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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 forrnagnetic fusion energF as a safe'

..o.rom"i"al, and environmentally attractive energy source for the world's long-term energF

requirements. It has been the site of the Tokamak Fusion Test Reactor which recently com-

pleted a historic series of experiments using deuterium-tritium fuel' A new innovative faciliry

th. N"tiorr"l Spherical Tor,r, E*p.riment, is under construcdon and appioaching operation'

PPPL is -"rr"g.d by Princeton Universiry under contract with the u.s. Department of

Energy. The fiscal iear 1.'998 budget was approximalely $58 million- The number of full-time

,.grfi, employees at the .rrd of the fiscal y."r *"r about 390, not including approximately 50

,,ri.or,r".aorr, gr"d..r"t. students, and visiting research staff. The Laboratory is sited on 72 acres

of princeton Universiqy's James Forrestal Campus, about four miles from the main campus'

Through its efforis to build and operate magnetic fusion devices, PPPL has gained exten-

sive capabifities in a host of disciplines including advanced computational simulations' vacuum

t..hnology, mechanics, -"t.rii, science, electronics, computer technology, and high-voltage

power ryli.-r. In addition, PPPL scientists and engineers are applying knowledge gained in

i,rrio. ,.r."r"h to other theoretical and experimental areas including the development of a

noncontact diagnostic instrument for use by U.S' synthetic fiber manufacturers and propaga-

tion of intenr. L."-, of ions. The Laboratoryt Office of Technology Tlansfer assists industry,

other universities, and state and local government in transferring these technologies to the

commercial sector.

The Laboratoryt graduate education and science education programs provide educational

opportunitie, fo, ,tude.rts and teachers from elementary school through postgraduate studies'

On the Cover
Fusion research in the U.S. will be revolutionized by greatly enhanced simulation and

modeling capabilities afforded by massively parallel processing' The results depicted on the

.orr., *Jr. made possible using the full capabilities of the massively parallel CRAY T3E

Supercomputer at;he National E .rgy Research Scientific Computing Center at the Lawrence

n.rk l.y N"tional Laboratory. In theJe gyrokinetic particle-in-cell simulations of plasma turbu-

lence in a tokamak, fl,r.t,r"tirrg fing.r-hl. density contours (shown in the upper panel) which

promote heat and particle lorl 
"r."d.rtroyed 

(see lower panel) by the shearing action of self-

generated zonal flows.

This publication highlighrs activities at the Princeton Plasma Physics Laboratory for fiscal year

1998 
- 

1 October 1997 through 30 September 1998'



llission Statement
The U. S. Department of Energy's Princeton Plasma 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 dn attractiue fusion energy source.

Associated missions include conducting utorld-class research along the broad

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

Yision Statement
To create the innouations which will make fusion power a practical reality.
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Advant4ges of Fusion Energy

otWorldwide 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 Radiologicalhazards thousands of times less than from fission.
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From the Director

F-ine Kev rnemes or our researcn ar rne

I U.S. Department of Energy's
I Princeton Plasma Physics Laboratory

(PPPL) are lJnderstanding, Innovation, and
Collaboration. \7e strive to understand the
physics of plasmas and then to develop key
innouationsbased on that understanding. Our
vision is indeed to develop the new ideas that
will make fusion a practical energy source for
the next Millenium. But we are also interested
in understanding and innovation in all areas

of plasma science and related technologies.
Success in our endeavors requires strong col-

laboratiorc among researchers, among elements

of the Laboratory, and among research insti-
tutions both in the U.S. and abroad. \7e are

proud of our accomplishments in all of these

areas. The design of the innovative National
Spherical Torus Experiment (NSTX) would
not have been possible without the discovery
and exploration of the self-generated "boot-
strap" current on theTokamak FusionTest Re-

actor (TFTR). Many of the innovative fea-

tures of'the National Compact Stellarator Ex-
periment (NCSX), under design by PPPL and
a large collaborative team, particularly from
the Oak Ridge National Laboratory, rest on
understanding developed from tokamak re-

search, such as the identification ofneoclassi-
cal tearing modes onTFTR. \7e are also proud
of our growing collaborative off-site experi-
mental efforts, and of the strong national col-
laborative teams assembled to perform re-

search on NSTX. \7e are particularly indebted
to our colleagues in the international
stellarator communiry for their collaboration
on NCSX.

The purpose of the Annual Highlights
Report is to present a brief overview of the

Laboratoryt research and programmatic ac-

complishments during Fiscal Year 1998 (Oc-

tober 1, 1997 through September 30, 1998).

Fiscal Year 1998 was a time of transition for
PPPL. The highly successful TFTR was shut

RobertJ. Goldston

down in Fiscal Year 1997, and NSTX was not
scheduled to begin operation until Fiscal Year

1999 . Mqor efforts to support this transition
included a strong focus on analyzing and pub-
lishing large amounts of the data fromTFTR,
and on optimizing the final design and con-
struction of NSTX. The NSTX construction
effort is on budget and ahead of schedule.
National and international collaboration will
play a larger role in the future at PPPL, and
Fiscal Year 1998 saw a great strengthening of
collaborative efforts, particularly at the DIII-
D tokamak at GeneralAtomics in San Diego,
CA; at the Alcator C-MOD tokamak at MIT
in Cambridge, MA; at the Joint European
Torus (JET) in England; and at the JT-60U
tokamak in Japan. Another major initiative

vll



involved the strengthening of the Computa-
tional Plasma Physics Group, supporting both
our theoretical and experimental teams with
advanced computational techniques. Dra-
matic successes were scored in the design of a
new compact stellarator concept, building on
new understanding in both the tokamak and

stellarator arenas, and potentially leading to a
system combining the high power density of
an advanced tokamak with the rigid stability
and low recirculating power of a stellarator.

Very important results were achieved with
PPPLs smaller operating experiments, particu-
larly the Magnetic Reconnection Experiment
(MRX) and the Current Drive Experiment-
Upgrade (CDX-U). Important contributions
were made to the design of the Korea Super-

conducting Tokamak Advanced Research
(KSTAR) device, and to the design of the In-
ternational Thermonuclear Experimental Re-

actor (ITER). Finally, very important progress

was made in a number of areas of applications
research.

Some highlights of this year's research in-
clude:

o Discovery of a very steep electron tem-
perature gradient near the shear rever-
sal point in Enhanced Reversed Shear

modes in TFTR, indicating a very nar-
row and strong transport barrier.

o Confirmation of the effectiveness of
High Harmonic Fast \X/ave (HHF\7)
heating on CDX-U. HHF\7 is the
planned radio-frequency heating tech-
nique for NSTX.

o Confirmation in MRX of the applica-
bility of an extended Sweet-Parker
model to magnetic reconnection, a key
fundamental phenomenon of basic
plasma physics.

o The application of massively parallel
supercomputers to vastly accelerate
computations of plasma turbulence.

. Development of a new model of geo-

magnetic substorms based on the ki-
netic ballooning mode, first developed
for understanding kinetic effects in fu-
sion plasmas.

t Rapid progress in the construction of
NSTX, including improvements to the

poloidal coil system design and deliv-
ery of key components.

e A breakthrough in the design of com-
pact stellarators, in which quasi-
axisymmetric configurations were dis-
covered with simultaneous kink, bal-
looning and neoclassical tearing stabil-
ity.

. Important contributions to the ITER
and KSTAR projects, both in the areas

of physics analysis and engineering de-

sign.

o Initiation ofmajor collaborative efforts

at DIII-D, C-MOD, JET and JT-60U.

o Confirmation of the diffusive loss of a

pure-electron plasma due to electron-
neutral collisions.

o Major progress in the development of
laser scattering as an on-line diagnostic
for the manufacture of fibers for the

textile industry.

. Improved understanding of techniques
for ozone manufacture, using plasmas.

. Support of the U.S. Department of
Agriculture in research using radio-fre-
quency waves for cold-pasteurization of
liquids.

