for TFTR, has been used

on the stellarator \77-AS in Germany to

determine the losses caused by scattering

of the fast ions. Similar equipment for
application on LHD is being designed

with PPPL support. Design and analysis

software has been prepared for a detector

for the small Japanese tokamak, JFT-2M,
where the effect of variation in the mag-

netic field due to the finite nature of the

toroidal field coils (ripple), is to be ex-

plored. Ripple is expected to have a sig-

nificant impact on the loss of fast particles,

and JFT-2M will reduce these losses by

adding soft-iron pieces under the coils. A
significant toroidal rotation of the plasma,

and its associated radial electric field, could

lead to significant reduction in these losses;

a theoretical study is being carried out in
support of the French Tore-Supra tokamak

team.

Plasma Boundary Physics

PPPL experimentalists participated in
experiments at both JET and JT-60U
where impurity noble gases were injected

at the plasma edge to improve the plasma

confinement in the core. This technique

of radiative impuriry discharges (RI-mode)

was developed by the TEXTOR team in
Germany. For both devices, studies were

still in progress at the end of FY99.
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The control of the influx of impuri-
ties from the solid wall surfaces surround-
ing the plasma into its hot core is an im-
portant issue for good core confinement.
A study of the screening out of carbon
impuriry injected as merhane into theJET
divertor, already clearly shows that this
screening process plays a significant part
in establishing the intrinsic impurity lev-
els in the core.

Diagnostic Development
In the area ofplasma diagnostics, there

has been progress in the development of
X-ray crystal specroscopy being carried
out atTEXTORwith a team ofphysicists
from Institute for Plasma Physics, Jtilich,
Germany, the Universityof Bochum, Ger-
many, and Auburn University. Spectra of
ArXWI were obtained with a spherically
bent quartz crystal and a two-dimensional
position-sensitive detector. Spherically
bent crystals are at the heart of a new rype
of X-ray imaging crystal specrromerer,
which provides sparial resolution in the
plasma in a direction perpendicular to the
diffraction plane. This instrumental capa-
bility will greatly enhance measuremenrs
of ions in devices without neutral-beam
heating. An imaging X-ray crystal spec-
trometer is now under construction for the
National Spherical Torus Experiment
(NSTX) and another will be installed at
the \fl7-X stellarator in Greifswald, Ger-
many.

PPPL has provided neuffal-parricle ana-
lyzers oftheTFTR rype, with the elecmic field
parallel to the magnetic field in the analyzer,

for installation at rhe LHD in Japanand at
the MAST in England.

Thitium Studies in TFTR
The Princeton Plasma Physics Labo-

ratory is also benefiting from a jointly
funded collaboration with the Japan
Atomic Energy Research Institute to study
the retention oftritium in the graphite tiles

which made up the plasma-facing first-
wall ofTFTR. Graphite is a highly favored
material for the first wall of a fusion reac-
tor, but its absorption of tritium and dif-
ficulry of subsequent removal could pre-
vent its use. Hence studies were started to
quantify tritium rerenrion in the TFTR
tiles and possible ways for removing it.
Analyses of baking were sramed ar pppl.,
and other techniques are being evaluated
at orher institutions. An additional part
of this program is beingperformed in col-
laboration with the Los Alamos National
Laboratory. It involves techniques for re-
ducing and handling tritiared wasre, which
will be germane to the decontamination
and decommissioning program for TFTR.

It was observed that some of the
graphite tiles, which formed the bumper
limiter on the inside wall ofTFTR, began
to show flaking, which significantly in-
creased during the year. This behavior at
one bay-location, K, is displayed in Fig-
ure 1 1. In-situ measurements of the sur-
face tritium on these tiles, in the location

Fi.gare 11. Ttles makW up the bumper lirnlter
on the lnslde wall of I?IR sltowlngflaking de-
aeloping at bay *K' ln the lower left comer.
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of the single bay, were made using detec-

tors on the end of a long arm and end-

effector by technicians outside a vessel

port. Some tiles were carefully removed

using remote tooling, and these tiles were

subsequently baked in a special facility to

release their tritium for measurement.

Because of the quality of the data, it was

decided to have a manned entry into the

vessel, with bubble-suits, to obtain more

readings, collect more dles, and extend the

range of measurement, further around the

torus, to the top, bottom, and outside of
the vessel. Mock-up training has been

completed for an early-October, 1999

entry into the TFTR vessel.

A very successful asFect of this pro-

gram has been the demonstrated use of
highly oxidizing agents to clean up triti-
ated TFTR components to a degree that

allows use on the National SphericalTorus

Experiment. At the end of FY99, tests be-

gan on the use of polyacrylates to solidify

tritiated water, and the use of imaging

techniques for viewing the distribution of
tritium on the tile surfaces.

Off-Site lJniversity Research

Program
The Off-Site University Research Pro-

gram makes available to U.S. universities

some of the scientific and technical re-

sources of PPPL (e.g., diagnostic exper-

tise, radio-frequency technolory, engineer-

ing analysis, computer codes, and loans

of equipment), and also creates opportu-

nities for the PPPL staff to participate in

university fusion science programs' In fis-

calyear 1999, this program supported fu-

sion science research at fifteen universi-

ties.

Some of these FY99 UniversitY Re-

search Support Programs were:

o California Institute of Technology.

Development of an ultra-soft X-ray

pinhole camera diagnostic for the

solar flare simulation experiment.

o Columbia University. Construction

of the radio-frequency antenna for

the High Beta Tokamak-Extended

Pulse, and develoPment of a toroi-

dal flow diagnostic.

. Massachusetts Institute ofTechnol-

ogy. Engineering design for the

launcher and catcher system for the

Levitated Dipole ExPeriment

. Swarthmore College' Diagnostic
and physics support for Swarthmore

Spheromak Experiment.

o Universiry of California, Los A.g.-
les. Engineering suPPort for the

Electric Tokamak.

o Universityof California, San Diego.

Development of a scintillator-based

diagnostic for two-dimensional im-

aging of edge turbulence in the

PISCES device.

. Universiry of \flisconsin, Madison.

Support for theThomson scattering

diagnostic on the Helically Symmet-

ric Experiment and two-dimen-
sional Electron Cyclotron Emission

systems.

o Universiry of \Washington, Seattle.

Measurement of ion temPerature in

the Star Thruster Experiment-Field

Reversed Configuration and contri-

butions to the Field Reversed Con-

figuration experimental and theo-

retical Programs.
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Space PlasmaPhysics

ffthe Earrh's magnerosphere and the
I solar atmosohere have been the

I principal areas oFrese"r.tr in rp"..
plasma physics at the Princeton Plasma

Physics Laboratory. The primary goal is
to understand solar activity, such as the
solar wind, corona mass ejection, and
prominence eruption, and how these so-

lar activities couple to the magnetosphere.

Coupling berween solar activity and the
magnetosphere determines how enerry,
momentum, and mass are transported into
the magnetosphere. Such coupling prob-
lems rypically involve disparate scales. To
adequately treat the coupling, a kinetic-
fluid model has been developed which in-
corporates kinetic effects into the fluid
model. In addition to the global MHD
simulation efforts, the kinetic-fluid model
has been successfully applied in the study
of several fundamental magnetospheric
physics problems. This report focuses on
three topics: (1) energetic particle injec-
tion during substorm, (2) ion cyclotron
waves along auroral field lines, and (3)

solar flares and their homologous behav-
ior.

Energetic Particle Injection
during Substorm

Energetic electron and ion flux en-
hancement events in the magnetosphere

have been observed in connection with
substorms and sudden storm commence-
ments. It has been noticed for a long time
that energetic particles appear ar geosyn-

chronous orbit (6.6 Rp) subsequent ro a
substorm expansion phase, in a narrow
"wedge" at or near local midnight. The
increase in the flux of these high-energy
particles can be very large (two or three
orders of magnitude larger than the geo-
magnetic quiet time flux). This increase
happens simultaneously for particles hav-
ing a broad range of energies, and for this
reason, these events have been called
"dispersionless injections." Similar flux
increases, affecting ions and elecffons of
much higher energies, characterizethe for-
mation of new radiation belts following
sudden storm commencements.

In order to understand the particle
acceleration and flux enhancement related

to strongly disturbed evenrs in the mag-
netosphere, analytical calculations based

on a model in which the magnetospheric
event consists of an electromagnetic pulse
of finite radial and azimuthal extent have

been performed. This pulse has awesrward
electric field and consistent magnetic field,
which propagates Earthward with a con-
stant radial velocity. The radial depen-
dence of the fields is dictated by the .yli"-
drical geometry of the problem. The
pulsed magnetic field is superimposed on
the background Earth field, which is taken
to be dipolar. The energetic particle flux
enhancement is mainly due to the beta-
tron acceleration process: particles are

swept by the Earthward propagating pulses

via the ExB drift toward the Earth to lo-
cations of higher magnetic field and are
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energtzed because of magnetic moment
conservation. The most energized pardcles

stay in the pulse for a long time and expe-

rience an ExB drift motion toward the

Earth for a long radial distance. The re-

sults provide complete analytical solutions

for the particle motion in the combined
pulse and Earth fields. These solutions are

applied to the case of a substorm injec-
tion, obtaining the particle flux for com-

parison with geosynchronous satellite ob-

servations. From the modeling results of
energetic particle flux enhancements, it is
found that the bulk of injected energetic

particles arrive from distances less than 9

RB. This is much closer to the Earth than
the r.alues (larger than 15 Rp) obtained
by previous models. These results are con-

sistent with the observations from geosyn-

chronous satellites. Energetic particle flux
enhancement events, observed by geosyn-

chronous satellites near midnight location,

usually occurwithin 1-3 minutes after the

start of substorm expansion. Conse-
quently, it has been concluded that the ini-
tial location of the pulse, corresponding

to the magnetic field dipolarization loca-

tion during the substorm expansion phase,

might be at a distance as close as 10 RB

from Earth in the midnight sector.

Ion Cyclotron'W'aves Along
Auroral Field Lines

Ion cyclotron waves with frequencies

ranging from about 1 Hz to 100 Hz are

regularly observed along auroral field lines,

from ionospheric altitudes into the mag-

netosphere. They are important for trans-

ferring energy from protons to heavy ions,

as remote indicators of proton dynamics,

and in regulating proton anisotropy. As

such, the waves play an important role in
mediating ionosphere-magnetosphere
coupling. However, for over a decade, it
has been a matter of contention how Pc I
waves (continuous pulsations of type 1

with frequency =1 Hz) could be gener-

ated in the equatorial magnetosphere and

be observed on the ground so reliably. Pre-

vious theoretical results based on the ray-

tracing theory are inconsistent with the

observations at least 50o/o of the time.
Recent work on ion cyclotron waves has

resolved this issue.

The discrepancy between ray-tracing

theory and observation has been resolved

by solving the full wave equations for ion
cyclotron waves propagating from the
equatorial magnetosphere to the iono-
sphere. For a specified external source of
cyclotron waves, as observed in the equa-

torial magnetosphere (or at satellite alti-
tudes), wave amplittrdes and polarizations

in regions where wave heating occurs can

be predicted. Analysis demonstrates that
mode conversion occurs near the Hen and

O* resonances, which allows the equato-

rial waves to penetrate to ionospheric alti-
tudes. Previous approaches based on ray-

tracing did not describe this coupling,
which is due to magnetic field gradients.

Near the ionosphere the waves are essen-

tially Alfvdn waves, which have substan-

tial amplitude and shifted polarization
consistent with observational studies. The
results explain howwaves generated in the

equatorial magnetosphere can propagate

to the ground and predict the polariza-

tion shift which is commonly observed. A
natural step for future research would be to

include kinetic effects using the kinetic-fluid
model that has been developed recendy.

Solar Flares and Their
Flomologous Behavior

Solar flares are intense, abrupt releases

of energy occurring usually in the vicinity
of an active region where the magnetic

field is stressed. A large flare can release

over 1032 erg ofenergy in an hour or so.

Based on the temporal evolution of the

flare emission, the progress of a flare can
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be divided into several phases. In the
preflare phase, which lasts about 10 min-
utes before the flare onset, enhanced ther-
mal emissions from the coronal plasma are

detected, mostly in the softX-ray. During
the flash phase, which lasts rypically about
5 minutes, the intensiry and area of the
emission rapidly increase. Then, in the
main phase, the intensiry slowly declines
for about an hour and sometimes as long

as a day. Large flares also exhibit an im-
pulsive phase before the main phase, last-
ing 10-100 seconds, during which hard
Yray and microwave bursts are observed.

A model describing physical processes

of solar flares and their homologous be-
havior based on resistive MHD simula-
tions of magnetic arcade evolution, sub-
ject to continuous shear-increasing foot-
point motions have been studied. In the

z

Newborn
lsland

Current
Sheet

X

Flaring
Loops

A solar flare mod'el based on reconnection processes of arcade magnetdc fi.elds and island
coalescence, The three-d'tmenstonal magneticfietd ttnes and, thelr projectl.on onto the x-z plane
are shown, Magnetic reconnection takes place in the thin current sheet below tbe newbom (lower)
island and prod,uces a large reconnection electric fteld. in the y-directlon to accelerate electrons
along the fteld lines to more than 10 keV These high-energy electrons emi.t hard. X-rays and.
subsequent$t slow down to generateJlaringloops of softX-ray and optical emtssions.Ihelrojected,
ateu of theflaring loops, the shaded area below the curent sheet, is shown in the two-dimensional
(x, z) plane.
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model it is proposed that the individual
flaring process consists of magnetic
reconnection of arcade fields, gencrafion

of magnetic islands in a magnettc arcade,

and coalescence of magnetic islands.'When

a magnetic arcade is sheared, a current

sheet is formed and magnetic reconnection

can take place to form a magnetic island.

A continuing increase of magnetic shear

can trigger a new reconnection process and

create another island in the underlying
arcade below the magnetic island. The
newborn island rises faster than the pre-

ceding island and merges with it to form
one island. Before the merging process

with the upper island is completed, the

newhorn island exhibits two different
phases of rising motion: the first phase

with a slower rising speed and the second

phase with a faster rising speed. This re-

sult is consistent with the Yohkoh obser-

vations of the motion of X-ray plasma

eiecta. The first phase, in which recon-

nection of line-tied fields in the underly-

ing arcade is important, is considered to

be the preflare phase. In the second phase,

the island coalescence takes place and cre-

ates an elongated current sheet below and

enhances the reconnection rate ofline-tied
arcade fields. This phase is interpreted as

the impulsive phase or a flash phase of
flares. The calculated reconnection elec-

tric field is large enough to accelerate elec-

trons to a level higher than the 10 keV

necessary for X-ray emission. After merg-

ing of the islands is completed, magnetic

reconnection continues in the current
sheet under the integrated island for a

longer period which can be considered as

the main phase of flares.

An explanation for another interest-

ing feature of flare phenomena, the recur-

rence of homologous flares, is provided.

It is often observed that a series of solar

flares takes place repetitively in the same

active region with essentially the same

position and with a common pattern of
development. Such flaring phenomena are

called homologous flares. The time inter-

val between successive flaring events var-

ies.from several hours to a few days. Ob-
servations have also suggested that the

majority of flares might be homologous

in the sense that the foot points reappear

very near the same place. The modeling

results show that by continuing the
footpoint shear-increasing motion, the

flare process described above is repeated

with some time interval. Thus, it is pro-

posed that a series ofthese flaring processes

constitutes a set of homologous flares. The

time interval between successive flaring
events depends on the energy input rate

into the system, which is governed by the

nature of the footpoint motion and the

plasma dissipation rate.
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Hatl lhruster Experiment

Fi,gure 1. Ihe Hall Thruster Team and the PPPI Hall Thruster Experiment.

Fflh. HallThrusrer is a plasma-based

I nT:'ril'#:;:T'Tff'J;;
must be carried by a satellite depends on
the speed with which the thruster can eject
it. Chemical rockets have very limited fuel
exhaust speed. Plasmas can be ejected at
much higher speeds, therefore less fuel
need be carried on board.