\7e are proud of our close association with
Princeton Universiry and its Department of
Astrophysical Sciences. The Graduate Pro-

gram in Plasma Physics is certainly among the
strongest in the nation, continuing to produce
the future leaders, we believe, in plasma sci-

ence. Ties are also growing with the Princeton
Department of Computer Science, in addi-
tion to our traditional close relationship with
the Mechanical and Aerospace Engineering
Department, as well as the Princeton Center
for Energy and Environmental Studies.

Fiscal Year 1998 was a year of transition,
marked by a series of important successes and

great optimism for the future. tWe believe that
the key understandingwe have harvested from
TFTR, combined with future insights from
both on-site and off-site experiments, and
from theory and advanced computation, will
lead to the innovations that will make fusion
a leading energF source for humankind.
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TokamakFusion
Test Reactor

T1 xperimental operations were con-

H du.r.d on the Tokamak Fusion

I-JTest Reactor (TFTR) through
April 4, 1 997 . The I 4 yearc of experimen-

tation in TFTR included more than three

years of research in the science of deute-

rium-tritium plasmas. The tokamak is

now in a safe shutdown condition await-

ing eventual dismantling and removal.

Ancillary systems, including power sup-

plies, neutral-beam injectors, ion ryclotron
radio-frequency generators, and diagnos-

tic equipment, are being transferred for
reuse on the National SphericalTorus Ex-

periment (NSTX). Although operation of
TFTR has ceased, an active research pro-
gram was conducted in FY98 to analyze

and publish the vast quantity of data ac-

cumulated over the final years of its op-

eration, particularly during its operation
with deuterium-tritium plasmas.

TFTR Data Analysis
The analysis of TFTR data in FY98

revealed several new characteristics ofplas-
mas in both the supershot and enhanced

reversed shear (ERS) regimes. Electron
temperature profile measurements using

a plasma position jog technique were ana-

lyzed. In these experiments, the plasma

was moved past the fixed channels of the

electron cyclotron emission grating
polychromator. Analyses revealed that in
ERS plasmas, the electron temperature

gradient is much larger in the viciniry of
the shear reversal surface, but also much

lower inside the reversed shear region than

previously thought. This structure was not

apparent in similar reversed-shear dis-
charges which did not exhibit an ERS tran-
sition. Profiles of the electron temperature
in such plasmas are compared in the fig-
ure below. This suggests that a radially lo-
calized barrier exists for the electron ther-
mal transport in ERS plasmas but that the

electron transport actually increases near

the axis in these plasmas.

The poloidal rotation in TFTR L-
mode (low-mode), supershot, and re-

versed-shear plasmas was found to be quite
different from the predictions of neoclas-

sical theory. The measurements in super-

shots and L-mode plasmas provide quan-
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titative support for a theory linking the

improved ion confinement of these re-

gimes to the suppression of the turbulent

transport associated with toroidal ion-tem-

perarure gradient modes by sheared plasma

flow. The possibiliry of inducing the nec-

essary sheared flow in the plasma by ex-

ternal means was confirmed by the results

from experiments with ion-Bernstein

waves, either launched directly or pro-

duced by mode-conversion from ion cy-

clotron radio-frequency (ICRF) fast waves

in mixed-ion plasmas. The power levels

in the TFTR experiments were, however,

too low to produce radical changes in the

plasma confinement.
Analysis of TFTR discharges with

ICRF heating coupled through the H-
minority fundamental resonance has re-

vealed the excitation of a new group of
modes in the Alfudn frequency range.

Unlike the familiar toroidal Alfvdn eigen-

modes whose frequencies vary slowly with
local plasma parameters, the frequencies

of these modes chirp rapidly down as their

location moves radially outwards follow-

ing their initial appearance in the plasma

core. These modes, tentatively identified

as energetic particle modes and which ex-

ist in the normal toroidicity-induced gaps

in the Alfvdn continuum, appear to be re-

sponsible for the loss of energetic ions and

a reduction in the heating efficiency as the

ICRF power is increased above the thresh-

old for their excitation.

Physicists supported by the TFTR
DataAnalysis Division in FY98 have pre-

sented research papers at several nadonal

and international meetings. Colloquia on

TFTR results have been delivered at the

Max-Planck-Institut fi.ir Plasmaphysik,

Greifswald, Germany; the Australian Na-

tional Universicy, Canberra, Australia; and

the JET Laboratory, Abingdon, United

Kingdom.
A strength of theTFTR Program over

many years has been its interaction with
collaborators from many institutions in
the U.S. and abroad. Collaborative pro-

grams were continued in FY98 with col-

leagues from 17 institutions (see table).

In addition to many specialized re-

search papers about TFTR results pub-

lished in FY98 (approximately 80 papers

were published or submitted), several com-

prehensive reviews ofTFTR research have

been and continue to be prepared for pub-

lication in the archival scientific literature.

The topics of these reviews include: con-

finement regimes, transport, MHD sta-

biliry, fusion performance, ion cyclotron

radio-frequenry heating, alpha-particles,

toroidal Alfvdn eigenmodes physics, and

tritium technology.
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Cument Drive
Experiment-Upgralhe

fTl he principal research objective of
I the Current Drive Experiment-

I Upgrade (CDX-U) is to study the

uses of radio-frequency (rf) power in a

spherical torus (ST). The ST is a promis-
ing alternative approach to the economi-

cal production of fusion power, which of-
fers potential advantages in compactness

and simplicirywhen compared to conyen-

tional tokamaks. The novel features of the

ST - 
high plasma pressure relative to the

confining magnetic field, low toroidal
field, and high plasma current relative to
conventional tokamaks of similar size 

-force a reexamination of the rf heating,

current drive, profile and particle control
techniques that have been developed for
the tokamak program. CDX-U, the
world's first rf-heated ST, provides a

testbed for the application of established

rf techniques to the ST, and for the explo-

ration of new rf regimes unique to the ST.

The CDX-U research program includes

investigations into:

o High Harmonic Fast \flave
(HHF\Q heating. This approach to
heating and current drive will be the

initial technique used for heating

and current drive on the National

Spherical Torus Experiment
(NSTX). Extensive tests of HHF\f
heating have been performed on
CDX-U.

o Electron Bernstein\(ave (EB\O heat-

ing. This technique promises to ex-

tend electron cyclotron heating to the

ST andwill be tested on CDX-U.

o Mode'Conversion Heating and Cur-
rent Drive. Heating and current
drive through excitation of an Ion
Bernstein \flave (IB\fl) via mode
conversion was demonstrated on the

Tokamak Fusion Test Reactor and

has been extensively examined on
Aicator C-Mod at the Massachusetts

Institute of Technology and other
tokamaks. Extension of this tech-

nique to the ST will be explored on
CDX.U.

r Noninductive Start-up of an ST.

The compact nature of the ST will
make conventional ohmic operation
impossible in a reactor, hence the ne-

cessity for noninductive initiation of
the plasma discharge. Discharge ini-
tiation by a combination of rf tech-

niques will be explored on CDX-U.

Facility Description
A schematic of CDX-U indicating the

magnetic field coils and vacuum vessel

cross section, is shown in Figure 1. Dur-
ing FY98, the faciliry underwent an ex-

tensive program of upgrades and modifi-
cations to allow more comprehensive ex-

periments and continued safe operation.
Existing, unused power supplies originally
installed at the Laboratory for the Princ-
eton Beta Experiment-Modification
(PBX-M) were cabled to the CDX-U



ShaPing Coils

Figure 1. Schunatic c,ross sectttttt of CDX'U show'

tng the fielil cotls and rotatable high barmontc

fast waae radio-frequency (ruAW) ontennfl'

poloidal and toroidal field coils. The re-

maining CDX-U capacitor bank supplies,

which power the ohmic solenoid and a

new poloidal field coil coil, designed to

improve plasma initiation, were also up-

graded. As a result, the toroidal field will
increase from 1 .4 kG to 2'3 kG with a

flattop of 100 msec. The new power sup-

plies for the vertical and shaping fields will
permit discharges with plasma current up

to 150 kA, while the discharge duration

will be extended to greater than 25 msec'

AII power supplies (with the exception of
the two capacitor banks) will be pre-

programmed and controlled by digital-to-

analog waveform generators. The plasma

geometry remains unchanged with major

radius R = 34cm, a minor radius a = 22

cm, and an aspect rado A = Na) I.4.
Other improvements to CDX-U in-

clude the introduction of solid boron car-

bide rail limiters as plasma contacting
components, improvements to the vacu-

um system, implementation of a boro-

nization system, and additional access to

the plasma for diagnostics. A major new

diagnostic, the multipointThomson scat-

tering system, was added. A control and

data acquisition room, separate from the

CDX-U area, was prepared to ensure op-

erator safery. A new rf source was con-

structed, doubling the power available for

HHF\7 to more than 200 k\fl. New an-

tennas are being designed for excitation

of the mode converted IBIW. Finally, a 40-

k\q 14-GHz microwave system has been

loaned to the Laboratory by the Univer-

sicy of \Tisconsin Pegasus group to per-

mit an investigation into EB\f heating.

Radio-Frequency Heating
Experiments

The low-aspect-ratio ST plasma dis-

charges that are most relevant to fusion

reactors are expected to have high values

of B, the ratio of the plasma pressure to

the pressure of the confining magnetic

field. Under these conditions, the plasma

dielectric constant will be much larger

than in conventional tokamaks. In this

case, rfwaves launched at high harmonics

ofthe ion cyclotron frequencey are effec-

tively absorbed by the electron populadon

with B values of about 5o/o or greater.

This property makes the HHF\f a good

candidate for electron heating and current

drive in the ST. As a result, HHF\W will
be the first auxiliary heating and current-

drive scheme applied to NSTX.
The first phase of experiments involv-

ing HHF\W heating was comPleted in

CDX-U inFYgT,with subsequent analy-

sis of the data continuing into FY98. Up

to 100 k\Wof HHF\Tpowerwas couPled

into ohmically heated target discharges,

using a novel rotatable antenna (Figure 2).

Detailed measurements of fast-wave-in-

duced density fluctuations using far-for-

ward scattering techniques demonstrated

wave coupling to the core plasma. Lang'
muir triple probe measurements taken at

normalized minor radiirla> 0.6 indicated

that the electron temperature increased by

about 30o/o in the outer region of the

Ohmic Coil
Divertor Coils

Rotatable
HHFW

Null Coils

Vertical
Field
Coils

Toroidal
Field Coils
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Flgure 2..Antmna for radlo-frequenqt pla"sma
heatlng rotated 45 dcgrees.

plasma during rf injection. In most dis-
charges, core electron heating was found
to be modest. More recendy, a careful ex-
amination of spectroscopic data, coupled
with simulation of the plasma response

using the MIST (Multiple Impuriry Spe-

cies Tlansport) code, indicated that in a
few discharges, the core elecrron tempera-
ture increased by up to 50o/o during rf in-
jection. The modeled increase in the elec-
tron temperature is shown in Figure 3.
Modifications of the magnetohydrody-
namic (MHD) acdvity consistent with the
estimated core electron heating (=30o/o

increase in the electron diamagnetic fre-
quency neaf the g = 1 radius) are also ob-
served.

A proposed explanation for the infre-
quent core heating, consistent with the
experimental observations and numerical
estimates, is that the CDX-U plasma is in
most cases slightly above the threshold of
an accumulation instability for low -Z im-
purities. This neoclassical instabiliry has

recently been described in the context of

high-Z impurities in large tokamaks by
Tokar's model, which predicts a power
deposition threshold for "breaking
through" the saturated stage of the insta-
biliry and allowing the core temperarure
to increase. Applying the model with the
estimated CDX-U oxygen concentrarion,
it is indeed found that increasing the core
temperature would require auxiliary power
deposition comparable to the ohmic in-
put (=159 k\X/). Since rf input power of
approximately 100 kW satisfies this con-
dition marginally, the Tokar model may
explain the intermittent observation of
core electron heating.

Plasma Diagnostics
Confinement improvement in the ST

depends on the successful coupling of the
rf power to the plasma and an understand-
ing of the physical basis for its effective-
ness as reflected in the remperature and
density profiles andlor the magnitude of
the fluctuation spectrum. Since techniques
such as rfinduction ofsheared flow layers

will result in radially localized reduction
of transport (i.e., transporr barriers), de-
tailed profile measurements are needed to
observe their local effects on rhe gradients
and/or fluctuation levels.

For edge fluctuation measurements,
standard filtered photodiode detectors will
not be effective, because their signals are

dominated by the emission from the
plasma core. To avoid this problem, ar-
rays of multilayer mirror (MLM) detec-
tors are planned for NSTX. The X-ray en-
ergies are determined from the angle of
Bragg scattering off of the MLM, so the
detectors avoid a directview ofthe discharge.
A protorype derector for measuring the
Carbon-V emission at 40.5 A *ar success-

firlly tested earlier on CDX-U by collabora-
tors from Johns Hopkins University. Based

on this demonstration, MLM arrays are be-
ing constructed for NSTX and CDX-U.

7
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The CDX-U multilaYer mirror arraY

will be employed to investigate ffansport

using injected boron atoms' Preliminary

botot injection experiments with a Bo-

ron Low-Velociry-Edge Micropellet Injec-

tor have been performed, and further ex-

amination of its effectiveness for impurity

control and as a tool for impurity trans-

port are planned.

By tir. "ttd 
of FY98, work neared

completion on a new 12-point Thomson

scattering system for CDX-U' This sys-

tem will yield single-shot densicy andtem-

perature profile information for rf heat-

irrg 
"nd 

ffansport studies. The system will

ali provide calibration for a new electron

.y"lotron emission technique being devel-

oped on CDX-U for eventual application

to NSTX.
The low toroidal fields and core plas-

ma densities common to the ST preclude

electron temperature measurements based

on standard electron cyclotron emission

techniques. Theory suggests, howeve! that

for the electrostatic EB'W', the CDX-U

plasma looks like a blackbody emitter' A

,yr,"- to detect EB\W emission from the

CDX-U plasma was constructed during

FY98 ani will be tested during FY99' If
EB\f emission proves to be an effective
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diagnostic for electron temperature, then

this system will provide electron tempera-

ture profiles throughout the discharge'

with good time resolution' Present plans

are to follow the tests on CDX-U with

implementadon on NSTX'
An obvious extension of the EB\f

emission experiment is to invert the emit-

ter and collector and use the EB\7 to pro-

vide electron cyclotron heating at the

plasma core, where the densities are too
-high 

,o permit conventional electron cy-

clotron heating.

CDX-U also employs an arrayof stan-

dard diagnostics, including magnetic pick-

ups for ductuation and equilibrium diag-

,r^orti.r, a movable 2-mm microwave in-

terferometer' numerous soft X-ray and

optical diagnostics, Langmuir-and rf mag-

netic probes, a Rogowski coil for measure-

ment;f the plasma current, a fast neutral

pressure gauge' and a fast framing camera

?'or high-time-resolution optical plasma

imaging.

Future Plans
Upgrades and modifications to CDX-U

will be completed early in C{99' Operations

will begin with new HHF\7 heating ex-

periment, at higher power (>200 kW in

8
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denser, hotter plasmas than were previ-
ously possible in CDX-U. Characteriza-
tion ofthe EB\f emission from the CDX-U
plasma will be followed by EBV heating
experiments at modest (40 k\X/) power
levels, at the second harmonic of the core

electron cyclotron frequency (I4 GHz).
Noninductive start-up experiments will
utilize both the l4-GHz microwave sys-

tem and the 200-k\fl HHF\7 system to
build up plasma density and temperature.
Following these experiments, a new low-
frequency antenna system will be installed
to permit heating, current drive, and
startup studies using the mode-converted
IB\( The new low-frequency antenna sys-

tem will also permit investigations of
rotamak current drive in the ST in a col-
laboration with Flinders lJniversity in
Australia.