During the past 20 years, the Russians

placed in orbit about 100 Hall Thrusrers.
However, the vast majority of satellites

worldwide have relied on chemical thrust-
ers and, to a lesser extent, ion thrusters.

During FY99, a HallThruster Experi-
ment 

- 
funded by the U.S. Deparrmenr

of Energy and the U.S. Air Force Office
of Scientific Research established
at the Princeton Plasma Physics Labora-
tory (PPPL). It is the result of an earlier
collaborative theoretical research effort
(funded by U.S. Air Force Office of Sci-
entific Research) with the Center forTech-
nological Innovation at Holon, Israel. This
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earlier study identified improvements that
might make Hall Thrusters more attrac-

tive for commercial and military applica-

tions.

Hall Thruster Operation
A conventional ion thruster consists

oftwo grids, an anode and a cathode, be-

tween which a voltage drop occurs. Posi-

tively charged ions accelerate away from
the anode toward the cathode grid and

through it. After the ions get past the cath-

ode, electrons are added to the flow, neu-

ualizingthe output to keep it moving. A
thrust is exerted on the anode-cathode

system, in a direction opposite to that of
the flow. I Infornrnately, a positive charge

builds up in the space between the grids,

limiting the ion flow and, therefore, the

magnitude of the thrust that can be at-

tained.
In a Hall Thruster, electrons injected

into a radial magnetic field neutralize 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 (see Figure 2).

The ions, too heavy to be affected by the

field, continue their journey through the

virtual cathode. The movement of the

positive and negative electrical charges

Magnetic Core

Gas
Distributor
(anode)

Electro- Cathode
magnetic Neutralizer
Coils

.,",z,ila

through the system results in a net force

on the thruster in a direction opposite that
of the ion flow

Applications
Generally, thrusters are used to com-

pensate for atmospheric drag on satellites

in low-earth orbit, to reposition satellites

in geosynchronous orbit, or to raise a sat-

ellite from a lower orbit to geosynchro-

nous orbit. As a basic rule of thumb, for
each kilogram of satellite mass one or two

watts of on-board power are available.

PPPLs Hall Thruster consumes several

hundred wafts of power, making it suit-

able for a satellite with a mass in the range

of a few hundred kilograms. PPPL physi-

cists believe there may be a market for Hall
Thrusters operating at 1,000 watts or
more, but say predictions are difficult to

make. They also speculate about the de-

velopment of Hall microthrusters with
power outputs in the 1Oo-watt range, use-

ful for very small satellites with masses of
50 to 100 kilograms. One could envision

a large satellite disbursing hundreds of the

smaller ones for the exploration of a planet

or as a spaced-based radar array. The Hall
Thruster may be too power hungry for this

application, but answers to these and other

questions may emerge from research now

underway at PPPL.

HaIl Thruster Propellant
Plasma thrusters for current space ap-

plications employ xenon propellant. Xe-

non is relatively easy to ionize and store

onboard the spacecraft. It also has a high

atomic number (54), which means a lot
of mass per ionization energy expended.

The ionization energy is an unavoidable

inefficiency; in the range of exhaust ve-

locities most useful for current space ap-

plications - 
about 15 km/sec 

- 
this en-

ergy loss for once-ionized xenon is less than

10 percent of the exhaust energy. (If the
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Figure J. Intedor aiew of PPH, Hall Thrusten

weight per atom were half, this percent-
age would double.)

Installation
The site of the former PPPL S- l

Spheromak Experiment was selected for
the Hall Thruster Experiment. Facility
work began with the relocation of the l5-
ton, 28-foot by B-foot manipulator tank,
previously constructed for use on the
Tokamak Fusion Test Reactor. The vessel

is now being used as the vacuum chamber
for the Hall Thruster Experimenr. PPPLs
state-of-the-aru protorype Hall Thruster
was then assembled inside the vacuum
chamber. A complete set of diagnostics was

installed and experimenrs gor underway.
Less than $200,000 was spenr to assemble

the PPPLs Hall Experiment, which has

capabilities comparable to installations
that are considerably more expensive.

Initial Results
Initial results indicate that PPPLs Hall

Thruster operating at 900 watrs does so

with an e{ficiency that is comparable to
state-of-the-art thrusters. Planned rp-
grades include segmenting the thruster.
Each segment would be held at a specific
electric potendal, enabling researchers ro
control exacdy where the voltage drop
occurs along the length of the thruster.
PPPtI's Hall Thruster was designed with a
modular configuration to allow multiple
thruster geometries that could be diag-
nosed in detail easily. This includes rhe
abiliry to measure precisely in three dimen-
sions how the thrust varies with position.
This information could be used ro arrive
at techniques to narrow the plume and
obtain more control over the outflow from
the thruster, possibly improving its effi-
ciency.
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Nonneutral Plasmas and

High-Intensity Accelerators

nonneutral plasma is a many-
body collection of charged par-

in which there is no overall
charge neutraliry. Such systems are char-
acterizedby intense self-electric fields and,
in high-current configurations, by intense
self-magnetic fields. Nonneurral plasmas,
like electrically neutral plasmas, exhibit a
broad range of collective properties, such
as plasma waves and instabilities. The in-
tense self-fields in a nonneurral plasma can
have a large influence on detailed plasma
equilibrium, stabiliry, and confinemenr
properties, as well as on the nonlinear dy-
namics of the system.

There are many practical applications
for nonneutral plasmas:

o improved atomic clocks;

o positron and antiproton ion sources;

o antimatter plasmas;

o coherenr electromagnetic radiation
generation by energetic electrons in-
teracting with applied magnetic field
structures, including free electron
lasers, cyclotron masers, and mag-
netrons;

o intense nonneutral electron and ion
flow in high-voltage diodes;

o investigation of nonlinear collective
processes and chaotic particle dy-
namics in high-intensity charged
particle beams propagating in peri-
odic-focusing accelerators, such as

those envisioned for heavy ion fu-

Flgtre 7. Electron Diffusion Gauge e*periment.

sion, tritium production, and spal-
lation neutron sources;

r the measurement of background
neutral pressure and electron colli-
sion cross sections with neutral at-
oms and molecules.

Research on nonneutral plasmas and
high-intensiry accelerators ar the Princeton
Plasma Physics Laboratory (PPPL) focuses
on two areas:

o Basic experimental investigations of
nonneutral electron plasmas con-
fined in a Malmberg-Penning trap,
including the effects of electron-
neutral interactions on plasma con-
finement and stabiliry properties;

o Analytical and numerical studies of
the nonlinear dynamics and collec-
tive processes in intense nonneutral
ion beams propagating in periodic-
focusing accelerators and transport

49



systems, with particular emphasis on

next-generation accelerators for
heary ion fusion and spallation neu-

tron sources.

Experimental research on nonneuffal

plasmas at PPPL is Performed on a

Malmberg-Penning trap called the Elec-

tron Diffusion Gauge Experiment (see Fig-

ure 1). The pure electron plasmas studied

are confined with cylindrically symmetric

fields: a uniform, static, axial magnetic

field provides particle confinement radi-

ally, and applied potentials on the electri-

cally isolated, cylindrical, end-wall elec-

trodes provide confinement axially. The

electrons trapped in the device are intro-

duced from a directly heated spiral of tung-

sten wire. By varying the bias on the fila-

ment, the size and density of the plasma

can be changed. The plasma column ro-

tates because of the radial electric field

generated by space-charge effects that pro-

duce an E x B rotaLiul irr dle azimuthal

direction. Single-species nonneutral plas-

mas have very robust confinement prop-

erties because the conservation of total

canonical angular momentum provides a

powerful constraining condition on the

allowed radial positions of the particles' If
no external torques act on the plasma, it
cannot expand radially and touch the wall.

However, electron collisions with back-

ground neuffal gas atoms exert a torque

on the rotating electron plasma' thus al-

lowing rhe plasnra Lu expatrd. This cffcct

is being investigated as the principle of
using pure electron plasmas as a pressure-

sensing medium by studying electron-neu-

tral collisional transport and collectiYe ex-

citations. Typical results are illustrated in

Figure 2, where the dependence of the

plasmds expansion rate on background gas

pressure is displayed. The expansion rate

of the plasma has been measured for back-

ground pressure variations by a factor of
105, and found to vary linearly with the

pressure, as predicted theoretically, above

a minimum expansion rate attributed to

field asymmctrics and small construction

defects in the device.

Theoretical advances in high-intensity

accelerators and beam transport have also

been achieved in several areas. A kinetic
(Vlasov-Maxwell) model for describing

intense nonneutal beam propagarion in

periodic focusing field configurations has

been developed, including the application

of Hamiltonian averaging techniques, and

the derivation of a nonlinear kinetic sta-

bility theorem for quiescent beam propa-

gation over large distances. The kinetic

model has also been used to determine

detailed properties ofthe electron-ion two-

stream instability when an (unwanted)

610E
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Figtre 2. Experimental and theoretical expansion rates

aersus background gas pressure. Experimental and theo'

retical results agree uery well.
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Figure J. Electron-proton two -stream i.nstabil-
i.tjt simulated by the BEST code. (a) The x-y pro-
jection of a small initial potential perturha-
tion. (b) The x-y proJection of the unstable
poterutiel perturbation at 200 lattice perioh.

electron component is present in the ac-

celeration region or beam transport lines.
In addition, a three-dimensional multi-
species nonlinear perturbative (6f) particle
simulation scheme has been developed to
simulate intense beam propagation in pe-
riodic focusing systems. The Beam Equi-
librium Stabiliry and Tlansporu (BEST)
code has also been applied to stable,
matched-beam propagation of a thermal
equilibrium beam over hundreds of lat-
tice periods, and to detailed investigations
of the nonlinear evolution of the two-

stream instabiliry at high beam intensities.
Illustrated in Figure 3 are rypical simula-
tion results for the electron-proton two-
stream instability in the Proton Storage
Ring experiment at the Los Alamos Na-
tional Laboratory. Shown in Figure 3(a)
is a small initial potential perturbation,
which grows into a much larger dipole
potential perturbatio n 200 lattice periods
later as shown in Figure 3(b).A macro-
scopic warm-fluid model has also been
developed to describe collective processes

in high-intensity beams, including pre-
liminary investigations of a collective in-
stability driven by pressure anisotropy. In
addition, a test-parricle model has been
used to explore chaotic particle dynamics
and halo formation induced by collective
mode excitations in high-intensity ion
beams, including esrimares of the maxi-
mum radial excursion ofthe halo particles.
Shown in Figure 4 is the Poincard surface-
of-section plot of a test particle's trajec-
tory in phase space under the influence of
self-consistent eigenmodes of warm-fl uid
waterbag equilibrium. Simulations indi-
cate that islands exist in the beam inte-
rior, allowingparricles initiallyin the beam
core to escape into the halo region.
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Fi.gure 4. A Poincard surfoce-of-section plot of
position uersas uelocity for test-particle mo-
tion i.n a waterbag equilihrium with collectiue
mode perturbations.
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Dlagnetic
Nozzle Experiment

Gradaate studcnt Tom Komack stands next to the nozzle expansion reglon of the Magnettc Nozzle
Experlmmt.

tTI he purpose oi rhe Nlagneric

I ffifi,:."-ffi;T::Y.T:,il:
ear plasmas expanding through a consrric-
tion formed by increased magnetic field
intensity. It is predicted that, under cer-

tain conditions, rapid plasma recombina-
tion will occur because of expansion cool-
ing. This has applications to the fields of
fusion physics, space propulsion, materi-
als processing, and lasers.

MNX formally began its life when
funding commenced in February 1999.

During the next eight months, rapid

progress was made in developing the fa-
cility and installing diagnostics. Much
credit goes to a collaboration with Dr. F.

Levinton of Fusion Physics andTechnol-
ogy, Inc. (FPT), who is developing the use

of Laser-induced Fluorescence (LIF) for
the motional Stark effect and a second

diagnostic for visualization of turbulence.
The motional Stark effect diagnostic will
be used on the National Spherical Torus
Experiment while the turbulence diagnos-
tic will be used on the Magnetic Recon-
nection Experiment and the Current
Drive Experiment-Upgrade.
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Several important milestones were

met, all ahead of schedule. These include:

o fhe consfnlcfion, testing, and opera-

tion of the first magnetrcnozzle coil
- and nozzle expansion region;

o the conversion of MNX to steady-

state operation, through the instal-
lation of a helicon plasma source by
FPT;

o the evaluation, purchase, and opera-

tion of an iCCD camera for a ll2
meter sPectrometer; and

o the installation of a LIF diagnostic

by FPT.

\With the helicon source, ion-duration
(>4 hours) argon and xenon plasmas were

formed and diagnosed. At a coupled po\Mer

of 500 \( plasma density and electron tem-

perature, measured with a scanning Lan-

gmuir probe, were 5 x 1013 cm-3 and 5

eV, respectively. The ion temperature, mea-

sured by LIR was in the range 0.6-0.8 eV

Spectroscopic measurements were made

in the nozzle expansion region to look for
supersonic flow. None was found, as ex-

pected, due to theweak nozzlefield. How-
ever, by both spectroscopic and probe
techniques, recombination was detected

in the expansion region. The preliminary
assessment is that the recombination is due

to collisions with neutral gas. An improved

pumping system is being installed to con-

trol the neutral density in the expansion

region.
During this year, the MNX group

hosted Dr. A. Fredricksen (University of
Tiomso, Norway) and assisted Professor

E. Scime (\7est Vrginia University) in the

submission of a proposal to the U.S. De-

partment of Energy. Other collaborations

were initiated. A graduate student, T.

Kornack, and an undergraduate, S. Fahmy,

joined the MNX group.
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National Compact
Stell arator Experiment

Flgure 1. Mathlne conceptfor 1999 NCSXreference dcslgnuslng
PBX-M torotdal field coi.ls. Shown Lnstalled, are the three-
dlmensional a acuutn a e ssel, tbree - d.immstonal cotl support shell,
and cryostat.

A critical issue for magnetic fusion

A ;rfi :ilJ'l;,1,.1ij;i:,T: ?i"l
figuration that can be sustained in steady-
state without disrupting. There are cur-
rently two major research thrusts aimed
at this goal, the advanced tokamak and
the stellarator. Researchers at the Princeton
Plasma Physics Laboratory (PPPL), in
collaboration with colleagues from the
U.S. and abroad, have been developing the
physics of the "compact srellarator"
innovative, high-beta, low-aspect-ratio
hybrid of advanced tokamaks and stel-

larators that builds on the scientific foun-
dations of both conceprs.

Stellarators, a family of plasma con-
finement concepts chancterized by three-
dimensional magnetic fields and plasma
shapes, are the most developed magnetic
concept after the tokamak. The concept
has advanced greatly since its invention by
PPPtis founding Director Lyman Spitzer,

Jr. in the 1950s. Now, rwo large super-
conducting-coil stellarator experiments in
the billion-dollar class are under way. The
Large Helical Device (LHD) is operating
in Japan and the'Wendelstein 7-X is un-

))



der construction in Germany. The exist-

ence of an active world program and the

availability of a broad knowledge base

from decades ofresearch are advantageous

for stellarator research in the U.S.

Plasma sustainment in the LHD and
tVendelstei n 7 -Xrelies on magnetic fi elds

generated by coils instead of plasma cur-

rents. \While this approach avoids the need

for externally driven plasma currents
(which in a reactor would require recircu-

lating some of the output power), self-gen-

erated plasma currents may be unavoid-
able at high beta and could degrade the

physics properties. The currentless designs

have large plasma aspect ratios (5-12) and

project to relatively conservative, low
power density (<1 M\7/m2 neutron wall

load) power plant designs. The axi-
symmetric advanced tokamak takes advan-

tage ofthe bootstrap current to sustain a

configuration with lower aspect ratio (<4)

and higher power density (-5 MWm2;
than the currentless stellarator, and would
make use of first-wall and magnet tech-

nologies being developed by the world
fusion community. However, it may re-

quire elaborate plasma controls, with their

added complexity and attendant require-

ments for recirculating some of the out-
put power to maintain a stable plasma

configuration and avoid disruptions.
Compact stellarators use the self-gen-

erated bootstrap current in combination

with three-dimensional stellarator mag-

netic fields from coils to sustain a configu-

ration with advanced-tokamaklike plasma

aspect ratios and beta values. They pro-

vide an alternative to the existing ap-

proaches that could prove to be the best.