Collaborations and Graduate
Studies

The CDX-U group and the spectros-

copy group at Johns-Hopkins University,
Baltimore, Maryland, have maintained a

long-running collaboration in the area of
diagnostic development for the ST. In
addition, the CDX-U group maintains
ongoing collaborations with the Univer-
siry of \Tisconsin, Madison, the Univer-
siry of Tokyo , Japan, Flinders University,

Australia, the A.F. Ioffe Physical-Techni-
cal Institute, St. Petersburg, Russian Fed-

eration, and the Hebrew Universiry Israel.

In addition, CDX-U scientists have
worked actively with ST researchers from
the Small TightAspect Ratio Experiment
at Culham Laboratory in England.

During the summer of 1998, research-

ers and graduate students from Fisk Uni-
versity and Florida A8.M University in-
stalled an argon-ion laser on CDX-U. The
goal is to use laser-induced fluorescence

to study plasma fluctuations, and measure-

ments are plannedwhen CDX-(J resumes

operations in CY99.
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. In June 1998,

Jonathan Menard defended his Ph.D. the-
sis entitled "High Harmonic Fast \7ave
Coupling and Heating Experiments in the
CDX-U Spherical Tokamak." Tobin
Munsat is expected to defend his thesis in
early CY2000. Four additional graduate
students from the Princeton University
Departments of Astrophysical Sciences

and Physics are currendy pursuing research

projects on CDX-U. Undergraduate and
high school students also worked with
CDX-U as part of summer science hon-
ors programs.

9





Dlagnetic Reconnection

Experiment

FTlhe ivlagnetic Reconnecrion Ex-

I n:ilillYffl;'iT;.ti.T:
connection as a fundamental plasma pro-
cess in a controlled laboratory environ-
ment. Magnetic reconnection 

- 
the to-

pological breaking, annihilation, and
reconnection of magnetic field lines 

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

Despite its omnipresence, reconnec-

tion is not a well-understood phenome-
non. In laboratory fusion plasmas, recon-

nection manifests itself as 'tawtooth" os-

cillations in electron temperature and

The Magnetic Reconnectlan Experhnent.

ultimately degrades plasma confinement.
In nature, reconnection plays an impor-
tant 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 reconnecrion is
involved in solar flare energy release. How-
ever, the rate of energy release is a mys-
tery, unaccountable by current under-
standing of reconnection physics. The
observed "fast reconnection" has made
magnetic reconnection a very active area
of research.

11



Figure 1. Soft X-rel pictare of the San':ky W the Yohkoh-

called *antl'oe reglons" whlch i're belteueil to be assoclateil wtth
satellite. Vislhle are brlght spots,

strong rnagretic a,cttodty htcludlng

Experiments on MRX have Provided

.rr'r.i"l data with which the theoretical

and observational research communities

can compare their work' Already' cross-

disciplinary interactions have led to fer-

tile discussions and useful reassessments

of the current understanding' Indeed'

experimental research on MRX has trig-

gered a renewed interest in magnetrc

i."onn."tion unseen for decades'

The design and construction of MRX

were completed entirely at the Princeton

Plasma Phyti"t Laboratory (PPPL)'

Vacuum vessel hardware and data acqui-

sition electronics from past experiments

were used. The small size and rich plasma

physics 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 ol mlnl
fieldJof ,.r."r"h, MRX is joindY funded

by the National Science Foundation' Na-

tional Aeronautics and Space Administra-

tion, the Office of Naval Research' and

the DePartment of EnergY'

Research Obiectives
The primary objective of experiments

on MRX is the comprehensive analysis of

magnetic reconnection both locally and

glo6afly in solar and magnetospheric rel-

.:,r"rr, pl"r-as' The analysis focuses on the

.onpling beween microscale features of

th. r..on.r"ction layer and global proper-

ties, such as driving force, MHD (magne-

tohydrodynamic) flows, and the third

component of the magnetic fitlq'..

In particular, MRX has the following

research goals:

o Experimentally evaluate two-dimen-

sional theoretical models'

r Determine circumstances under

which three-dimensional effects will

dominate.

magnetlc re connectlon,

L2



7.

. Study global MHD issues including
evolution of magnetic helicity.

o Identify the mechanisms by which
magnetic energy is converted to
plasma flow and thermal energies.

o Investigate the role of non-MHD
physics in the reconnection layer.

Answers to these questions will con-
tribute to the advancement of fusion
energy research and directly impact
theories of reconnection in the solar
corona and the Earth's magnetosphere.

Information pertaining to how the mag-

netic energy, initially released as hydro-
dynamic flows, is transformed into heat

will lead directly to improved under-
standing of the physics of solar flares.

Experimental Setup
Tho plasma toroids with identical tor-

oidal currents are formed using inductive

electric fields generated from two sets of coil

windings. The two plasma toroids are then
merged together via their munrally aftractive

force and an applied orternal magnetic field.

The Magnetic Reconnection Experi-
ment was designed to achieve a variety of
merging geometries and magnetic field to-
pologies. Two types of reconnection have

been studied: null-helicity and co-helicity.
In the former, there is no toroidal mag-

netic field in the reconnection layer, and

in the latter, there is asizable toroidal field.

Qualitative differences in the recon-
nection layer arise depending on the
presence of the toroidal field. A photo
of an MRX plasma discharge 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), electrostatic energy analyz-

ers and spectroscopy (ion temperature and

flows), and arrays of magnetic probes (spa-

tial profiles of local magnetic field vector).
Installation of a laser-induced fluorescence

diagnostic for nonperturbative measure-

ments of local ion energy distribution is
being planned.

Flgure 2, Aplesma dlscharge ln the Magnetlc Reconnectlon Experlment,
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Results
The Sweet-Parker Model' The well--

known Sweet-Parker model of magnetic

reconnection predicts reconnection rates

faster than that of resistive diffusion, but

much slower than those observed in solar

flares. The model is a resistive MHD
model and assumes a wo-dimensional'

incompressible, and steady-state plasma'

Despite these constraints, however' the

-oJ.l captures many of the essential lo-

cal features of the magnetic reconnection

layer. For forty years' the merits and short-

comings of this and other more elaborate

models have been debated. The first labo-

ratory experiments on the Sweet-Parker

model were Performed on MRX'
Null-helicity experimental data indi-

cated a reconnection speed consistent with

a generalized Sweet-Parker model, which

includes the effects of plasma compress-

ibiliry, finite pressure in the downstream

region of the field lines, and nonclassical

plasma resistivitY.

Compressibility allows more incom-

ing plasma to accumulate in the current

sheet, leading to a slight enhancement in

reconnection speed over the classical

Sweet-Parker speed' Conversely, finite

downstream Pressure hinders the outgo-

ing plasma, leading to a reduction in

plasma outflow sPeed and hence re-

.o.rn..tion speed. The measured plasma

resistivity 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 experiments investigated the

0.01

0.01 0.10

1 / VS"x

Figure 3. Ex\erlmentally measured':"9?-
niction rate (in flow speed, V*, diaided' by

Alfodn sPeed, V1) in MRX.

sured reconnection rate plotted as a func-

tion of the generalized Sweet-Parker value

for both null-helicity and co-helicity

reconnection. These combined results sug-

gest that the Sweet-Parker model with

ionclassical resistivity 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

step in sorting out the essential physics

behind "fast reconnection." However,

much research must be performed before

any definitive answers can be obtained'

Most important is the identification of
(non-MHD) mechanisms for the en-

hanced, nonclassical resistiviry'

The Thickness of the Current
Sheet. An important indicator of the

nature of reconnection is the current

sheet thickness. In MRX, the thickness

was found to be equal to the ion skin

depth. Both in the magnetotail and the

magnetopause of the Earth's magneto-

sph.r., it has also been observed that the

t-hickness is on the order of the ion skin

depth.

10. 0

CE

validity of the generalized model for co-

helicity reconnection. It was found that

the reconnection rate in the co-helicity

case agreed with the generalized Sweet-

Parker model within experimental error'

Figure 3 shows the experimentally mea-

o Nutl-helicitY

o Co-helicity .,"

-*
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The precise currenr sheet thickness in
MRX was measured by a very high reso-

lution magnetic probe array (-5mm spa-

tial resolution). Figure 4 presents the ra-
dial profiles of the reconnecring magnetic
field B7 and the currenr sheet, J1, during
null-helicity reconnection. One observes

a steepening of the slope of Branda sharp-
ening of the current sheet profile. It is

found that the thickness is proportional
to the ion skin depth as well the ion gyro-
radius. This indicates thar the upstream
magnetic pressure, which drives magneric
reconnection, is balancing rhe kinetic pres-

sure of the heated plasma in the recon-
nection region during the quasi-steady-
state situation.

(a)
0.6

0.4

0.2

0

-0.2

-0.4
0.6

0.4

0.2

0

-0.2

-0.4
0.6

0.4

0.2

0

-0.2

-0.4
0.6

0.4

0.2

0

-0.2

-0.4
20 30 40

R (cm)
(Z=0cm)

Ion Heating Measurements. Con-
version of magnetic field energy to plasma
kinetic energy is a primary consequence
of reconnection. This process is believed
to play an important role in coronal heat-
ing, solar flares, and acceleration of au-
roral jets in the magnetosphere. Solar ob-
servations and in-situ satellite measure-

ments show the existence of extremely
energetic particles. However, the direct
cause and effect between reconnection
and the acceleration andlor heating of
these energetic particles is unknown due
to the extreme challenge of diagnosing
a single reconnecrion evenr adequately
and, at the same time, observing local
plasma acceleration and heating that is
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clearly consistent with the single re-

connecdon event. In the laboratory this

can be done.

In MRX, ions in the reconnection

layer (T1 = 25-50 eV) are seen to be con-

sistently hotter than electrons (T. = 7-

15 eV) during reconnection, indicating

a direct heatirrg mechanism' Doppler

broadening of HeII indicates global bulk

heating of-iot, (global Ti= 4 + 12 eV)

durinf the reconnection process' The

highei ion temperature in the recon-

n..tion layer (measured by an ion en-

ergy analyzer probe) suggests that the

he-ating source is in the reconnection

l"yer ind, indeed, due to the single

reconnection event.

The Sweet-Parker model predicts an

Alfrrdnic beam in the downstream region'

However, ion energy analyzer probe mea-

surements in MRX indicate an uPPer

bound on the flow sPeed that is much

smaller than theAlfvdn speed, Va' This is

consistent with the generalized Sweet-

Parker model with a high downstream

pressure. \Thereas the Sweet-Parker model

predicts that 50o/o of the magnetic energy

will be transferred to directed flow energy

and the other 50% to plasma thermal en-

ergy, MRX data suggests that magnetic

,irrgy can be converted almost entirely

to io"n thermal energywithout anAlfudnic

flow. This process may have relevance' for

example, to the coronal heating problem'
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Tusion Theory anilDlodeling

A 3-D shnulqtdon of a htgh Pla,smfl 
presqure-driaen iltsruptton.

uring FY98, the Princeton
Plasma Physics Laboratory
(PPPL) Theory Department

continued its lead role in providing the

theoretical and computational capabilities

to help the U.S. Fusion Energy Sciences

program achieve the scientific understand-
ing and produce the key innovations
which will lead to an attractive energy

source. Endorsements and requests for
enhanced collaborations in both tokamak
and alternate concept research areas by the

national and international fusion research

communities have been stimulated not
only by this groupt impressive record for

generating key seminal concepts, but also

by its development and maintenance of
the most comprehensive system of toroi-

dal design and analysis codes. Examples

of significant progress in the fusion pro-
gram during FY98 enabled by first-rate
scientific results from the PPPL Theory
Department are described below.

3-D Nonlinear MHD
In order to better analyze alternate

concept devices as well as advanced toka-
maks, the physics capabilities of the three-
dimensional (3-D) extended-MHD code

M3D have been generalized to include an

option to include more kinetic effects. Fi-
nite Larmor radius corrections to the en-
ergetic ion pressure tensor in the pressure
coupling scheme have been derived and
incorporated into M3D. This new capa-
bilirywith gyrokinetic ions and fluid elec-

,E
".
i

t7



trons has been used to study the effect of
background thermal ions on the fishbone

mode, and it was shown that the growth
rate is reduced due to Landau damping
on the thermal ions. This new capabiliry
extends the multi-level capabilities of
M3D which also include resistive MHD,
rwo-fluid, and hybrid (MHD background

with gyrokinetic energetic particles) mod-

els. Another important new capabiliry that

was incorporated this year was the addi-
tion ofan all real space representation to

the existing rwo-dimensional (2-D) real

space and one-dimensional Fourier space,

unstructured mesh version of the M3D
code . This will enable the highly desirable

computational flexibiliry for dealing with
separatrix confi gurations. These important
advances have been developed in collabo-

ration with New York University and the

Massachusetts Institute of Technology.

Turbulent Transport Simula-
tions and Analysis

Gyrokinetic Simulations. A fully 3-D,
general geometry gyrokinetic particle code

(GTC), which now uses field-line-follow-
ing coordinates, has been successfully de-

veloped. Massively parallel simulations
have been performed for both turbulent
and neoclassical transport studies with new

results enabled by utilization of the full

107
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a Y-axis: the number of particles which move 1 step in one second.

The 3-D Gyroki.netic Turbulence Code (GTC) i.s

scalable on massiaely parallel computers.

power of the T3E computer at the Na-

tional Energy Research Supercomputing
Center (NERSC). For example, by mea-

suring the broadening of the radial wave-

number spectrum of turbulence in these

global gyrokinetic simulations, the turbu-
lence decorrelation by self-generated zonal

flows has been quantitatively calculated for

the first time.

Gyrofluid Simulations. Electromag-

netic effects, which become especially

important in regions of large pressure gra-

dients, have been successfully imple-
mented in recent gyrofluid simulations.

Results show that electron Landau damp-

ing can significantly increase the turbu-
lent transport. In order to take advantage

of the power of the massively parallel pro-
cessors, the gyrofluid code has been

parallelized and the domain decomposi-

tion algorithm has been improved from
one to two-dimensions, in collaboration
with the Universiry of Maryland and the

University ofTexas.

Gyrokinetic/Gyrofluid Comparisons.

A new gyrofluid closure for more accu-

rately representin g zonal flow damping
physics has been developed. This has been

used to address the Rosenbluth and
Hinton results which suggest that the un-
damped components of the zonal flows are

responsible for the difference between

gyrokinetic particle-in-cell and gyrofluid
simulations results. Preliminary results

including this undamped component find
up to 50% lower flux when compared to

previous simulations in strong turbulence

regimes. This reduces the gyrofluid/
gyrokinetic discrepancy from 3 to 2, de-

pending on the details of closure.

Integrated Analysis. The physics of
zonal flow properties and the random
shearing by self-generated zonal flows have

been systematically studied via an inte-
grated program of analytical theory to-
gether with gyrokinetic and gyrofluid

o
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simulations. For example, the effectiveExB
shearing rate for time-dependent zonal
flows has been analytically derived and
estimated from the zonal flow statistics of
the gyrofluid simulations. It is found to
be comparable to the maximum linear
growth rate in semi-quantitative agree-

ment with the observations from simula-
tions that turbulence is reduced but not
completely quenched by zonal flows.

Kinetic Electromagnetic
Analysis

Substantive progress on rhe challenge
of developing a fully kinetic analysis ca-

pabiliry for electromagnetic instabilities
has been made. Major advances in pro-
viding a firm theoretical foundation have

come from using the gyrokinetic approach
to study global-MHD modes with kinetic
effects. Generalized gyrokinetic equations
were derived including the abiliry ro ac-
count for high-frequency modes such as

ion Bernstein wave and compressional
Alfvdn waves. Building from earlier low-
wavelength electrostatic (global) micro-
instabiliry codes, a new electromagnetic
code, KIN-2D, was developed. Numeri-
cal results for the n= 1 kink mode and the
n=2 toroidicity-induced Alfvdn eigenmode
(TAE) mode have been successfully
benchmarked against the PEST and
NOVA-K code.s.