In a compact stellarator device, the mag-

netic fields are used to tailor the plasma

configuration so as to stabilize it without
the active plasma controls or conducting
structures close to the plasma required by

an advanced tokamak. A compact stel-

larator reactor would approach an ad-

vanced tokamak in size and power den-

siry while retaining the stellarator's advan-

tages for steady-state, disruption-free op-

eration. The quest for a steady-state solu-

tion for magnetic fusion energy is suffi-

ciently important, and the existing solu-

tion strategies sufficiently uncertain, that

the complementary compact stellarator so-

lution path must be followed in parallel

with existing programs to increase the

chances for success.

Stellarator Experiment
PPPL is proposing the construction of

a proof-of-principle device, the National

Compact Stellarator Experiment (NCSX),

at Princeton in partnership with the Oak

Ridge National Laboratory. NCSX would
be the central element of a new U.S. re-

search program to develop compact
stellarators during the next several years.

PPPL is leading a national design team

that includes several U.S. universities, with
collaborators from many fusion institu-
tions around the world.

In FY99, the national team developed

a reference design for the NCSX. Though
not a complete conceptual design for the

NCSX, the 1999 reference design showed

that a high-beta compact-stellarator plas-

ma configuration can be realized in a prac-

tical device that meets physics require-

ments for plasma stabiliry, a necessary con-

dition for avoiding disruptions. It provides

a point of reference for proceeding with
further development to sadsfy all physics

requirements.
A key feature of the 1999 design is its

use of the existing toroidal and poloidal
field coils from the former Princeton Beta

Experiment-Modification (PBX-M) toka-

mak. This approach is of interest for its
potential to reduce the construction cost

of NCSX, provided the physics require-

56



ments for the faciliry could be met within
its constraints. The value of this approach
will be measured by comparing it with
designs to be developed in 2000 that use

all-new coils optimized for NCSX.
The NCSX team is developing a com-

pact stellarator concept based on the prin-
ciple of quasiaxisymmetry (QA). A QA
plasma configuration is toroidal, but un-
like its axisymmetric relative, the tokamak,
it is three-dimensional in shape. The QA
magnetic field structure, on the other
hand, is axisymmetric insofar as its effects
on energetic particle drift trajectories are

concerned. The QA strategy makes it pos-
sible to gain stability benefits from three-
dimensional shaping while, ar rhe same

time, having particle drift trajectories that
are as well confined as those in exact sym-
metry, and hence have low alpha-pardcle
losses and low neoclassical transporr. Ar
finite beta, a QA plasma naturally gener-
ates a bootstrap current similar in magni-
tude to that of a corresponding tokamak.

In previous years, project scientists
learned how to shape a QA plasma toroid
so as to stabilize ballooning modes, neo-
classical tearing modes, and external kink
modes 

- 
helical deformations of the

plasma that can be unstable in high-beta
toroidal plasmas and negatively impact
performance. In FY99, theyfound that the
external fields could also be used to stabi-

lize the yertical instabiliry, a major cause

of disruptions in tokamaks. The team de-
veloped a capability to compure optimized
coil designs with practical numbers of coils
for finite-beta QA plasma configurations,
and they demonstrated that these designs
could provide the magnetic fields needed
to produce a reference plasma with its im-
portant physics properties preserved. They
showed that the coils could be used to
perturb the plasma shape so as to vary its
stabiliry to the external kink mode, afFord-

ing the flexibiliry needed to resolve key
physics issues experimentally. A method-
ology for projecting the performance of
three-dimensional stellarator plasmas with
energetic-particle heating was developed.
It uses Monte Carlo simulation methods
to model the thermalization of energetic
ions such as neutral-beam ions or alpha
particles, and to calculate the thermal
losses due to neoclassical transport. These
simulations, combined with empirical
confinement scalings to account for
anomalous transport, are used to project
experimental operating parameter sets.

A reference QA plasma configuration
stable at beta of 4o/o and compatible with
the PBX-M toroidal field coil geomerry
was generated as a physics design basis.

Projected parameters for this configura-
tion are summarized in the table below.
The analysis shows that a beta of 4o/o corid

Magnetic field, B

Injected power, P

Volume-averaged beta (B)

Volume-ayeraged densiry, (n)

Central temperature, T6

Energy confinemenr time, Tg

1.5 T
5.9 MSr

4.0o/o*

11.3 x 1gle _-3

2.0 keV

53 ms

*Includes 10olo beam beta.

Parameters for NC SX Higb -B eta Op erating Po int.
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be reached with slighdy more than the avail-

able 5 M\fl of neutral beam heating power,

assuming hydrogen operation and an op-

timal injection geometry,

The new coil design tools were used

to generate a system of three-dimensional
"saddle" coils 

- 
loops that do not enclose

either the plasma or the machine axis. The
saddle coils are used in conjunction with
the background fields provided by the

PBX-M coils to provide the shaping fields

needed to maintain the reference plasma

with an accuracy sufficient to preserve its

key physics properties. The saddle coils

were found to have complex shapes and

require high current densities. However,

engineering solutions to these problems

were found in a design using flexible, liq-
uid-nitrogen-c,r,:led copper conductor
installed in grooves machined on the sur-

face of a sffuctural shell. The shell con-

forms to a shape defined by the plasma

with a surrounding layer to accommodate

required components between the plasma

and coils, including a conformal vacuum

vessel. In this design (see Figure 1), the

jointed PBX-M toroidal field coils would
be disassembled, then reassembled around

the completed stellarator core subassem-

bly consisting of the vacuum vessel, shell,

and saddle coils.

The development of a reference de-

sign in FY99 provided a concrete vision

of apossible machine embodiment, incor-

porating the physics characteristics of the

QA concept. It is the product of advances

in understanding the physics of compact

stellarators and innovative engineering

solutions, which already represent signifi-

cant contributions to stellarator research.

Further development is in progress to in-
corporate requirements for experimental

flexibility, robustness of the plasma equi-

librium, and access for heating and diag-

nostics into thc NCSX dcsign process. As

these additional requirements become bet-

ter understood, their implications for the

design, including the suitability of using

existing components, will be evaluated.

Alternate machine designs using opti-
mized coils will be developed for compari-

son purposes.
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Korea Superconducting
Tokamak Advanced Research

Figure 1. Artlst's rmdering of the Korea Superconducting Tokamak Ad.aanced, Research d,euice.

l^i ince mid-1996, a team of United

\ ..".., sclen'srs nas Deen provlolng
V support for the design of the Korea
Superconducting Tokamak Advanced
Research (KSTAR) fusion experiment to
be built in Taejon, South Korea. Mem-
bers of the group, led by the Princeton
Plasma Physics Laboratory (PPPL), in-
clude personnel from General Atomics,
Lawrence Livermore National Labora-
tory, Massachusetts Institute ofTechnol-
ogy, and Oak Ridge National Labora-
tory. The work is being performed un-
der a subcontract with the Korean Basic
Sciences Institute.

KSTAR's mission is to develop a

steady-state advanced superconducting
tokamak to establish the scientific and
technological bases for an attractive fusion
reactor as a future energy source. The pri-
mary research objectives are to:

o Extend stability and performance
boundaries of tokamak operation
through active control of plasma
profiles and transport;

o Explore methods to achieve steady-

state operation for tokamak fusion
reactors using noninductive current
drive;
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o Integrate optimized plasma perfor-

mance and continuous operation as

a step toward an attractive tokamak
fusion reactor.

U.S. interest and support for the
KSTAR Project stems from the fact that
the basic mission and specific research

objectives for KSTAR are consistent with
the requirements for developing the ad-

vanced tokamak as a magnetic confine-
ment concept.

KSTARwill play an important role in
worldwide fusion research. Its contribu-
tions will include:

o Extending advanced tokamak re-

search to high-performance and

steady-state operating regimes;

o Developing techniques for success-

ful steady-state physics operation of
the International Thermonuclear
Experimental Reactor (ITER) ;

o Providing advanced tokamak phys-

ics which can be compared with that
of superconducting stellarators and

spherical tori;

o Providing experience in large-scale

superconducting magnet design,

manufacture, and operation;

o Providing experience in high-power

neutral-beam, microwave, and ra-

dio-frequency technologies ;

o Providing experience in state-of-the-

art plasma diagnostics and controls

and advanced computational meth-

ods.

KSTAR is a long-pulse (20 sec upgrad-

able to 300 sec) tokamak featuring fully
superconducting magnets, long-pulse op-

eration, flexible pressure and current pro-
file control, flexible plasma shape and po-

sition control, and advanced plasma pro-

Plasrna P.arameter

Toriodal Field (8.)

Plasma Current (In)

Major Radius (\)
Minor Radius (a)

Elongation (r)

Tliangularity (6)

Poloidal Divertor Nulls

Pulse Length

Plasma Heating

Neutral Beam

Ion Cyclotron

Lower Hybrid
Electron Cyclotron

Deuterium Operation

Number of Pulses

Base

3.57
2.0 MA

1.8 m

0.5 m

2.4

0.8

2

20 sec 300 sec

Upgrade

8 M$r
6 M\r

1.5 M\r
0.5 M\r

20,000 sec/year

50,000

14 M\r
6 MSr

1.5 M\r

KSTAR Major Pnrameters.
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file and control diagnostics. This tokamak
will be constructed in a new faciliry at the
Korea Basic Science Institute and is sched-
uled for operation in2004.

The machine configuration includes
sixteen superconducting toroidal field coils
and thirteen superconducting poloidal
field coils, symmetricallylocated about the
plasmamidplane. The seven inner poloidal
field coils form the central solenoid assem-

bly. A cryostat encloses all of the super-
conducting coils. The cryostat and
vacuum vessel form the vacuum bound-
ary for the superconducting toroidal field
and poloidal field coils. KSTAR is being
designed for hydrogen and limited deute-
rium operation, eliminating the need for
remote maintenance. The KSTAR ma-
chine parameters are presented in the table
on previous page.

During FY99, significant progress was

made on engineering design and building
construction. As part ofthis activity, the U.S.
team was responsible for selected elements

of the tokamak design. By the end of FY99,

the basement for the tokamakfacility/office
building was completed and work was pro-
gressing on the experimental cell level, as

shown in the Figure 2. The facilityconsrruc-
tion relies in part on input from the U.S.
design integration effon. A strong Korean
industrial team has been organiznd and fv
nal design is being completed.

PPPL and Oak Ridge National Labo-
ratory completed activities centered on de-
sign and integration issues dealing with:
internal control coils and plasma-facing
components, the vacuum vessel, machine
support structures, the thermal shield sys-

tem, and cryostat. A reference configura-
tion for the vacuum vessel was established,
including a double-walled shell. A ma-
chine support system assembly model was

created, and the reference model for the
neutral beams, ion cyclotron resonance
heating, and pumping sysrems was up-
dated.

PPPL developed an internal control
coil configuration for KSTAR. These coils
provide dynamic control of the magneric

Figure 2. Work progressing on the experi.mental cell leael of the Tokamak Facl.ll.ty/Offrce Bui.lding.
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field during startup and rapid plasma po-

sition control during the discharge. Lo-

cating the control coils in the vacuum ves-

sel, close to the plasma, minimizes distur-

bances to the poloidal and toroidal coils

from the control coils, and significantly
reduces the power requirements for the

conffol coils. Each coil is a single turn and

is constructed of stainless-steel-jacketed

hollow copper conductor, with magne-

sium oxide insulation between the con-

ductor and jacket.

As part of the PPPL diagnostic activ-

ity, a conceptual design of a diagnostic

cassette for a median radial port was de-

veloped to contain three diagnostics.
Analysis verified the feasibiliry ofsupport-
ing the cassette, and the benefits and draw-

backs of different concepts for mounting
the cassette were analyzed. A concept was

developed that will provide a reliable

means for installing midplane diagnostics

with excellent accessibility and maintain-

ability during operation and maintenance.

A conceptual design of a far-infrared in-
terferometer and polarimeter for measure-

ment of the plasma density and the
poloidal field was also developed. This
system would function in the early opera-

tional phase of KSTAR prior to the in-
stallation ofthe heating or diagnostic neu-

tral beams, necessary for a more com-

monly used magnetic field measurement'

Also, since the device will operate initially
at low magnetic field (<1.5 T), a concept

of a simple electron cyclotron emission

diagnostic has been proposed for this
phase.

During FY99, General Atomics sup-

ported the design of KSTAR's plasma-fac-

ing components. One focus of this activ-

ity was problems associated with thermal

sffess during bakeout. General Atomics

modeled this operation and concluded

that maintaining the vesselat250 oCwhile

baking the plasma-facing components to

350 'C resulted in very large tempera-

ture variations in the vessel with unac-

ceptable thermal stresses. A variant to
the original bakeout system was devel-

oped and analyzed with lower coolant
flow and more control of the tempera-

ture of individual components, result-

ing in favorable thermal stresses.

Massachusetts Institute of Technol-

ogy personnel continued support ofthe
KSTAR magnet design which they pre-

sented at the August Superconducting
Magnet Design Review in Taejon. As

part of this year's activities, a new con-

ductor design was proposed and its per-

formance analyzed for the field error
correction coils.

PPPL took the lead in developing a

proposal for LI.S.-Korea collaborations

titled: "Opportunities for U.S.-Korea
Collaboration on the Physics and Tech-

nology of Advanced-Tokamak Profile
Control and Sustainment on KSTAR."
Four generai areas oi common interest

were identified:

o Development of advanced-toka-

mak operating modes;

o Development and implementation
of remote experimental collabora-
tion techniques for the participa-
tion of U.S. scientists in the
KSTAR research program;

o Development and implementation
of diagnostic, data collection, and

plasma control systems;

o Development and implementation

of fusion plasma technologies.

Subsequently, U.S. and Korean ex-

perts in each of these areas were identi-
fied as contact persons, and the joint
planning began.
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Tusion lgnition
Research Experiment

The Fusion lgnltlon Research Exlrertment.

t-ff he Nexr Step Oprions (NSO)

I ;:,'r#m;:,Til'.?3* l;:
from the International Thermonuclear Ex-
perimental Reactor (ITER) program.
NSO is organized as a national integrated
physics and engineering design activity
within the Virtual Laboratory for Tech-
nology of the U.S. Department of Energyt
Office of Fusion Energy Sciences.

The initial studies have focused on a
compact high-magnetic-field tokamak
called the Fusion Ignition Research Ex-
periment or FIRE. The programmatic
strategy is to provide the physics basis for
an attractive fusion reactor using interme-

diate stepping stones between existing
tokamak facilities and the vision of an ar-
tractive magnetic fusion reactor, ARIES
(Advanced Reactor Innovation and Evalu-
ation Study).

Physics Objectives
The FIRE is being designed ro attain,

explore, understand, and optimize alpha-
dominated plasmas, providing knowledge
for the design of attractive magnetic fu-
sion systems. An important consideration
is to achieve this mission at the lowest prac-

tical cost. The FIRE design concepr uses

compact, high-field, cryogenically cooled
copper magnets and takes advantage ofad-
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Major Radius, \
Minor Radius, a

Magnetic Field on Axis, 89

a
Plasma Current, In

Fusion Power

Flattop Time, sec

Thiangulariry, 695; 6*

Elongation, K95i Kg

2.0 m

a.525 m

107

-10

6.5 MA

200 M\r
18.5 sec coil limit

A.4;0.7

1.8; 2.0

BaselinePlasma Parametef

Major Paranneters of the FIRE Tbbamah.

vances in tokamak engineering and phys-

ics made during the past decade.