Basic Tirrbulence
A theory for submarginal self-sus-

tained turbulence, which can exisr even

in the face of complete linear stabiliry, has

been developed. This work is relevant to
the understanding of how turbulence is

excited in the tokamak plasma edge, to
possible ways of forming effective inter-
nal transport barriers, and to the assess-

ment of results from various experimen-

tal diagnostics.

Stellarator Physics
Excellent progress on key physics is-

sues arising in the design of a compact
stellarator experiment continued to be
made during FY98 with numerous papers
published. Results were obtained in the
following areas:

MHD. Substantial advances were
made in understanding the 3-D stabiliza-
tion of exrernal kink modes and in the
application of that understanding to im-
proved stella,rator designs. A key conclu-
sion is that kink stabiliry can be indepen-
dently controlled through externally gen-
erated shear and through an appropriate
3-D corrugation of the plasma boundary
that produces little shear. To produce the
required corrugation, the Terpsichore sta-
bility code, which was modified to im-
prove its robustness and flexibiliry was

coupled to an optimizer.
Transport. Comparison of Monte

Carlo bootstrap calculations with ana-
lytic bootstrap expressions has led to an
understanding of resonances that appear
in the standard analytic expressions, and
to an improved treatment that has been
incorporated into the bootstrap code
imported from the National Institute for
Fusion Studies (Japan). Application of
the new gyrokinetic GTC code (which
includes a momentum conserving colli-
sion operator and electric field effects)
to the analysis of neoclassical transport
in quasi-axisymmetric configurations
has uniquely provided more accurare
estimates of the global confinement
times. Progress in the microinstability
area has featured the generalization of
the FULL code from using only axisym-
metric MHD equilibria to using fully
3-D stellarator equilibria. The electro-
static version this code has now been
interfaced with 3-D numerical equilib-
ria computed with the VMEC code.
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Design. An important innovative ad-

vance in-developing3-D coil design tools

involved the use of singular value decom-

position techniques for stellarator coil

optimization. This has made pracdcal^the

"i.v.rs. engineering" technique of first

finding a desirable plasma configuration'

and th-en later developing an "opdmized"

set of buildable coils that could produce

the configuration.

Disruption Modeling
A ,eri.s of 2-D (TSC code) and 3-D

(M3D code) simulations have been car-

ried out for pellet injection scenarios in

tokamaks and for runaway generation

during disruptions in high-current plasma

discharges. The 3-D pellet simulations

,howeJth. imPortance of MHD forces

in the mass-d'istribution of an injected

pellet, while the 2-D simulation was able

to incorporate this effect in a "back-aver-

"g.d" -od.l which reprodt'ced the.exp.eri-

ti.rrr"l results and included a detailed

transport and radiation model' For run-

"*"y 
g.t.r"aion, the 3-D modelwas used

.o i.-onr,rate the effects of 3-D MHD

instabilities in defeating the avalanche pro-

cess if the instabiliry amplitude is suffi-

ciently large, and the 2-D model was used

to d.-orrrtrate that runaways could be

avoided completely if the disruption is

induced by 
" 

r.qrr.tce of impuriry-doped

"killer pellets" and if the poloidal field-coils

"r. 
r"-p.d down simultaneouslywith the

pellet injection. Both of these codes also

made predictions of induced halo currents

in the conducting structure'

Plasma BoundarY PhYsics
The DEGAS 2 neutral transPort code

has now been extensively benchmarked

against the EIRENE Monte Carlo code'

Ifror.orr." it has been successfully coupled

to a fluid Plasma code UEDGE (in col-

laboration with the Lawrence Livermore

National Laboratory) and tested in the

coupled mode. Regarding applications'

Ogi;nS 2 has been used extensively to

simulate C-Mod (a device at the Massa-

chusetts Institute ofTechnology) H-alpha

spectra, the so-called "death ray''phenom-

*", 
".rd 

has made use of the newly added

ion-neutral elastic scattering feature'

Resistive\Ufa[ Modes
A circuit equation formulation of re-

sistive wall mode feedback stabilization

schemes for tokamaks has been developed'

This was a major step forward, as it allows

direct comparison of all the various re-

cently propor.d schemes for controlling

reri.ii re wall modes. The formalism is

analogous to the circuit equation ap-

pro".h., commonly used for the design

and analysis of n=0 control systems and

uses concePts from electrical circuit theory

which.l."tly show the importance of the

sensors and the actuators' This has been

developed for a straight plasma column

with one unstable mode, but is in the pro-

cess ofbeing extended to a toroidal con-

figuration.

Energetic Particle PhYsics
A ,,.* kinetic/MHD hYbrid code'

HINST, has been developed to study the

stability of high-n TAE modes in larger

pl"rrn", (..g., relerrant to International

th.r-orr.t.lear Experimental Reactor de-

sign studies). This code keeps non-Per-

twbatively kinetic effects of energetic par-

ticles as well as thermal particles, and in-

cludes all relevant physics for theTAE sta-

biliry problem. To more properly account

f"t itt. kinetic effects of all particle spe-

cies, a low-frequency kinetic-fluid model

has been introduced to help improve the

capabilities of kinetic-MHD codes such

",1h. 
NOVA-K, HINSI ANd MH3D-K.

It will also aid the analytical understand-

ing of energetic particle dynamics'
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Space PlasmaPhysics

uring FY98, Space Plasma Phys-

ics research was focused in two
areas: (1) understanding kinetic

effects on low-frequency phenomena in
the magnetosphere and (2) solar flares,

magnetic reconnection, and merging of
helical magnetic field structures. To study
kinetic effects on low-frequency phenom-
ena involving multiscale coupling, a new
kinetic-fluid model was developed which
improves the kinetic-MHD model previ-
ously developed at the Princeton Plasma

Physics Laboratory. In addition to provid-
ing the theoretical basis for numerical
modeling of multiscale coupling phenom-
ena, tlre improved kinetic-fluid model has

allowed significant progress to be made in
several areas in magnetospheric physics.

The magnetic field and plasma data

of the Active Magnetospheric Particle
flacer Explorer/Charge Composition Ex-
plorer (AMPTE/CCE) satellite were ana-

lyzed for different substorm events and a

new physical process of substorm onset
and current disruption was identified. Ap-
pln"g the kinetic-fluid model, the kinetic
ballooning instabilirywas identified as re-

sponsible for the explosive growth of mag-

netic field perturbation and subsequent

plasma current disruption. The kinetic-
fluid formulation has also been used to

understand the parallel electric field that

is required to accelerate electrons along

aurora field lines leading to precipitation.
It is believed that discrete auroral arcs are

sometimes associated with shear Alfvdn

wave field line resonances. It has been

demonstrated that non-MHD effects,
such as finite ion Larmor radius and elec-

tron inertia, can cause alargeparallel elec-

tric field to modify the waves into disper-

sive shearAlfvdn waves (kinetic and inertial).
A new physical process has been iden-

tified whereby homologous flares can suc-

cessively take place in a magnetic arcade

at the same place with a short-time inter-
val on the order of one day in the solar

atmosphere.

Substorm Onset Mechanism
and Current Disruption

A new scenario of AMPTE/CCE
spacecraft observation of substorm onset
and current disruption and the corre-
spondingphysical processes has been iden-
tified. By examining the AMPTE/CCE
magnetic field and plasma data, it was

found that toward the end of the late
growth phase, the plasma beta increases

to over 50 and a low-frequency instabiliry
with a wave period of 50-75 seconds is
excited and grows exponentially to a large
amplitude at the onset of current disrup-
tion (also previously called explosive
growth phase). During the explosive
growth phase, a large upsurge in the
duskward ion bulk drift to nearly the ion
thermal velocity is found near the local
midnight sector, and at the current dis-
ruption onset, higher-frequency instabili-
ties (with periods of 15 seconds, 10 sec-

onds, etc.) are excited. As the higher-fre-

2l



quency instabilities quickly g:oY t:.l"tq'

"rnpliiud.s, 
they combine with the kinetic

baliooning instability (KBI) to form a

strong pl"r-" turbulence, which may lead

,o 
"nJ-do,rsly 

large plasma transport and

heating in the current disruption phase'

In a few minutes, the plasma beta decreases

and the pressure profile relaxes to a more

quiet time-like profile, and the magnetic

fi.ld recovers from a tail-like geometry to

a more dipoleJike geometrY'

The fgt theorY resolves two keY is-

sues needed to further understand the

physical processes of the current disrup-

iion "rrj subsequent magnetic field

dipolarization:

o the excitation mechanism and the

high plasma beta threshold (>50olo)

of1n. low-frequency instabiliry that

underlines the exPlosive growth

phase;

o the physical mechanism of the en-

hanced duskward ion flux that oc-

curs onlY during the exPlosive

growth phase and leads to excitation

of high.t-ftequency instabilities'

The new substorm scenario emPha-

sizes a global low-frequency KBI rn*'
th"t .rn naturally account for the explo-

sive growth phase and the initiation of

,,rb..q,r.nt current disruption through a

combination of KBI and higher-frequency

instabilities.

Homologous Solar Flares,

Magnetic Reconnection, and

Merging of Helical Magnetic
Field Structures

The physical process of homologous

sol"r flarer, which repetitively occur at the

same place in an active region with a short

time interval on the order of one day' have

been studied. The physical process of re-

peated flaring events is considered to be

associated with magnetic energy release'

which takes place via successive magnetic

reconnection processes. It has been dem-

onstrated in numerical2 and ll}-dimen'
sional MHD simulations that successive

generation and merging of magnetic is-

I"nd, ."n occur in a bipolar magnetic ar-

cade due to continuous shearing and/or

merging footPoint motion'

it is well known that a magnetic is-

land with a helical magnetic field can be

created by magnetic reconnection in a

sheared magnetic arcade when the

footpoint shear is above a critical value'

Ho*.rrer, an island so generated may not

rise very far, tf it cannot overcome the

,n"gt.,i. tension force of the surround-

ing-line-tied arcade field' But if the con-

tinuing footpoint shear/merging motion

creates-ano,h., -"g,,.tic island just be-

low the existing upper island, this new is-

land can rise faster and merge with the

upper island very quickly to form l blS8er

iri""d. Both the reconnection and island

merging processes can partially release

-"grr..1" energy and Produce flaring

.u.rr,.. The combined island continues

to rise with a faster speed than the origi-

nal upper island. As this Process isbeing

,.p."i.d, several impulsive events of 
T1g-

,r.ti" .n.rgy release can take place and the

growing magn.ti. island is eventually

driv.n away from the sun' Different types

of shear-increasing motions can produce

different upward Poynting flux distribu-

tions and the tim. interval between flar-

ing events is accordinglY varied'

In summary, significant progress has

been made in understanding critical

phenomena in the magnetosPhere and

,o1", 
"t-osphere. 

A new kinetic-fluid

model for understanding low-frequency

phenomena involving multiscale cou-

pti"g processes in high beta plasmas has

t...t d"u.loped. The kinetic ballooning

instability has been identified as the key
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National Spherical
Iiorus Fxperiment

,Tf he National Spherical Torus Ex-I ::ffi:::)'I?r"*rlx
Plasma Physics Laboratory (PPPL), is de-
signed to prove the physics principles of a
spherical torus (ST) plasma. First plasma
is scheduled for mid-Feb ruary 1999, wo
months ahead of the U.S. Department of
Energy's First Plasma Level I Milestone.

The cross section of the NSTX device
is shown in Figure 1. An ST plasma has a

minor radius approaching its major radius
and its cross secrion approaching a half
circle. As a resuh, the ST plasma appears
spherical, while a convenrional tokamak
plasma has the well-known "donut" shape.

This difference in shape is expected
to provide several advantages, such as the
ability to conrain a significantly higher
plasma pressure for a given magnetic field
(i.e., a higher plasma beta, the ratio of
plasma pressure divided by the magnetic
field pressure). Since the amount of fu-
sion power produced is rypically propor-
tional to the square of the plasma pres-
sure, higher plasma pressure leads to
smaller and more economical fusion power
plants.

The NSTXdevice is being built jointly
by PPPL, the Oak Ridge National Labo-
ratory (ORNL), the University of \flash-
ington at Seattle, and Columbia Univer-
sity. PPPL provides the site for the NSTX,
has lead responsibility for the NSTX
Project, and coordinates the design effort.
ORNL is providing the NSTX Program

il

Figure 1. Cross sectional schematlc uiew ofthe
Nattanal Spherlcal Torus Expertment (NSTX).

Director, the physics-related support for
plasma equilibrium and plasma scrape-off
layer, and the engineering of plasma fac-
ing components. In addition, the high
harmonic fast wave heating and currenr-
drive system is being consrrucred in part-
nership of PPPL and ORNL. The Uni-
versity of \flashington is providing the
conceptual design of coaxial heliciry in-
jector and Columbia Universiry is provid-
ing physics supporr in the area of the high-
beta plasma stabiliry. The NSTX project
takes advantage of the equipment and in-
frastructure aheady available at PPpL, sav-
ing time and money.

FY98 was a very productive year for
device consrrucdon and facility prepara-
tion. The major FY98 construction mile-
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stones were accomplished on schedule,

within budget, andwith an excellent safety

record. Owing to the successful construc-

tion activitlz, the project is presently pre-

paring for first plasma in February 1999,

two months ahead of the DOE Level I

Milestone.

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;

o global confinement and local trans-

port physics;

. pressure limits and self-driven cur-

fents;

o scrape-off-layer and divertor phys-

ics; and

o stability and resilience to disrup-

tions.

The NSTX Research team will inves-

dgate the ST plasma regimes that prom-

ise small fusion cores for near-term appli-

cations such as the volume neutron source'

and for future applications such as elec-

tric power production. The plasma param-

eters extend beyond the present state of
the art in magnetic fusion energy and are

characterized by:

o simultaneously high toroidal beta

(25 -45o/o), self-driven current frac-

tion (40-8 0 o/o), and confi nement in

steady state;

o noninductive start-up of full cur-

rent, not relying on induction from

the ohmic solenoid;

o efficient noninductive drive for the

needed increment in plasma current;

and

. 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 achieving increases in the plasma

current and pressure by an order of mag-

nitude beyond NSTX, with only modest

increases in plasma size. These devices in-

clude a pulsed Performance Extension ex-

periment with about 10 MA of Plasma

curreht, and a steady-state Energy Gch-
nology Development device with a simi-

lar current.

NSTX Research Program
Activities

An NSTX Program AdvisorY Com-

mittee (PAC), composed of senior fusion

scientists from the national and interna-

tional fusion communities, was formed by

the PPPL Director in1995'The PAC ac-

tively reviews and advises the PPPL Di-
rector on the priority and plans of the

NSTX Research Program, in particular:

o NSTX research plans, priorities, and

milestones, consistent with the

DOE-approved workscoPe;

o Major new NSTX research initia-
tives to be ProPosed to DOE; and

. Adjustments to program priorities,

taking into account the mission of
NSTX and the overall directions of
the U.S. and world fusion Programs'

The NSTX PAC has thus far met on

November 27-22, 1996; MaY 15-15,

1997; September 17-78, 1997; February

11-12, 1 998; and September 24-25, 1998'

Through these meetings, the PAC has

strongly influenced the NSTXdesign and

research program preparation. Through itt
advisory role the Committee will continue

to provide valuable scientific leadership to

the NSTX Program.
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During FY98, the PAC endorsed the
objectives and the formulation processes

for the NSTX national research program
and team. The Committee strongly rec-

ommended that all participants follow the
process and offered many useful sugges-

tions for improvement. The PAC also re-

viewed and recommended the collabora-
tion emphasis for the initial phases of the
NSTX research program. The reports of
the PAC meetings can beviewed at: http:/
/nsor.pppl. gov/nsor/Research_Pro gr am I
Program-Advisory_Committee/.