The fundamental physics objective of
FIRE is to attain alpha-dominated plas-

mas (Q 2 5, where Q is the ratio of the

fusion power produced to the power used

to heat the plasma) that are sustained for
timescales long compared to pressure pro-
file evolution and comparable to plasma

current profile evolution. This would per-

mit the affainment of the plasma condi-
tions required to explore, understand, and

optimize alpha-dominated plasmas in-
cluding: energy confinement scaling, den-

siry limit scaling, and B-limits with alpha-

dominated heating. In addition, FIRE
would be used to begin the critically im-
portant task of integrating burning plasma

physics with advanced tokamak operating

modes.

The FIRE magnetic systems are de-

signed to support several operating modes

that would make it possible to explore

high-Q regimes utilizing the high-confi ne-

ment mode, advanced tokamak regimes,

and quasi steady-state operation.

In addition to the "baseline" mode

with magnetic field Br = 10 T plasma cur-

rent Ip = 5.44 MA, a flattop of 18.5 sec

with deuterium-tritium (D-T) plasmas at

a fusion power of 200 M\fl there are:

o the advanced physics D-T mode
with 81 = 8 T Ip = 5 MA; a flattop
^f 2? -^- ^" ^ f,,.i^- ^f 1<nul ././ olv 4L 4 rurrvrr Pvvvvr vL L 2v

M\W and

o the advanced physics deuterium-
deuterium (D-D) mode with 81
= 4T;Ip = 2 MA; a flattop of about

220 sec, similar to that of theToka-
mak Physics Experiment.

There is the potential to increase the

magnetic field to 12 t plasma current to

7.7 MAwith the flattop reduced to 12 sec

in a D-T plasma. These advanced-physics

modes would require the addition of ac'
tive cooling to the first wall and baffle . The
cost of these options will be evaluated in
late fiscal year 2000. They could permit
FIRE to explore advanced tokamak oper-

ating regimes at quasi steady state, in ad-

dition to its primary mission of exploring
high-Q plasmas with alpha-dominated
heating and testing advanced tokamak re-

gimes at about 20-sec pulse length. These

options are envisioned as upgrades that
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could be implemented during the opera-
tional phase.

Design Features
The major design features of the FIRE

include:

o Liquid-nitrogen-cooled, wedged to-
roidal field (TF) coils with inner legs

of beryllium copper and the balance

of the coils in high-conductivity
copper. Sixteen coils were chosen for
low field ripple (=0.3o/o at the outer
mid-plane). The FIRE design has

easily exceeded the original design

goal of 10-sec flattop time at 10 T.

. Liquid-nitrogen-cooled, high-con-
ductivity copper, freestanding mod-
ular central solenoid;

o Liquid-nitrogen-cooled copper po-
loidal field (PF) coils.

o A double-walled vacuum vessel with
integral shielding, a passive stabili-
zation system, and active control
coils.

o Sufficient shielding (by using a wa-
ter and steel filling in a double-
walled vacuum vessel) to reduce ac-

tivation to allow hands-on mainre-
nance outside the TF coils. This ar-
rangement also reduces the nuclear
heating of the TF coils, reduces the
dose at the coil insulation to -1.4
x 10lo rads for 3,000 full-power
pulses, and makes possible "hands-

on" servicing of components external

to the vessel.

o Plasma-facing componenrs using
beryllium in the firstwall.The thick-
ness of the tiles is chosen primarily
by the stress induced in the vessel

walls due to the temperarure differ-
ential between the inner and outer

walls. This temperarure difference is
caused by differential nuclear heat-
ing in a double-walled integral shield
configuration.

o Double-null radiative diveruors with
tungsten plates based on the ITER
design. The outer divertor plate is

actively cooled.

. 30 M\tr of ion-cyclotron radio-fre-
quency heating. A four porr sysrem

is planned with two antennae per

port.

o A tritium-rich pellet source will be

used for core fueling and a deute-
rium-rich gas source for edge fuel-
itg'

The TF coils are a critical element in
a high-field tokamak such as FIRE. A se-

ries of finite element analyses were made
to qualify the design. These analyses show
that the TF coil peak conducror stress is

Advanced Energ' Systems

Argonne National Laboratory

General Atomics Technology

Georgia Institute of Technology

Idaho National Engineering
and Environmental taboratory

Lawrence Livermore National Laboratory

Massachusetts Institute of Technology

Oak Ridge National Laboratory

Princeton Plasma Physics taboratory

Sandia National Laboratories

Stone and'W'ebster

The Boeing Company

University of Illinois

Universiry of \Tisconsin

FIRE Design Participants.
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Wedged TF Coils (16)

Compression Ring

Double Walled
Vacuum Vessel

W-pin Outer Plate
Actively Cooled

lnternal Shielding

ControlCoils

Passive Stabilizers

Flgure 7. Cross sectlon ofthe FIRE deuice.

well within the allowable stress for the

beryllium-copper chosen. FIRE is being

designed to have a lifetime of 3,000 pulses

at full field and 30,000 pulses at two-thirds
freici. The repetition time at iuii power anci

full pulse length is less than 3 hours and is

significantly faster at reduced fields and

pulse lengths.

One of the design issues for tokamaks

with highlyshaped plasmas and "external"

PF coils is the support for the overturning
moment on the inner coil leg. Nonlinear
simulations indicate that the wedging pres-

sure and expected friction bewveen coils

is adequate to resist the overturning mo-

ment with little or no slippage. To pro-

vide engineering margin, a large pair of
compression rings encircle the TF coils to

make the allowable wedge pressure and

shear stress more uniform. (See Figure 1.)

The effect of the rings increases as theTF
coils heat up and expand outwards, an at-

tractive feature providing additional en-

gineering margin when it is needed.

The maximum stress in the PF coils is

within the allowable range for oxygen-free

copper for all proposed operating modes,

including the possible extended modes

described below. The maximum tempera-

ture in these coils is - 180 K 
- 

well below
I ^-^ r.1.

tne J/J-l! llmlt.
Present engineering effbrts are focused

on the in-vessel components (active and

passive control coils, first wall, and

divertor) and in developing cost estimates.

A preliminary cost breakdown includes

roughly one-third for the tokamak (TF

and PF coils, vacuum vessel, and struc-

ture), one-third for power supplies, diag-

nostics, heating systems, and remote main-

tenance (with the power supplies being the

dominant cost item in this category), and

one-third for facilities and siting. Conse-

quently, power supplies, facilities, and sit-
ing are seen as important areas that will
receive close attention.

In summary, technical goals set for the

NSO study were exceeded by a consider-

able margin during FY99. Several very at-

tractive options for expanded physics mis-

sions were identified within the capabil-

iry of the magnet systems.
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Engneering anll Technic al
Infrastructure

FJt he Engineering and Technical In-
I frastructure Department is re-

I sponsible for managing the
Princeton Plasma Physics Laboratoryt
(PPPL) engineering resources. The De-
partment is organized functionally and
includes the Mechanical Engineering Di-
vision; the Electrical Engineering Division;
the Computer Engineering Division; and
the Fabrication, Operation, and Mainte-
nance Division. In addition to providing
engineering resources and support for the
Laboratoryt research endeavors, the De-
partment is responsible for the technologi-
cal infrastructure that supports the experi-
ments, as well as the managing the Care-

Flgare 1, Installatton of the NSIX cmter magnet
sttacture.

Fl.gure 2. Completed, NSTX dootce.

taking of D-Site and Decontamination
and Decommissioning (D&D) of the
Tokamak Fusion Test Reactor (TFTR).

National Spherical Torus
Experiment Construction

Final assembly and testing of the Na-
tional Spherical Torus Experiment
(NSTX) was completed and First Plasma

accomplished in February 1999, ten weeks

ahead ofschedule andwithin budget. Fol-
lowing initial operations, the device was

shut down to install the high-power
plasma-facing components and upgrade

diagnostics. Another major outage is
planned forJanuary 2000 to install a neu-
tral beam injector which will provide up
to five megawatts of heating power.
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Tokamak Fusion Test Reactor
The Tokamak Fusion Test Reactor, a

one-of-a-kind tritium-fueled fusion re-

search device located in PPPLs D-Site
complex, ceased operation in April1997.
During FY99 the safety and radiological
cleanliness of the D-Site facility was suc-

cessfully maintained while beginning to
make the transition from caretaking to
decontamination and decommissioning
operations.

In addition, PPPL continued its col-
laboration with the Japanese Atomic En-
ergy Research Institute, investigating the

retention of tritium in carbon tiles re-

sulting from high-power deuterium-tri-
tium plasma operations. As part of this

collaboration, PPPL staff, dressed in
bubble sui[s, enLerctl drc TFTR vacuunl

vessel safely, and a large amount of data

was collected. This data is being analyzed

to determine the inventory of tritium
maintained within the thin layer of plasma

exhaust deposited on the surface of the

TFTRlimiter dles. In addition to the on-

going analysis of the limiter tiles, staff
worked on specialized tritium monitoring
and tritiated waste solidification.

Fi.gure J. Dlamond,-wire rope andpulleys.

Also during FY99, PPPL had the op-

portunity to host the 17th titium Focus

Group Meeting, attended by more than

50 participants representing most of the

major tritium facilities in NorthAmerica,
Europe, andJapan.

TFTR DScD Preparations
The decontamination and decommis-

sioning of the TFTR is scheduled to oc-

cur during a three-year period, beginning
October i999. Themission oithe TFTR
D&D Project is to:

. remove and store items which can

be reusedwithin the Department of
Energy (DOE) complex;

6s

Flgure 4. IFTR at the start ofthe D&D ProJect.



Flgare 5. NSIX beamline undergoing modlftcatl,ons and i.nstallation.

. remove all remaining tritium con-
taminated and activated systems for
disposal (except for the neutral
beams);

. reclassify the D-site complex as a
nonnuclear faclliqr.

Starting in May, a core group began
preparations for the October start-up of
the TFTR D&D Project. The \Work

Breakdown Structure dictionary was up-
dated and estimates were prepared for
much of the work. Estimates of the
quantities of radioactive waste resulting
from the TFTR D&D were reviewed
and updated. The Project Management
Plan was also updated.

InJune, several D&D experts within
the DOE community were brought to
PPPL to provide a two-day training ses-

sion for engineers and crew leaders who
will be working on TFTR D&D.

In July, a successful DOE \Workshop

onTFTRD&D was held at PPPLwith a

reviewcommittee comprised of the D&D

specialists. This same committee will con-
duct a formal cost and schedule review in
December 1999.

In late August, full-scale demonstra-
tions of the diamond-wire cutting tech-
nique which will be used to segment the
TFTR vacuum vessel were successfully
completed at PPPL.

Neutral Beam Injection
System for the National
Spherical Torus Experiment

The Neutral Beam Injection Develop-
ment Project focused on preparations for
the planned NSTX outage in January
2000 when installation of the system will
be completed and itwill be commissioned.
Final designs were completed for the pro-
tective plate armor to be installed in the
NSTX vacuum vessel and the transition
duct needed to connect the beamline to
the NSTX torus. A prototype of the new
gradient grid voltage divider, that elimi-
nates the need for Freon coolant in the
modulator regulator power supplies, was
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built and successfully tested through its

full power range. In addition, work con-

tinued on the recommissioning of the in-
ternal beamline components, the fabrica-

tion ofcryogenic lines, and the decontami-

nation and refurbishment of the long-
pulse ion sources reclaimed from TFTR
for use on NSTX.

Cyber Security
The explosive growth of the internet

has brought access to our site for an ever-

increasing number of people. At the
same time, the number of recorded
hacker attacks on our site has also in-
creased. Due to security breaches at
other laboratories, as well as an overall
increase in hacker attacks worldwide,
DOE and Congrcss increased focus on
computer security issues. Several new
DOE orders regarding computer secu-

rity were issued in FY99 for implemen-
tation in FY00 and beyond. In late
FY99, PPPL established a Cyber Protec-

tion Technical \Working Group and a

Cyber Protection Review Board to man-
age the Cyber Protection Program. The
process of preparing a "Cyber Security
Action Plan" for PPPL was begun.

In FY99, several technical steps were

begun to increase our level ofprotection,
while continuing to allow for open col-
laborative research. A firewall was added

and is currently being monitored on a

daily basis to proactively block sites that
are viewed as potential threats. \flide use

of encrypted passwords was imple-
mented. Further measures to increase

security were planned. These include the
implementation of virus scanning and

site filtering software which will work
with the firewall to better protect the
Laboratory against incoming viruses in
e-mail or ftp attachments, and from im-
proper use of web browsers. \fle also plan

to investigate implementation of secure

key identification technology at PPPL.

This will initially be implemented to re-

strict access to root accounts at PPPL, but
will also be evaluated as a mechanism for
requiring password identifi cation through
the PPPL firewall for all accounts. A net-

work intrusion detector is also being
planned to monitor incoming and outgo-
ing PPPL traflic.

Y2K
FY99 saw the culmination of exten-

sive Y2K planning and preparations. In
accordance with DOE directives, PPPLs

mission essential systems were validated

as Y2K compliant. An Independent Vali-
dation andVerification of the systems was

conducted. End-to-end tests were ex-

ecuted. Business continuity plans and con-

tingency plans were prepared. All
nonmission essential systems, which sup-

port the scientific research efForts at PPPL,

were also inventoried and validated for
Y2K compiiance. Operating systems up-
dates and patches were applied in prepa-

ration for the event. PPPL participated in
DOE orchestrated Y2K drills, exercising

our "Day-O" readiness plans.

National Compact Stellarator
Experiment

Much of the engineering effort for
the National Compact Stellarator Ex-
periment (NCSX) in FY99 was in sup-

port of the development of advanced

analytical computer codes for stellarator
design. These codes, or "tools," as they
are commonly called, are described in
the NCSX section of this report. \fork
continued in parallel on the engineer-
ing design of the hybrid compact
stellarator concept that began last year.

This device, shown in Figure 6, would
utilize much of the existing Princeton
Beta Experiment-Modification (PBX-

M) facility. The conversion requires the
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Flgure 6. Tbe NCSX concept based. on modiftcattons to the PDX-M dcuice.

installation of a new "core," consisting
of a twisted donut-shaped vacuum ves-

sel, and conformal magnetic windings
surrounding the vessel. The conformal
windings would be cooled by liquid ni-
trogen prior to an experimental pulse to
lower their electrical resistance for
higher performance.

During FY99, comparative studies
were underway on two possible alterna-
tives, which would not involve the use

of PBX-M. The first alternative, shown
in Figure 7, would use shaped-back-

ground coils around a core similar to rhe
one that would be used in the modified
PBX-M concept. The new background
coils improye access and reduce the cur-
rent density required in the conformal
windings. In the second alternative,
shown in Figure 8, the conformal wind-
ing would be replaced with a combina-
tion of shaped-background coils and
poloidal field coils. This would improve
access and be easier to fabricate. Both
concepts are being analyzed to deter-
mine their feasibility.

Figrre 7. Sid,e uiew of theftrst altemati.aefor
NCSX witb sbaped-hackgroand colls for
improaed access.

Flgure 8. Sidc aiew of the second. altematlae
for NCSX wtth shaped-background colls and,
extemal poloidal field, colls. Thi.s ellml,nutes
the needfor conformal wlndlngs

Il:
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Technology Transfer

O L;H;Tdi#,iJ.#
fer oftechnology to other federal labora-
tories, private industry, and academic in-
stitutions. The Laboratory is currently col-
laborating with a number of industrial
partners in research and development.
These collaborations, which are predomi-
nantly Cooperative Research and Devel-
opment Agreements (CRADAs), prima-
rily involve near-term applications of
science and technology developed for
PPPLTs fusion program. The PPPL Tech-
nology Tiansfer Office implements the
Laboratoryt efforts.

A CRADA, which is a conrractual
agreement between a federal laboratory
and one or more industrial or universiry
partners, is one of several vehicles bywhich
technology can be transferred to the pri-
vate sector or government agencies. A
CRADA enables industry and PPPL re-
searchers to work on programs of mutual
interest. Costs and project results may be

shared between the Laboratory and the
research partner. In addition to CRADAs,
the PPPL Office of Technology Thansfer
coordinates other programs to promote
the transfer of technology to industry, in-
cluding \fork for Others, Employee Ex-
changes, and Licensing of Inventions and
Technologies. In \fork for Others, indus-
try pays for work performed at PPPL,
while in the Employee Exchange Program,
researchers from indusffy assume a work

assignment at the Laboratory, or PPPL
staff work in the industrial setting. PPPL
technology is licensed through Princeton
University's Office ofResearch and Project
Administration. The Laboratory works
closelywith the University for the patent-
ing and protection of PPPL intellectual
property.

The following projects were active
in FY99.

The American Textile
Partnership

The American Textile Partnership
(AMTEX) is a multi-laboratory Master
CRADA that spans the entire U.S. textile
industry. AMTEX has a number of sub-
tasks including the On-line Process Con-
trol Project. PPPL is collaborating with
Dupont, BASF, Camac-Cookson, and
\fellman, Inc. through the PrincetonTex-
tile Research Institute to develop a non-
contact diagnostic insrrumenr that can be

Fi.gtre 1. The comhina.tion offour hellum-neon
lasers for opttcal scatterl.ng by fi.bers.
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Fi,gu.re 2. traser scattedns hy aftber.

used in the factories of U.S. synthetic fi-
ber manufacturers to assure that fibers

conform to specifications. The measure-

ments will be made optically on the pro-
duction line in real time. PPPL had com-

pleted the second year of this effort with a

proof-of-principle demonstration at the

facilities ofseveral industrial partners. In
FY96 the program was suspended because

of funding limitations.
InFY97 the projectwas restarted, and

a laboratory devoted to the study oflaser-

fiber interactions was established at PPPL.

Since that time, computer modeling codes

have been developed that predict the rela-

tionship between fiber birefringence and

the resultant pattern oflaser light scattered

from the fibers. The computer codes are

highly predictive of experimental results

obtained in the laboratory. PPPL is pre-

paring to construct a commercial proto-
type of the On-Line Process Control Sys-

tem that will be taken into the field for
trials on the spinning lines of commercial

manufacturers in FY00.

Plasma Sterilization Project
The sterilization of thermoplastic food

containers is widespread in industry. Limi-
tations in existing sterilization techniques

result in significant increases in produc-
tion costs. For this reason, improvements

in sterilization processes will have a large

economic impact. The Plasma Sterilization

Project is directed at developing a method

for quickly sterilizing food, beverage, and

other thermoplastic containers using a
plasma discharge. The goal is to sterilize

thermoplastic bottles with less than two

seconds of ffeatment in a bottling-line en-

vironment.
Bacterial spores are the most difficult

microbes to eliminate. PPP[is innovative

plasma sterilization technique uses ener-

getic ions for the destruction of microbial

spores. Howeve! the technique should be

effective on other microbes as well.

During FY99, an experimental plasma

chamber for spore testing was completed.

In FY00, a series of tests on the spore

samples will be conducted with various

plasma conditions to determine the opti-
mum plasma parameters for spore destruc-

tion, consistent with the needs of indus-

try. These initial proof-of-principle tests

will be performed on small aluminum tabs

having bacterial spores on one side. In
FY01, the range of parameters for effec-

tive sterilization will be determined. Hard-

ware will be adapted to the configuration

of a beverage or food container. Another
series of experiments will be conducted to

assess the efltctiveness of plasma steriliza-

tion with different plastics and spore types.

The evaluation will involve an analysis of
the kill mechanism using scanning elec-

tron microscopy available on Princeton

University's main campus.
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Development of an RF
Pasteurization Process

In FY99, PPPL and the U.S. Depart-
ment of Agriculture (USDA) continued
their interagency agreemenr ro jointly de-
velop new pasteurization methods that will
use radio-frequency (rf) waves for pasteur-
izing raw liquid foods such as eggs, fruit
juices, and milk. This \Work-For-Others

agreement berween PPPL and the USDA
came about when researchers at the
USDAs Eastern Regional Research Cen-
ter in Philadelphia identified the poten-
tial of rf radiation for pasteurization. Ini-
tial results and subsequent evaluation of
microorganisms introduced into liquid
foods indicated that rf radiation is an ef-
fective means for pasteurization

Radio-frequency waves ofFer advan-
tages over the traditional pasteurization
method of directly heating raw liquid
foods. The direct method often heats foods
unevenly, possibly resulting in incomplete
pasteurization in lower temperature re-
gions and in denaturing foods in over-
heated regions. Using rf waves of the ap-
propriate wavelength may allow pasreur-
ization without excessively heating liquid
foods to temperatures thar cause food de-
terioration.

The USDAT Eastern Regional Re-
search Center is collaborating with PPPL
because of the Laboratory's extensive ex-

perience in the application of rf and mi-
crowave radiation to the study ofplasmas.
The Laboratory has expertise in optimiz-
ing the absorption of rf and microwave
energy into a receiving medium. The ap-

plicable PPPL capabiliry includes the mea-
suring of rf parameters, instrumentation,
the design and fabrication ofantennas, and
the safe handling of these componenrs.

During FY99, the PPPL team assisted

USDA researchers in equipping their fa-
ciliry with the necessary rf power source
and provided the expertise to enable the

Figure J. Next to the radio-frequency oaen that
is being used. in the pastearization experiments
are members of the fltt team, tncluding (from
left), Chris Brankhorst, Elmer Fredd, and Daae
Ciotti. Not pictured, is Randy Wilson.

measurement of power deposited, power
launched, and efficiency. In addition, the
PPPL group optimized the rf launch con-
figuration and helped moniror the effect
of deposited power during the pasteuriza-
tion process. PPPL will continue ro pro-
vide support to the USDA in this area

during FY00.

High-Resolution Imaging
Spectrometer and X-ray
Collimator

In FY99, PPPL resumed a collabora-
tion with a small business, Radiation Sci-
ences, Inc., to develop the technology for
bending large crystals for use in double
focusing X-ray spectromerers and similar
instruments requiring high spectral and
spatial resolution simultaneously. Such a
spectrometer could be used as an X-ray
diagnostic device in fusion experiments.
In previous work, scientists and engineers
from Radiation Science and PPPL dem-
onstrated that it was possible to bend a
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very large circular crystal (200-mm diam-
eter) into an optical-qualiry segment of a
sphere and hold it in that shape for an

extended period of time.
In FY99, the goal was to use the geo-

metric characteristics of a spherical, double

focusing crystal spectrometer such that a
point source of X-rays can be collimated
into parallel rays, or conversely, a parallel

beam of X-rays can be focused at a point.
The latter case makes it possible to build
a high-resolution imaging spectrometer for
a limited range of X-ray wavelengths that

includes spectral lines of importance for
plasma diagnosis. This spectrometer
would provide simultaneous information
on plasma conditions over a large volume .

The diagnostic applications include Dop-
pler measurements of the ion temperature

and plasma rotation' and measurements

of electron temperature, ionization equi-

librium, and ion ffansport. The main ad-

vantage of this new type of X-ray spec-

trometer is that it would provide a spa-

tially and spectrally resolved image of the

plasma (on a two-dimensional detector)

using only one, spherically bent crystal.

The collimating property of the reverse

configuration may have important impli-
cations for X-ray lithography from point
sources such as laser generated plasmas.

The development of the spectrometer will
continue in FY00.

RF-Heated Plasma Thruster
for Spacecraft Propulsion

During FY99, PPPL and Princeton

Satellite Systems, Inc. entered into a

CRADA for a systems study on the de-

sign for an innovative electric thruster.

This novel propulsion concept employs

radio-frequency electromagnetic fields to

heat a plasma that is confined by a super-

conducting solenoidal magnetic coil. The
plasma is expelled along the solenoidal

field through a magnetrc nozzle where it

accelerates to supersonic speed, cools, and

recombines into neutral gas, thus gener-

ating thrust. This has the potential to solve

lifetime and thrust and power limitations
of existing electric spacecraft propulsion
systems. This propulsion concept can lead

to high-thrust high-specific-impulse pro-

pulsion systems that would be useful
within a decade. Applications include
eafth ffansfer orbit operations, lunar trans-

fer vehicles, and manned and unmanned
interplanetary missions.

During FY99, a systems design for the

thruster was performed. System efficiency

and specific-mass and specific-power com-

puter models were developed, and a sur-

vey of space missions was initiated.

Particle Simulation Model
for Chemical and Atomic
Reactions

Applications of low-temperature high-

density weakly ionized gases can be found
in many branches of physics and engineer-

ing. Plasma etching devices in the semi-

conductor industry typically use such

gases. In a past collaboration, PPPL and

Charged Injection Corporation (CIC)
jointly developed a computer code derived

from plasma simulations to model elec-

trostatically charged gases for novel indus-

trial applications. Laser printers, electro-

static fire-fighdng systems, and diesel en-

gine nozzles are some examples of appli-

cations of charged elecffostatic spray tech-

nology. In these applications, weakly ion-

ized particles arising from gas breakdown

in a high-density neutral gas, created by a

driving electric field, play the essential role.

The electrons gain energy from the field
(source) and lose it to the atomic and

chemical reactions (sinks) so that their
energy distribution is far from equilib-
rium.

The original collaboration with CIC
was well received by the physics commu-
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nity, and resulted in an American Physi-
cal Society invited paper. In the new col-
laboration, PPPL and CIC initiated the
development of a new class of particle
codes for the distribution of charged par-
dcles. To keep the total number of simu-
lation particles tractable, these codes
handle reacting charged gases by clump-
ing electrons. Clumping is done in phase
space to conserve momentum and en-
er8y.

During FY99, a code was under de-
velopment in collaboration with Dr.
Arnold Kelly of CIC. Once the code is

completed, it will be very useful in mod-
eling applications of reacting gases, in-
cluding the CIC laboratory SPRAYTRI-
ODE@ and electron-beam-driven fire-
fighting nozzles, where the number of
real particles increases exponenrially in
time. CIC will evaluare the code's pre-
dictions by comparing results with ex-
perimental observations. This effort is

expected to provide the foundation for
further collaborative work with CIC.

Edge Tirrbulence
Measurements by Laser-
induced Fluorescence

Edge turbulence, a key factor in the
performance of fusion devices, is poorly
understood. In FY98 during the first phase

of a Small Business Innovative Research

CRADA with Fusion Physics and Tech-
nology, Inc. the development of a planar
laser-induced fl uorescence diagnostic was

undertaken. This diagnosric was designed
to measure ion turbulence and provide
data that could be used to validate exist-
ing models of turbulence and edge trans-
port. A tunable laser was used that would
excite ion emission lines at specific wave-
lengths. The fluorescent light emitted at
90 degrees would be used to quantirarively
model the signal-to-noise and signal-to-
background ratios for experimentally rel-

evant conditions. Various options to sub-
tract the background emission were iden-
tified. The feasibility of measuring
hydrogenic densities and velocities by la-
ser fluorescence in the divertor region of
fusion devices was investigated.

During FY99, PPPL and Fusion Phys-
ics &Technology built the diagnostic and
by the end of the year, using the Magnetic
Nozzle Experiment as a rest-bed, prelimi-
nary testing had begun. This diagnostic
will be used in physics experiments on rhe
Current Drive Experiment-Upgrade and
the Magnetic Reconnection Experiment.

Fast Etching with Segmented
Cathode HaIl Accelerator

Currently, etching ofsilicon wafers for
microelectrical and mechanical systems
(mems) technology occurs on the order
of a micron per minute or several hours
for a wafer. A significant achievement in a
number of industrial processes would be

to substantially increase the etching rate
as well as the selectiviry. This Technology
Maturation Project is a cooperative effort
with LucentTechnologies. The goal of the
project is to evaluate whether the PPPL
Segmented Cathode Hall Current
Thruster is capable of producing a neu-
tral plasma flow with high current den-
siry so that the thruster can be used as an
accelerator of neutral plasma to etch sili-
con wafers and other materials.

The physical processes rhat occur
when such a plasma impinges upon a sili-
con wafer can be expected to differ from
the processes that occur in conventional
plasma processing, using for example, in-
ductively coupled plasmas, because of the
different plasma environment in the vi=

ciniry of the wafer. In conventional etch-
ing, the material is bombarded by ener-
getic flowing ions, while the surface is ex-
posed to moderate-density cool plasma.
In thruster etching, the surface is bom-
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barded by energetic flowing neutral
plasma, while the surface can be exposed

only to very low-density neutral gas or
plasma.

To determine whether thruster etch-

ing will be advantageous, the collabora-

tion with Lucent was formed to evaluate

this empirically. The Lucent team will di-
rect attention to important practical Pro-
cess streams, provide wafers, and help to

analsrzethe etching results. The segmented

cathode thruster approach is particularly
well suited to such a task because it pro-

vides the low plume divergence and

plasma control that will be of paramount
importance in industrial etching applica-

tions.
PPPL will operate the PPPL Hall

Thruster, chancterizethe plasma flow, and

position the silicon wafer in the acceler-

ated plasma stream. Lucent will provide

Kai-LIei Fu (lef) and, Praiect Head' Nathaniel
Fisch inslde the PPPI Segmented Cathode Hall
Cument Thruster which is located in the space

that fortnerly housed the S-1 Spheromak.

guidance on preferred operating regimes,

provide suitable wafer targets, and will
analyze the etch result. This Technology

Maturation Project will provide back-

ground information for a more extensive

collaboration with Lucent in the future.
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Patents and
Invention Disclosures

Patents Issued
Drum Bubbler Thitiurn Processi.ng System

- Kieth Rule, Geoff Gettelfinger, and Paul Kivler

Patent Applications
Method andAp?aratus to Produce and Maintain a Thich, Flotaing Liquid Lithium
FirstWallfor Tbroidal Magnetic Confinement DT System Reactors

- Robert D. -Voolley

Provisional Patent Applications
Energetic lons for Sterilization

-John 
A. Schmidt

Invention Disclosures
Ion Heating in FRC by Application of Rotating Magnetic Fiel.d.s

- Samuel A. Cohen

Stabilization of FRC Plasmas agai.nst Internal Modes by the Application
of Rotating Magnetic Fields

- Samuel A. Cohen

Plasma Production of Uhrauiolet Lightfor Steri.lization

- Douglass S. Darrow and Philip Efthimion

Direct Coupling of Electron Bernstein Waues

- Philip Efthimion, J.C. Hosea, GaryThylor, and R. Majeski

Segrnented Cathode Hall Thruster

- Nathaniel J. Fisch and Yevgeny Raitses

A Variable-Frequency RF Source for Plasma Heating Equipment

- Nevell L. Greenough

Cauity Ring Doun (CRD) Interferometry for Micro-plasma

- Hyeon K. Park and Elizabeth J. Foley

Carrent Sheet Plasrna Conf.nement Deuice

- Stephen F. Paul

Method of using Superconducting Tiles to Form a Surface that Approximates
that of a Solid Superconductor

- 
\Wayne Reiersen and Allen Boozer
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Aduanced MagLeu Configaration

-John 
A. Schmidt

Tuto-layer Stream Liquid Metal Protection for the FirstWall of the Toharnak-reactor

- Leonid E. Zakharou, Nikolai Gorelenkou and Roscoe White

The First Wall Deuice for Absorption of Non-localized Thermal Energ/Particle
Fluxfrom High Tbmperature Mirror-machine Plasma with use of B-directed
Electro-magnetic Propulsion of Liquid Metal

- Leonid E. Zal{tarou Dennis Mansfield, and Robert \Toolley

The FirstVall Deuice for Absorption and Tiansrnission of Non-localized Energy/Particle
Fluxfrom Higb TbmperAture Tbkamak Plasma with use ofJ-direcnd Electro-magnetic
Propukion of Liquid Metal

- Leonid E. Zal<harcv, Dennis Mansfield, and Robert \Toolley

Lithiurn Breeder Deuicefor Heat/Material Exchange in Intensiue Flux of Fusion Neutrons

- Leonid E. Zal{taro% Evgeni Muraviert and Robert -Woolley

Deuice for Absorption and Transmission of Intensiue Localized Thermal Energy/Particle
Fluxfrom High Ternperntare Tbkamak Diaertor Plasma with use of Elearo-magnetic
Propulsion

- Leonid E. Zal<harov, Martin Peng, and Robert \Woolley

Deuice for J-directed Electrornagnetic Propulsion of a Free+urface Liquid Lithium Strean't

along a Guide Plate in Tohamaks

- Leonid E. Zal{tarov and Robert \Woolley

Deuice for B-directed Electromagnetic Propulsion of a Free-surface Liquid Lithium
Stream along a Guide Plate in Mirror-machines

- Leonid E. Zal<harov and Robert \(oolley

Deuice for Intensiue Heat/Material Exchange Driuen by J-directed Ma.gnetic Propulrion
in the Conducting Fluid Contained in a ClosedVolume and Embedded in the Toroidal
Magneti.c Field of a Tokamah

- Leonid E. Zal<harov and Robert \Toolley

Enuironmentally Clean and Compati.ble Tbkamak Fusion Lithium-deuterium Redctor
with Plasma Facing Liquid Lithium Snearn and utith Lithiurn Breeder both Driuen
and Contro lled by J-directed Electro-magnetic Propulsion

- Leonid E. Zal<harov, D. Mansfield, E. Muravierr R. -Woolley,

Yu.L. Igitkhanorr, S. Krasheninnikov, S.V Mirnov, A.I. Morozov,
VS. Mukhovatov, G.V Pereverzev, S. Puwinskii, and P.N. Yushmanov
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Graduate Education

Program ln Plasma Phystcs grad,uate studentsfor acail.emic year 1999-2000.
From left: Iuis Delgado-Apari.ci.o, Barhara Sarfaty (Ad,ministrator), Troy
Carter,Aleksey Kurltsjm, Kyle Morrison,Joshua Breslau, Sorin Zaharia, Daniel
Clark, And,rei lituak, Adam Rosenherg, Ieonid Dorf, Elizabeth Foley, Hong
Qtn (alamni), Jef Spaleta.

,Tf he Princeton Plasma Physics

I 33.'":il:'Lilffi ;: 
-,j:iT:;

in Plasma Physics and the Program in
Plasma Science and Gchnology.

Program in Plasma Physics
In the Program in Plasma Physics, stu-

dents are admitted directly to the Program
and are granted degrees through the De-
partment ofAstrophysical Sciences. \With

more than 200 graduates since 1959, the
Program has had a significant impact on
the field of plasma physics, providing
many of today's leaders in the field of
plasma research and technology in aca-

demic, industrial, and government insti-
tutions.

Both basic physics and applications are

emphasized. There are opponunities for

research projects in the physics of the very
hot plasmas necessary for controlled fu-
sion, as well as for projects in solar, mag-
netospheric and ionospheric physics,
plasma processing, plasma thrusters, plas-
ma devices, nonneutral plasmas, lasers,

materials research, and in other important
and challenging areas of plasma physics.

In FY99, there were 33 graduate stu-
dents in residence in the Program in
Plasma Physics, holding among them two
Department of Energy Magnetic Fusion
Science Fellowships, one Herrz Fellow-
ship, one National Science Foundation
Fellowship, two NASA Graduate Student
Researchers Program Fellowships, and one
Princeton University Honorific Fellow-
ship.

Seven new students were admitted in
FY99, two from Russia, one from China,
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one from Peru, and three from the U.S.

Eight students graduated in FY99, six re-

ceiving postdoctoral positions at the fol-
lowing: Princeton Plasma Physics Labo-

ratory, Lawrence Livermore National
Laboratory, the National Center for At-
mospheric Research at the Universiry of
Colorado at Boulder, Princeton Univer-
sity, the Institute for Theoretical Physics

at University of California, Santa Barbara,

and GeneralAtomics. Two graduates took
positions in private industry (LucentTech-

nologies and GE Medical Systems).

A fifth-year graduate student won the

Princeton Universiry Charlotte Elizabeth

Proctor Honorific Fellowship in recogni-

tion of his distinguished work in the Pro-

gram in Plasma Physics.

Boldyrev, Stanislav A.
Thesisl "Burgers Tirrbulence and Passive Random Advection'
Advisors: A. Polyakov and John Krommes

Emplo;rment: Institute ofTheoretical Physics at UC Santa Barbara

Chao, Edward
Thesis: "Pure Electron Plasma Dynamics and the Effects of Collisions

with Background Neutral Gas Atoms"
Advisors: Stephen Paul and Ronald Davidson

Employment: GE Medical Systems

Fong, Bryan H.L.
Thesis: "Ballooning Modes in Laboratory and Space Plasmas"

Advisor: Steven C. Cowley

Employment: NCAPJHAO, Universiry of Colorado at Boulder

Heeter, Robert E
Thesis: 'Alfvdn Eigenmode and lon Bernstein \(ave Studies for Controlling

Fusion Alpha Particles"

Advisor: Nathaniel J. Fisch

Employment: Lawrence Livermore National Laboratory

Malyshev, Mikhailv.
Thesis: 'Advanced Plasma Diagnostics for Plasma Processing"

Advisor: Vincent Donnelly (AT&T) and Nathaniel J. Fisch

Employment: Lucent Technologies

Savchenko, Vladislav
Thesis: "Quantum and Radiation Effects in Plasmas"

Advisor: Nathaniel J. Fisch

Employment: Princeton Universiry Departmeot of Astrophysical Sciences

Snyder, Philip B.
Thesis: "Gyrofluid Theory and Simulation of Electromagnetic Tirrbulence

and tansport in Tokamak Plasmas"

Advisor: Gregory Hammett
Employment: General Atomics

Tiintchouk, Fedor
Thesis: "XUV Fluorescence in a VacuumArc Discharge by Resonant Optical Pumping'

Advisor: Szymon Suckewer

Employmenc Princeton Plasma Physics Laboratory
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Luis Delgado-Aparicio University Catolica Del Peru

Ilya Dodin Nizhny Novgorod Universiry,
Russia

Major Field

Engineering Physics and
Mechanical Engineering

Aeronautical and Astronautical
Engineering

Physics

Physics

Roman Kolesnikov Physics

Andrew Burlingame Ohio Stare Universiry

Physics and Linguistics
Space Plasma Physics

Thomas Kornack
Chunqiang Li

Undergraduate Institution
Cornell University

Student

EmilyBelli

Moscow Institute of Physics

and Technolog;r

Swarthmore College

Peking University

in Fiscal Year 1999.Students Ad.mitted. to the Plasma

First year graduate students in the Program in Plasma Plrysics
lnclud.e, from the left, Roman Kolesnikou, Emily Belli., Ilya
Dodin, Andy Buillngame, Tom Komack, Iuis Delgado-Aparicio.

Program in Plasma Science
and Technology

Applications of plasma science and
technology meld several traditional scien-
tific and engineering specialties. The pur-
pose of the Program in Plasma Science and
Technology is to provide strong interdis-
ciplinary support and training for gradu-
ate students working in these areas. The
scope of interest includes fundamental
studies of the plasmas, their interaction

with surfaces and surroundings, and the
technologies associated with their appli-
cations.

Plasmas are essential to many high-
technology applications, such as gaseous

lasers, in which the lasing medium is

plasma. X-ray laser research is prominent
in the Program in Plasma Science and
Technology. Another example is fusion
energy for which the fuel is a high-tem-
perature plasma. Lower temperature plas-
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mas are used for a growing number ofmate-
rials fabrication processes, including the etch-

ing of complex patterns for microelectronic

and microoptical components and the depo-

sition of tribological, magnetic, optical (see

figure), conducting, insulating, polymeric,

and catalytic thin films. Plasmas are also

important for illumination, microwave gen-

eration, destruction of toxic wastes, chemi-

cal synthesis, lasers, space propulsion, and

advanced-design accelerators for fundamen-

tal particle research.

The Program in Plasma Science and

Technology provides support for M.S.E.
and Ph.D. students who concentrate on a

specific research topic within the field of
plasma science and technology while ac-

quiring a broad background in relevant

engineering and scientific areas. Princeton

Universiry departments in the Program are

Astrophysical Sciences, Chemical Engi-
neering, Chemistry, Civil Engineering,
Computer Science, Electrical Engineering,

Mechanical and Aerospace Engineering,

and Physics. In 1999, eleven students re-

ceived support from the Program; they co-

authored more than a dozen refereed pub-
lications; five of these students received

their Ph.D. degrees.

Two graduate students supported by
the Program won awards for their thesis

work. Kiran Pangal, now at Intel, won the

Graduate Student Gold Medal Award
from the Materials Research Society for
his thesis entitled "Hydrogen-Plasma-En-

hanced Crystallization of Hydrogenated

Amorphous Silicon Films: Fundamental

Mechanisms and Applications." Zhehui
\flang, nowat l,osAlamos National labora-
tory, won the Best Student PaperAward from

the American Vacuum Society for a paper en-

titled "Geometrical Aspects ofHollow-Cath-
ode Planar-Magnetron Sputtering."

A new grant, the Cooperative Re-

search and Development Agreement, was

awarded to a member of the Program's

Interdepartmental Committee. The
Agreement sponsored a joint research

project with a local company and sup-

ported one student.
To maintain a strong Program in

Plasma Science and Technology, in-
creased efforts were made to develop ap-

preciation for plasma physics among un-
dergraduates. A sophomore seminar, en-

titled "All Plasmas Great and Small" was

presented in Mathey College. One stu-

dent from that class worked at PPPL on
a plasma thruster project. The Program's

interdepartmental faculty supervised in-
dependent research on plasmas by under-

graduates.

5.5 cm

Amorphous sillcon island,s d,eposited by plasma-enhanced, chemical aapor

deposition on polyimid.e foil after d,efonnation to a spherical surface shape.

Ihese will become part ofa spherically shapeil infrared detectorfocal plane
a.tTQy.
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Science Education

.*'" .i'""

Undergrad,uate students who participated in PPPI sammer prograrns d,aring 1999 are, from left,
(kneeling) Sahrina Tumer, Dauid Schustery Jesse Hwang, Damon Tuney, Kni-Mei Fu, Amnria George;
(mid.d,le)Jonathan Nazemi, Vyacheslaa Lukdn, Geolfrey Bramfiel, Shinya Kurebaltashi, Tim Mtller,
Anthony Mrozckowski, Mike Mulligan, Kail leuenroth, Adam Ed,wards; (back row) Brian Pierce,
Eugenio Ortiz, Remik Ztemltnskt,Jeff Ni.ne, Steae little, Daoid, Hannam, Brian Kirby, Thawatchai,
Onlun, and Wanen Welch.

The goals of the Princeton Plasma

Physics Laboratory (PPPL) Sci-
ence Education Program are:

o to provide a comprehensive port-
folio of initiatives that leverage the
creativity and enthusiasm of
teachers to enhance the science

learning and understanding of
America's children in grades K-12;

o to integrate research and educa-

tion to improve teaching;

o to contribute to the training of the
next generation ofAmerican sci-

entists and engineers;

o to improve the scientific literacy
of the community at large.

The science education programs allow
PPPL staff to participate in science edu-
cation and outreach through involvement
with K-12 teachers, K-12 students, under-
graduate students, and informal educa-

tional activities.

Integrated Mathematics
and Science Project

During FY99, PPPL in conjunction
with the National Science Foundation and
the U.S. Department of Energy entered
into a partnership with the Philadelphia
School District. The program, coordinated
through the school districtt Office of
Leadership and Learning, provides profes-
sional development for science and math-
ematics teachers.
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During 1999, the Program consisted
offour separate parts:

o A one-weekworkshop, the Summer
Energy Institute, held at PPPL dur-
ing the summer.

o A three-day workshop on the inte-
grated use of mathematics and sci-

ence held at a Philadelphia school.

The workshop used the implemen-
tation of an energy audit to dem-
onstrate the integration of math-
ematics and science in the curricu-
lum.

o A follow-up meeting with partici-
pants was conducted by the Office
of Leadership and Learning to as-

sess the outcomes of the activities
held during the summer and to plan
future activities.

o School-year support and follow-up
by PPPL scienrists and sraff,

The first phase of the partnership,
the Summer Energy Institute, was de-
signed to provide the content knowl-
edge, pedagogy, and technology inte-
gration necessary for teachers to con-
duct research projects with students.
During the Institute, the teachers were

taught to use research as a vehicle for
content enhancement and were pro-
vided the opportunity to experience
constructivist learning. The Institute
was developed in collaboration with the
Philadelphia School District's Office of
Leadership and Learning utilizing
closely aligned national standards. The
program enabled teachers to obtain the
necessary skills to develop projects that
would address the goals of "Reaching
Higher: Graduation and Promotion
Supports and Requirements," the Dis-
trict's newly developed educational
standards.

Science, Mathematics, and
Technology Collaborative

Started in FY99, the Science, Math-
ematics, and Technology Collaborative is

a three-year program ofsustained, inten-
sive, high-qualiry professional develop-

ment for teachers of grades 3 through 6.

In this collaboration, Princeton Uni-
versity's Teacher Preparation Program,
the Invention Factory Science Center, and

PPPL are working in partnership with the

school districts of the cities ofTlenton and

Burlington, and Florence Township Pub-

lic Schools.

Each partner institution has a special-

ized, clearly defined role in the project that
effecdvely uses its unique resources to en-

hance teacher professional development.

Program activities are designed to further
the implementation of the participating
districts'vision, to strengthen the teach-

ing of science, math, and technology, and

to integrate these subjects with other core

curriculum content areas. This should lead

to an improved understanding and inter-
est in science and math for the children in
those districts. Accomplishments during
FY99 include:

o The completion of an intensive,
comprehensive needs assessment of
teachers and administrators in all
three districts.

o Thirty-five workshops reaching 133

teachers, exceeding the project's year-

one goal. In addition, 30 teachers from
other districts in Central New Jersey

not in theprogram amendedthework-

shops.

o Asuccessfi;l network ofmentor teach-

ers was formed. The mentors are

working to disseminate project infor-
mation and implement strategies to

improve science teaching.
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. Twenry teachers and 19 preservice

teachers participated in summer in-
stitutes.

. Fifry teachers attended workshops
on the use ofthe Internet as an ef-
fective classroom tool.

o A web site was created to facilitate
teacher interchange on science mat-
ters.

o Preservice teachers attended the

Quest Summer Institute at Prince-
ton LJniversity and participated in
workshops.

Plasma Camp
The Plasma Science and Fusion En-

ergy Institute, known as "Plasma Camp,"
is an intensive two-week program of lec-

tures, lab work, and curriculum design for
high school physics teachers. The program

Father Michael liebl, a Plasma Ca.ntlt pertici-
pant who teathes at Mount Michael Benedictine
Htgb School in Elkhom, Nehraska, conducts
research on the CDX-U rnachine dari.ng the sutn-
mer workshop.

began in the summer of 1998 and, in
FY99, veteran teachers returned to PPPL
and studied plasma behavior in the Cur-
rent Drive Experiment-Upgrade (CDX-U).

The FY99 Plasma Camp was rhe first
time that teachers actually ran an experi-
mental fusion device and conducted re-
search the same way scientists do. \fork-
ing with PPPL researchers, teachers from
Kansas, Nebraska, and New Jersey oper-
ated the hydrogen-fueled machine, evalu-
ated the temperature and density of the
plasma, and analyzed plasma impurities
recorded with a soft X-ray pinhole cam-
era. The experiments involved changing
the magnetic field level to gauge the ef-
fect on the plasma. In addition ro pamici-
pating in the CDX-U experiments, three
returning teachers assisted in the worlshop
and served as mentors to the new partici-
pants. Participants in the program are se-

lected nationwide.
The goal of Plasma Camp is to help

teachers develop curricular materials for
introductory physics teaching, which
make the subjects of plasma and fusion
science accessible to high school studenrs.
One participant noted, "at rhe Plasma In-
stitute, they teach us on a graduate level

and create a stimulating atmosphere where
we can develop curriculum materials ap-
propriate for our students."

Outreach Efforts
During FY99, partnerships with local

community organizations involved with
improving science education and science

literacy were continued. PPPL hosted the
annual A* for Kids Teacher Nerwork's
Summer Science, Mathematics, and Tech-
nology Institute. The theme of the FY99
Institute was "Technology in the Class-
room." Middle and High School teachers
from throughout New Jersey spent rhree
days at PPPL exploring topics such as

Internet Applications for Science and
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Mathematics; Revitalizing Science Gach-
ing Using Remote Sensing Technology-

Meteorology; and Science, Industry &
Education: Making the Connection.

PPPL hosted young women from the

Foxcroft School in Vrginia. Four PPPL

women in science and technologypartici-
pated in the program that included a tour
of PPPtLs experimental facilities, work-
shops, and a panel discussion. The staff
encouraged the Foxcroft women to con-

sider a range ofcareer options now open

to women.
In November, PPPL employees par-

ticipated in the 1999 Plasma Expo and

Science Teachers Day at the annual meet-

ing of theAmerican Physical Sociery-Di-
vision of Plasma Physics. More than
4,000 students attended the Expo and

138 teachers attended workshops during
Teacher's Day. The goal of the annual
Plasma Expo and Science Teachers Day
is to 'build a bridge' between the plasma

science community and the educational
community.

FY99 marked the 15th anniversary of
PPPLs popular Science-on-Saturday lec-

ture series. Villiam J. Hogan of the
Lawrence Livermore National Laboratory
kicked off the 1999 Series, which offered

eight free lectures geared toward high
school students, but open to the public at

large. The goal of Science-on-Saturday is

to improve science literacy by exposing

children and adults to a broad range of
science and science related issues. Approxi-
mately 2,150 individuals attended the
1999 series, a record number.

IJndergraduate Research
Programs

PPPtls long-standing National Under-

graduate Fellowship Program and the re-

cently implemented Department-of-En-
ergy-sponsored Energy Research Under-
graduate Laboratory Fellowship Program

were conducted at the Laboratory during
FY99. Through these programs, under-
graduate science and engineering students

are introduced to plasma science and tech-

nology through a one-week course in
Plasma Physics, followed by participation
in the on-going research of the Labora-

tory for nine weeks.

In addition to the research project,
mentors provide guidance and support
to students in matters related to course

selecdon, graduate programs, and career

options. During the summer of 1999,
twenty-four students from colleges and

universities throughout the United States

participated in the programs. Students

were selected competitively, based on
their academic abilities, potential to do

research work, and interest in graduate

study.
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Awards andHonors

Individual Awards

Joshua Breslau
1999 Charlotte Elizabeth Procter Honorific Fellowship

Princeton University

Darin Ernst
Outstanding Doctoral Thesis in Plasma Physics Award
American Physical Society-Division of Plasma Physics

Guo-Yong Fu
Kaul Foundation Prize for Excellence

in Plasma Physics and Technology Development
Princeton Universiry

Long-Poe Ku
PPPL Distinguished Engineering Fellow

Princeton Plasma Physics Laboratory

Scott Larson
Presidentt Standing Committee on the Status of\fomen Award

Princeton University

'W.'Wei-li Lee
PPPL Distinguished Research Fellow
Princeton Plasma Physics Laboratory

Ernesto Mazzwcato
PPPL Distinguished Research Fellow
Princeton Plasma Physics Laboratory

Dale Meade
Leadership Award

Fusion Power Associates

Raffi Nazikian
Kaul Foundation Prize for Excellence

in Plasma Physics and Technology Development
Princeton University
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George "Hutch" Neilson
Fellow

American Physical Society

James Thylor
Presidential Achievement Award

Princeton University

H""ry Towner
EMS Recognition Award

Stark & Stark

Laboratory Awards
Award of Distinction

U.S. Small Business Administration
for PPP[is "Outstanding Efforts" in Providing
Contracting Opportunities to Small Businesses

Corporate Small Business Award
U.S. Department of Energy

for PPPLs "Outstanding Achievement" in Providing
Contracting Opportunities to Small Businesses

Dwight D. Eisenhower Award
U.S. Small Business Administration

for PPPLs "Outstanding Record" in Subcontracting to Small Businesses

Recognition Award
NewJersey Governor's Occupational Safety and Health Awards Program

for PPPtls "Outstanding Performance" for Safery

Recognition Award
NewJersey Governor's Occupational Safety and Health Awards Program

for NSTX Employees' "Outstanding Performance" for Safery

Rectplents ofthe DOE Certificates of
Appre ci ation for th eir effi rt s durtng
the Integrated Safety Management
Systemreaiew were,from lefi (front
row): John Delooper, Al uon Halle,
and Joanne Bianco; (back row)
George Asctone, Btll Slaui.n, DOE
Pdncetun Graup manugurJerry Faal
(who presented, the award,s),Jerry
Lealne and Jim Graham, Not
p'tcturcd are J,V And,erson, Iany
Dudek, Scott larson, Daue O'Nei.ll,
Mike Viola, and Mtke Williams.
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Ihe Year in Pictures

On February 12, PPPI staffwntcbed a mondtor in tbe Control Roorn as the National Spherical
Torus Experiment (NSIX) achieaedfirst plasma. From left are Tom Egebo, Raffi Naziki.an,
Ken Young, Ron Strykowsky, Steue Sabbagh (seated), Chailes Gentile, Eric Fredrickson, PPPI
Director Rob Goldston (seated in front wearing suspenders), Martba Redi, Hutch Nei.lson,
and NSTX Program Director Martin Peng (far Nght atfront).

Secretary of Energt Bill Richard,son
came to PPPL on February 26for a cer-

emony celebrating the beginni.ng of
experirnental operations on the Na-
tional Spheri.cal Torus Experiment
(NSTX). Cutti.ng a ribbon to mark the
occasion are, from left, Laboratory
Di.rector Rob Coldston, N, Anne Daaies,
Associqte Director for Fusion Energy
Sciences at the DOE Office of Science,

Representatiae Rush noh (\J-lZth),
Richardson, Representatiae Rodney
Frelinghaysen (ryJ-11th), Princeton
Undaersity President Harold Shapiro,
and Printeton Township Mayor Pbjtllis
Llarchand.
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Princeton author Richard Preston cq'Pti'1)ated a standi'ng room only crowd at
PPPI with hts discussion about "The Shadow of Bl'ological Weapons" on March

20 ifu,ringthe laboratorylfinal telkfor the 1999 Sctence on Satutday lecture
serles. Preston ts a joamallst and the author of the best selltng nonfiction
book, "The Hot Zone," a. trae story about an oatbreak ofthe Ehola alras near
lVashtngton, D,C, Sclence on Saturday i,s an annaal winturtime series offree
lectures geared toward high school students, bat open to eaetyone.

On Aprfl 22, neaily 300 stud,ents, teachers, and chlldren of PPPI staff
cerne to the laboratory for thts year's PollutCon Preuention Awareness

actialtles and Take Our Chlldren to Work Day. The day featured poster

contest dtsplays and, awards, scl,ence demonstratCons, talks, and - for
the olfsprtng of stuff utstttngfor Take Our Chi.ldren to Work Day - hands-

on experience in uarious areas of PPPI'. Shown are students trying oat a
plasma ball d.uring the demonstrations ln the lobby.

92



Horold P. Furth, former lhrector of PPPI and otu of the "gi-
ants" offuslon, was honored. during a dajt-lmg
onJune 7 at PPH,. More than 100 peoplefrom the na,titmal
nnd internatlonalfusion communlty, as well osfrcm the tI.S.

Department of Energt and, Prirceton Untuersity, came to the
Inboratory to celebrate Furth\ W end scientQfac rchleue-
ments. Furth retired onJuly 7 and became Professor Emerlhrs
ofAstropbysical Scierces at Hrrceton Ilniaersltlt. FaNh holils
a gtfi he receiaed at a dtnner held. in his honor.

Tbis yeary expefimmts began on the Hall Thruster, aplasma-
based, prolrulsdon systemfor space aehlcles, Next to the Hall
Thruster are,from left (back row), I{ai-Mei. Fu, PPPI techni.-
ca.l essociete Dick Yager, PPPI pltysicist Yeageny Rai.tses, uisi-
tor Amnon Fruchtman, and Project Head. Nathaniel Ftsch;
(front row) Adam Edward,s, Eugenio Orti.z, and Pdnceton (lni-
aersity grad,uate student Andrei litoak. Fu, Edutards, and Orti,z
are Energlt Research Undergradaate la.boratory Fellowshdp stu-
dents who were at PPPIfor 10 weeks durtng the sammen
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The laboratory honored, thtrty-
three inaentors for Fiscal Year

1998 during the annual Patent
Recognttlon Dinner onJune 29
at Princeton Uniaerslty\ Pros-
pect Hoilse. Those attendlng the

dl.nner and, recelalng awards
were, from left (front row),
Charles Skl.nnery Henry Kugel,
Manfred Bltter, and Kenneth
Htll; (second row) Yeogeny
Rattses, Wolfgang Sl,odlek, und
A. Iane Roquemore; (third row)
Atntturt. Fruchlntan, Cyttth I'u
Philltps, Szymon Suckewery and
Robert Woolley; (fourth row)
Schw eickhard o on Go e ler, James
Gorman, Daaid Ml.kkelsen, and.

John Schmtdh

In Septemhery the Laboratory celebrated, the successful completion ofthe NSIX

construction tasks and the restart of plasm.a operat ons. Some members of the

NSTX Operations rcd'rn pose W the trnoiect iltsplay i'n the trobby. From left are

Mdke Anderson, Blll Blancbard, Glenn Pearson, Ray Camp,Joe Winston, Colln
McFarlane, Tom Czelzl.ngeryterry Gethi,ng, and Bob Herskowitz.
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FY95 Fy96 FY97
Operating Costs

Fusion Energy Sciences
TFTR Physics/Data Analysis
TFTR Operations
TFTR Shutdown/Caretaking
TFTRD&D

Subtotal TFTR

NSTX
NCSX
Theory and Computation
O$site Collaborations
Off-site University Research Support
CDX-U
MRX
Science Education Programs
ITER
TPX
PBX-M
Other Fusion
Change in Inventories*

Total Fusion Energy Sciences

Environmental Restoration and'Waste Mgt
Computational and Technology Research
Basic Energy Sciences
High Energy Physics
University and Science Education
Energy Management Studies

Total DOE Operating

'Work for Others
Korea Basic Science Institute
All Other

Torm OpnnnuNc Cosrs

Capital Equipment Costs
TFTR
NSTX
All Other Fusion
Environmental Restoration and rVaste Mgt

To'rar Caplrm EqurlvnN'r Cosrs

Construction Costs
General Plant Projects - Fusion
General Plant Projects - ERVI\II
Safety and Fire Protection Improvements
Radioactive !(l'aste Handling Facility
Energy Management Projects
Tokamak Fusion Test Reactor

Torar CoustnucrroN Cos'rs

$63,192 $46,804 $39,472

$t4,207
46,938
2,047

3,295
2,279

$13,004
33,792

8

$1,163
r,073
2,693
r,253

699
r25
301

2,98r
(1,255)

9
1,107

(lo1

$t3,607
13,497
12,368

Fr98 Fr99

$4,e55 $3u

3,292 2,952
37r

758
166
429

2,139
43,145
4,r38
r,544

(76)

331
124

$r,44t
702

2,929
4,028

479
39

440
3,546

(1,062)

L,430
(35)

92
r3

$8,247

$3,24r
2,524
4,003
9,241

985
802
165
69r

3,677
(224)

$3,735
101

302
73

2,220

$35,522

$3,640

$13,737

$39,961

$3,564
92

534
80

58

$871
1,755

$56,853

$3,581
39r

279
136

$186
693

2,940
5,161
9,28t

697
680
221
652
488

(t l6)

2,715
(35)(501

$121,008

$5,728
300

$53,409

$4,066
t57

:t

$127,491 $6r,240 $57,737 $39,736 $44,289

?;
$r,837
I,tgg

$24r
3,4r2

32
75

$2,039
2,2I8

$128,288 $62,119 960,773 $43,993 $46,915

$469 $546
12,268

458
t27

7r
r25

8,503
970

58

$1,054 $742 $3,760

$473

34
I

255

(r)

$t2,257 $9,53r

$454 $798$2,066
t63
817

1,066
7l

$2, I 58

$4,t83 $3,116

^t

3;
560
66 r5

(2)

$763 $499 $81 1

TOTAL PPPL

*Change of the inuentory leaek on hand at the end of the fiscal year compared to the preuious fiscal year (excludes write-ffi),

$57,257ut!te$65,296$65,977$t33,525

PPPL Financial Summary by Fiscal Year
(Thousands of Dollars)

95



96



Directorate

Robert J. Goldston
Director

fuchardJ. Hawryluk
Deputy Director

\Tilliam M. Tang

Chief Scientist

NathanielJ. Fisch

Associate Director for Academic Affairs

John \(4 Delooper
Associate Director for Externd Affairs

Steven M. Iverson
Head, Human Resources

Susan E. Murphy-LaMarche

Deputy Head, Human Resources

PPPL Director's Cabinet

RobertJ. Goldston
Director

RichardJ. Hawryluk
Deputy Director

\Tilliam M. Thng

Chief Scientist

\Tilliam Happer
Chair, Princeton University
Research Board

Departments

Advanced Projects

John A. Schmidt, Head
G. Hutch Neilson, Deputy

Off-Site Research

Ned R. Sauthoff

Plasma Science and Technology
Stewart J. Zweben

National Spherical Torus Experiment
Martin Peng, Program Director*
Masayuki Ono, Project Director
Michael D. \Tilliams, Deputy

Theory
\Tilliam M. Thng, Head
Stephen C. Jardin, Depury

Experiment

Joel C. Hosea

Engineering and Technical Infrastructure
Michael D. \X/illiams

Business Operations
Edward H. \Tinlder

Environment, Safety, and Health
and Infrasuucture Support

John \7. Anderson

*fom Oak Ridge National Labzratnryt,

residing at PPPL.

PPPL Organization

Fr95 Fr96 FY97 Fr98 FV99

Faculty
Physicists

Engineers
Technicians
Administrative
Office and Clerical Support

Total

7

9t
118

2t5
91

37

7
89

105

198

81

28

508

6

88

76
37
66
t9

6

87
74

r36
68
l8

3
89

/4
139
69
19

393389559 392

1

PPPL Staffing Summary by Fiscal Year
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Collaborations

Laboratories
A.F. Ioffe Physical-Technical Institute,

St. Petersburg, Russian Federation
Argonne National Laboratory,

Argonne, IL
Association Euratom-CEA,

Cadarache, France

Association Euratom-CRPP-EPFL,
Lausanne, Switzerland

Association Euratom-FOM,
Nieuwegein, Netherlands

Associazione Euratom-ENEA,
Frascati, Italy

E.O. Lawrence Berkeley National
Laboratory, Berkeley, CA

Ecole Royal Militaire, Brussels, Belgium
Environmental Measurements

Laboratory, U.S. DOE,
NewYork, NY

Idaho National Engineering and
Environmental Laboratory,
Idaho Falls, ID

Institute for Nuclear Research,

Kiev, Ukraine
Institute for Plasma Research,

Ghandinagar, India
Institute of Plasma Physics,

Kharkov, Ukraine
Istituto di Fisica del Plasma,

Milan, Italy
Forschungszentrum, Jtilich GmbH,

Germany

ITERJoint \Work Site, Garching,
Germany

ITERJoint \fork Site, Naka, Japan

Japan Atomic Energy Research Institute,
Naka Fusion Research

Establishment, Ibaraki, Japan

Japan Atomic Energy Research Institute,
Tokai Research Establishment,
Ibaraki, Japan

JET Joint Undertaking, Abingdon,
Oxfordshire, United Kingdom

KFKI Research Institute for Particle and
Nuclear Physics, Budapest, Hungary

Korea Atomic Energy Research Institute,
Taejon, Republic of Korea

Korea Basic Science Institute,
Taejeon, Republic of Korea

Lawrence Livermore National
Laboratory, Livermore, CA

Los Alamos National Laboratory,
Los Alamos, NM

Max Planck Institiit ftir Plasmaphysik,
Garching, Germany

Max Planck Institi.it fiir Plasmaphysik,
Greifswald, Germany

Max Planck Institiit ftir Quantenopdk,
Garching, Germany

National Institute for Fusion Science,

Toki, Japan
New Jersey Department of Environmental

Protection, Thenton, NJ
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Oak Ridge National Laboratory,

Oak Ridge, TN
Pacific Northwest National Laboratory,

Richland, \flA
Russian Research Centre,

Kurchatov Institute,
Moscow, Russian Federation

Sandia National Laboratories,

Albuquerque, NM
Sandia National Laboratories,

Livermore, CA
Southwestern Institute of Physics,

Chengdu, China

Textile Research Institute, Princeton, NJ
Tloitsk Institute of Innovative and

Thermonuclear Research,

Thoitsk, Russian Federation

UKAEA, Government Division, Fusion,

Culham, United Kingdom
U.S. Department of Agriculture,

Eastern Regional Research Center,

Philadelphia, PA

\Testinghouse Savannah River Site,

Aiken, SC

Industries

Advanced Energy Systems, Medford, NY
BASE Charlotte, NC
Bechtel Energy and Consulting,

San Diego, CA
Boeing Company, St. Louis, MO
Bristol-Myers Squibb, Lawrenceville, NJ
Camac-Cookson Fibers, Bristol, PA

Charged Injection Corporation,
Monmouth Junction, NJ

CompX, Inc., Del Mar, CA
DuPont Chemical Corporation,

\Wilmington, DE
Fusion Physics and Technology, Inc.,

Torrance, CA
General Atomics, San Diego, CA
Lodestar, Boulder, CO

American Association of Engineering
Societies, \Tashington, DC

American Physical Society,

College Park, MD
Auburn University, Auburn, AL
The Australian National University,

Canberra, Australia
A+ for Kids, Plainsboro, NJ
Bordentown High School,

Bordentown, NJ
Bridges to the Future,

Lawrenceville, NJ

Llniversities and Educational Organizations

Lucent Technologies, Murray Hill, NJ
Mission Research Corporation,

Newington, VA
Ontario Hydro, Toronto,

Ontario, Canada

Princeton Electronic Systems,

Princeton Junction, NJ
Princeton Scientific Instruments, Inc.,

Princeton, NJ

Qualprotech, Oakville, Ontario, Canada

Raytheon Engineers and Constructors,

NewYork, NY
Schlumberger EMR Photoelectric,

Princeton Junction, NJ
Stone and \febster, Cambridge, MA
tVellman, Inc., Charlotte, NC

Burlington City Schools, Burlington, NJ
Caltech, Pasadena, CA
Carnegie Science Center, Pittsburgh, PA

Center for Technological Education
Holon, Israel

The College of New Jersey, Tienton, NJ

Coalition for Plasma Science

Columbia Universiry NewYork, NY
College of\William and Mary,

\Tilliamsburg, VA
The Contemporary Physics Education

Project, Palo AIto, CA
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Council on Competitiveness,
\Tashington, DC

Drexel Universiry
Philadelphia, PA

The Education Fund ofTlenton,
Tienton, NJ

The Federal Laboratory Consortium,
\Tashington, DC

Fisk University, Nashville, TN
The Foxcroft School, Arlington, VA
Florida A&M Universiry Thllahassee, FL
Florida State University, National

High Magnetic Field Laboratory,
Tallahassee, FL

Florence Public Schools, Florence, NJ
Fort Discovery: The National Science

Center, Augusta, GA
Georgia Institute of Gchnology,

Atlanta, GA
Grinnell College, Grinnell, IA
Harvard-Smithsonian Center for

Astrophysics, Cambridge, MA
Hiroshima Universiry Hiroshima, Japan
Hopewell Valley Central High School,

Pennington, NJ
Improving America's Schools Act

Advisory Council, Tlenton, NJ
Institute of Electrical and Electronics

Engineers, \flashington, DC
Institute for Fusion Science, Austin, TX
Invention Factory Science Center,

Thenton, NJ

Johns Hopkins University,
Baltimore, MD

Korea Advanced Institute of Science

and Technology, Thejeon,

Republic of Korea
Kyushu Universiry, Fukuoka, Japan
Lehigh University, Bethlehem, PA
LeTourneau Universiry Longvieq TX
Liberty Science Center, Elizabeth, NJ
Massachusetts Institute of Technology,

Cambridge, MA
Mid-Atlantic Eisenhower Consortium,

U.S. Department of Education,
Philadelphia, PA

Nagoya Universiry Nagoya, Japan
The National Science Foundation,

\Washington, DC
New Jersey Department of Education,

Tienton, NJ
New Jersey Institute of Technology,

Newark, NJ
New Jersey Technology Council,

Plainsboro, NJ
New York University, New York, NY
Oak Ridge Institute for Science

and Engineering, Oak Ridge, TN
Peddie School, Hightstown, NJ
Pennington High School,

Pennington, NJ
Philadelphia Public School System,

Philadelphia, PA
Plainsboro Public Library,

Plainsboro, NJ
Pohang University of Science

and Technology,
Pohang, Republic of Korea

Princeton Center for Leadership
Tlaining, Princeton, NJ

Princeton Satellite Systems,

Princeton, NJ
Princeton University, Princeton, NJ
Rensselaer Polytechnic Institutue,

Tioy, NY
Shady Side Academy, Pittsburgh, PA
Sigma Xi, the Scientific Research

Society, Princeton, NJ
Stevens Institute of Gchnology,

Hoboken, NJ
Steinert High School, Hamilton, NJ
Swarthmore College, Swarthmore, PA
Technische lJniversitat Graz,

Graz, Austria
Tienton Public Schools, Tienton, NJ
University of Bochum,

Bochum, Germany
University of California, Davis, CA
University of California, Irvine, CA
University of California,

Los Angeles, CA
Universiry of California, San Diego, CA
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University of lllinois, Urbana, IL
University of Maryland,

College Park, MD
University of Maryland,

Baltimore County, MD
University of Massachusetts,

Lowell, MA
University of Montana, Missoula, MT
University of Paris, Paris, France

University of Pittsburgh, Greensburgh, PA

University of Provence,

Marseilles, France

University ofTexas, Austin, TX
University of Tokyo, Japan
University ofToronto,

Toronto, Canada

University of \fashington,
Seattle,'WA

University of \Tisconsin, Madison, \(/I
\Tatchung Hills Regional High School,

\Tatchung, NJ
\Testminster College,

New\Wilmington, PA

Yale University, New Haven, CT
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PPPL Advisory Council
The Princeton Plasma Physics Laboratory Aduisory Council aduises Princeton Uniuersity on the

plans and priorities of the Laboratory. Members of the Aduisory Council are appointed by the Board
ofThustees and are chosenfiom other uniuersities and organizations, andfrom the Board ofTkustees.
The Council meets annually arud reports to the (Jruiuersity President through the Prouost.

PPPL Llniversity Oversight Committee
The Princeton Plasma Physics Laboratory Urciuersitlt Ouersight Committee, chaired by the Pro-

uost, prouides general ouersight ofthe operations ofthe Laboratory prouides guidance and recommeT?-

dations on Laboratory policies and priorities, and aduises the Princeton (lniuersity President on
Laboratory matterl

Dr. Norman R. Augustine
Princeton Universiry

Dr. David E. Baldwin
General Atomics

Dr. Robert \( Conn
University of California, San Diego

Dr. Andrea Dupree
Harvard Universiry

Professor Jerome Friedman
Massachusetts Institute of Technology

Professor Jeremiah P. Ostriker (Chair)
Provost

Professor Curtis G. Callan, Jr.
Chair, Department of Physics

Mr. Raymond J. Clark
fleasurer

Mr. Robert K. Durkee
Vice President for Public Affairs

Mr. Howard S. Ende

General Counsel

Professor \fi lliam Happer
Chair, University Research Board

Mr. Eugene J. McPartland
Vice President for Facilities

Mr. Allen J. Sinisgalli

Associate Provost for Research

and Project Administration

Dr. Richard R. Spies

Vice President for Finance
and Administration

Professor Edward A. Frieman
Scripps Institution of Oceanography

Professor Robert A. Gross

Chapel Hill, North Carolina

Dr. \Tilliam L. Kruer
Lawrence Livermore National Laboratory

Dr. Jerry D. Mahlman
Geophysical Fluid Dynamics Laboratory

Dr. Richard A. Meserve

Covington and Burling
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Experiments in the Tokamak Fusion Test

Reactor," Nucl. Fusion 40 (|anuary2000)

9l-l4l; Princeton Plasma Physics Labo-
ratory Report PPPL-3333 (December

1998) r70 pp.

SZweben, S., Cohen, S. Ji, H., Kaita, R.,

Majeski, R., and Yamada, M., "Fusion

Concept Exploration Experiments at

PPPL," in the proceedings of the Third
Symposium on Current Tiends in Interna-
tional Fusion Researclt: Reuiew and Assess-

ment (Washington, DC, March 8-12,
1999), to be published by NRC Research

Press in 2000.

Zweben, S.J., Darrow, D.S., Fredrickson,

E.D., Taylor, G., von Goelet S., and
\Mhite, R.B., "MHD-Induced Alpha Par-

ticle Loss inTFTR," Nucl Fusion 19 (Sep-

tember 1999) 1097-I110; Princeton
Plasma Physics Laboratory Report PPPL-

3340 (February 1999) 79 pp.

Zweben, S.J., Gentile, C., Mueller, D.,
N"gy, A., Person, G., Skinner, C.H., and

\falsh, J., "In-vessel titium Measure-

ments using Beta Decay in the Tokamak
Fusion Test Reactor," Rev. Sci. Instrum.

70 (January 1999) lll9-1122.

PPPL scientists collaborated with other national and international fusion institu-
tions in fiscal year 1999. Their names were included on the author list of papers pub-

lished by these institutions. A number of collaborative papers not listed in this publica-

tions list can be found in the proceedings of the International Atomic Energy Agency's

(IAEA) 1998 Fusion Energy Conference and the European Physical Socieryk 26th Con-

ference on Controlled Fusion and Plasrna Physics. The IAEA conference papers are pub-
lished in Nuclear Fusion 39, Special Issue I (September 1999) and Special Issue 2

(November 1999) and Nuclear Fusion 40, Special Issue 3 (March 2000). The papers

for the European Physical Society Conference are posted at the following web site:

http://epsppd.epfl.ch/ (active as of April 25,2000).
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Abbreviations, Acronyms,
anilsymbols

2-D

3-D

Alcator
C-Mod

ALPS

AMTE)(

APE)(

Bt

BEST

C-Mod

CDX-U

CIC

cm

CRADAS

CY

D&D

D-D

D-T

DIII-D

Two-dimensional

Three-dimensional

A tokamak at the Plasma Science and Fusion Center
at the Massachusetts Institute ofTechnology

(Energy) Advanced Liquid Plasma-facing Surface (a U.S. Department
of Energy Program)

American Textile Partnership

Advanced Power Extraction (a U.S. Department of Energy Program)

Toroidal Magnetic Field

Beam Equilibrium Stabiliry and Tiansport Code

A tokamak in the "Alcator" family at the Plasma Science and Fusion
Center at the Massachusetts Institute ofTechnology

Current Drive Experiment-Upgrade at the Princeton Plasma Physics

Laboratory

Charge Injection Corporation

Centimeter

Cooperative Research and Development Agreements

Calendar Year

Decontamination and Decommissioning

Deuterium-deuterium

Deute rium-tritium

Doublet-III-D; a tokamak at General Atomics in San Diego,
California

(United States) Department of EnergyDOE
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EAEs

EBW

ECCD

ECE

ECH

EFIT

ELMy

ER/\TM

eV

FIRE

FPT

FTP

FY

GA

H-mode

HHF\UT

b
ICRF

IDSP

Ellipticity-induced Alfr'dn Eigenmodes

Electron Bernstein \Vave (Heating)

Electron Cyclotron Current Drive

Electron Cyclotron Emission

Electron Cyclotron Heating

An equilibrium code

Edge Localized Modes

Environmental Restoration and \(/aste Management

Electron Volt

Fusion Ignition Research Experiment (a national design study
collaboration)

Fusion Physics and Technology, Inc.

File Tiansfer Protocol

Fiscal Year

General Atomics in San Diego, California

High Confinement Mode

High Harmonic Fast \7aves

Plasma Current

Ion Cyclotron Range of Frequencies

Ion Dynamic Spectroscopy Probe; an optical probe used to measure

local ion temperature and flows during magnetic reconnection

International Thermonuclear Experimental Reactor

Japan Atomic Energy Research Institute

Joint European Torus (JET Joint Undertaking) in the

United Kingdom

A small Japanese tokamak

Japanese Tokamak at the JapanAtomic Energy Research Institute

Kiloampere

Kiloelectron Volt

Kilogauss

Kinetic Ballooning Mode

Korea Superconducting Tokamak Advanced Research device being

built in Thejon, South Korea

Kilovolt

ITER

JAERI

JET

JFT-2M

JT-6oU

KA

keV

KG

KMB

KSTAR

KV
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ksr/

LHD

LIF

MA

MAST

MHD

MHz

MIT

MLM

MNX

MRX

ms, msec

M$r

NASA

NBI

NCSX

NSO

NSTX

OFES

ORNL

os

PBX-M

PF

PPPL

PSACI

a

Kilowatt

Large Helical Device; a stellarator operating in Japan

Laser-induced Fluorescence

Megampere

Mega Amp Spherical Torus

Magnetohydrodynamic

Megahertz

Massachusetts Institute of Technology in Cambridge, Massachusetts

Multilayer Mirror

Magnetic Nozzle Experiment at the Princeton Plasma Physics
Laboratory

Magnetic Reconnection Experimenr at the Princeton Plasma Physics
Laboratory

Millisecond

Megawatt

National Aeronautics and Space Administration

Neutral Beam Injection (Heating)

National Compact Stellarator Experiment (a national design study
collaboration)

Next Step Option

National Spherical Torus Experiment ar rhe Princeton Plasma
Physics Laboratory

Office of Fusion Energy Sciences (at the U.S. Department of Energy)

Oak Ridge National Laboratory Oak Ridge, Tennessee

Optimized Shear

Princeton Beta Experiment-Modification at the Princeton Plasma
Physics Laboratory (no longer operaring)

Poloidal Field

Princeton Plasma Physics Laboratory in Princeton, New Jersey

Plasma Science Advanced Scientific Computing Initiative

The ratio of the fusion power produced ro rhe power used
to heat a plasma

Q""liry Assurance

Quasiaxisymmetry

aA

AA
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ff

RWM

ST

START

T

TE)ilOR

TF

TFTR

Tore Supra

TSC

USDA

USDOE

I$(ry-AS

w7-x
YzK

Radio-frequency (Heating)

Resistive -Wall Modes

Spherical Torus

Small Tight Aspect Ratio Tokamak at Culham, United Kingdom

Temperature

Tokamak Experiment for Technologically Oriented Research

in Jtilich, Germany

Toroidal Field

Tokamak Fusion Test Reacto r (1982-1997) at the Princeton Plasma

Physics Laboratory

Tokamak at Cadarache, Ftance

Thansport Simulation Code

United States Department of Agriculture

United States Department of Energy

An operating stellarator in Germany

A stellarator being built in Germany

Year 2000
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