The NSTX Research Forum, held
once a year, is a major component in the
national process of the NSTX Program.
The FY98 (second) Forum was held De-
cember 3-5, 1997. More than sevenry re-

searchers from many insrirurions attended.
The purpose of the Forum is to reach out
to the fusion community for input in de-
veloping the scientific elements of the
NSTX Research Program. The FY98 Fo-
rum was successful in sharing the excite-
ment and "ownership" of the scientific
research program being plannbd for
NSTX. The presentarions and discussions
were broad and informative. Thirteen
overview and review talks were given in
the plenary information session. More
than sixty contributed presentations were
made in the five parallel working group
sessions. The summaries of the NSTX
working group discussions during the Fo-
rum are available at: http: I I nsor.pppl.gov/
nsur/Research-Program/Meetings/.

These summaries provide up-to-date
information on the broad and exciting el-

ements of scientific investigation of the
high temperature ST plasmas expected in
NSTX. This information is of interest to
fusion scientists consideri ng col laborative
research on NSTX.

Letters of Interest to collaborate in
NSTX research were solicited and received

from about 30 research groups during

January-February 1998, following the Re-
search Forum. These, rogerher with pre-
proposals from PPPL researchers, formed
the basis for the formulation of the initial
NSTX Research Program. Following the
PAC review and advice (February lI-12,
1998), the NSTXResearch Program Out-
line was issued to help researchers inrer-
ested in submittingproposals to DOE for
NSTX collaboration funding beginning in
FY99.

DOE received a large number of col-
laboration proposals in April, 1998. A
peer-review process conducted by DOE
led to the selection in November, 1998 of
researchers from 14 fusion institutions
(universities, laboratories, and industry).
The NSTX Research Team is composed
of excellent researchers with highly
complementing expertise and experience
from:

Columbia University
Fusion Physics & Technology
General Atomics

Johns-Hopkins Universiry
Lawrence Livermore National

Laboratory
Los Alamos National Laboratory
Massachusetts Institute ofTechnology
Oak Ridge National Laboratory
Princeton Plasma Physics Laboratory
Sandia National Laboratories
Universicy of California, Davis
University of California, Los Angeles
University of California, San Diego
University of -Washington

The first meeting of the NSTX Re-
search Team was planned for January,
1999. Information is available at:http:ll
nsur.pppl. gov/nstx/Research_Pro graml .

Physics Activities
NSTX Project Physics has benefited

greatly from the involvement of scientists
from collaboraring institutions. These
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researchers have contributed to several of
the major physics efforts over the course

of the year. One of these efforts was the
assessment of the effect of the finite num-
ber of poloidal field (PF) shaping coils on
the precise shape of the outer boundary,
and, thus, on the plasma stabiliry. This
effort was carried out by Columbia Uni-
versity and PPPL. An off-midplane "dim-
pling" of the outer boundary resulted from
the proximiry of one pair of PF coils to
the plasma surface, and because of the
change of curvature of this surface, the
plasma performance would be degraded

in terms of achievable toroidal beta
(Fr)""d bootstrap current levels by as

much as 30o/o. The problem was solved

by adding a vertical-field-producing PF

coil that was approximately 20 cmfarther
away from the plasma than the original
set at the same vertical location, and mov-
ing the original set vertically. \Mith this
new PF coil set, the dimpling disappeared
(see Figure 2) , and the 40o/o B1 and .70o/o

bootstrap current values were recovered.

The additional PF coil has the added ben-
efit of allowing even greater shape flexibil-
iry in NSTX

A "current soak-through" code has

been adapted by the University of \Wash-

ington to calculate the time evolution of a
coaxial-helicity-injected (CHI) plasma
from time of initiation to a rime about 10

msec later, when approximately 500 kA
of plasma current is contained within
closed flux. The code was used to deter-
mine the coil currents necessary to hold
the plasma in the presence of the passive

plates and vacuum vessel eddy currenrs,

during CHI start-up. The results show that
this can be done within the power supply
capabilities. The most challenged coil is
PFlb, for which approximately 18 kA of
current is demanded; 20 kA is the design
limit of the coil.

Radio-frequency (rf) modeling has

been performed by a number of collabo-
rating institutions. Modeling done at
ORNL has directly supported the design

of the high harmonic fast waye antenna
for NSTX, addressing such issues as the
size of the plasma and antenna gap to op-
timize loading, tilting the rf straps, and
determining the location of rf sheaths.
\Work with the PICES full-wave code in-
dicated that current profile control is pos-

sible at moderate beta by changing the
phasing of the antenna. \Work is being car-

ried out at PPPL and the Universiry of
California at San Diego using full, hot-
plasma ray-tracing codes as an analysis

tool. One of the key issues is to represent

the launched wave spectrum by a finite
number of rays at suitable starting loca-
tions and wave numbers. Researchers at
the Massachusetts Institute ofTechnology
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Figure 2. Tbe "dimpling' effict of the outer
plasma caused by the ortgtnal set of poloidnl
codls is shown by tbe solid llne. This uas
corrected,, as shown by the dashed, line, with
the addition of a new set ofpoloi.dalfield coils
strategically placed.

Original
CoilSet

New Coil Set
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have initiated studies using electron
Bernstein waves for heating and current
drive. Preliminary ray tracing computa-
tions show very localized power deposi-
tion of the wave.

A great deal ofactiviry has taken place

to support first plasma operation on
NSTX. Sets of waveforms have been de-
veloped for unipolar ohmic heating op-
eration that will create the low stray field
region necessary for inductive breakdown
of the plasma for a variery of starr-up con-
figurations. Tools were developed that will
allow reconsffuction of the magnetic field
topology and plasma from a limited set of
flux loop measurements. Plans were de-
veloped to finish coil impedance measure-

ments and calibrate the Day 0 magnetics
during coil testing. Finally, the Day 0 and
Day 1 control system strategy and algo-
rithms underwent successful reviews in
preparation for operation.

Major Design Changes
During FY98, the NSTX underwent

three major design changes. First, the plan
to use the domes from PPPLs former S-i
Spheromak as part of NSTXvacuum ves-

sel was abandoned. The type ofweld used
on the S-1 domes is known to crack un-
der the high stress situations anticipated
on NSTX, such as high-temperature bak-
ing. Instead, it was decided to procure rwo
new domes to be directly welded to
NSTX's center cylindrical section, rather
than having large flange sections connect-
ing the domes to the center cylinder. This
new design provides a better vacuum ves-

sel with proper weld type, anew port con-
figuration to optimize the diagnostic ac-

cess, and lower overall cost due to the
elimination of large flange sections.

The second significant design change

was the addition of a new set of PF5 coils.

As noted in the physics secdon above, the

MHD stabiliry calculations indicated that

the original PF coil configuration could
cause significant performance deteriora-
tion (20-30o/o) dueto the proximiryof the
PF4 coils to the plasma. After consider-
able investigation, it was decided best to
install an additional larger diameter PF coil
pair (PF5). The original PF4 was retained
due to the potential usefulness of improved
plasma boundary shape control capabil-
iry. The PF5 coil was ordered in May, 1998

and delivered on schedule to PPPL in
August,1998.

The third design change relates to the
CHI bias power supply configuration. The
CHI bias approach utilizing a high-volt-
age capacitor bank was abandoned in fa-

vor of a rectifier power supply approach.
The rectifier approach gives much more
control on the bias voltage waveform and,

therefore, greater device safery and opera-

tional flexibiliry. It was also decided to al-
low the outer part ofthe vacuum vessel to
be biased compared to the original scheme

of biasing the center stack only and keep-
ing the outervacuumvessel grounded. The
direct center stack biasing approach has a

greater probabiliry of damaging the cen-
ter stack ohmic-heating solenoid.

NSTX Device Cpnstruction
FY98 was a Yery productive year for

the device construction. Critical device
components were fabricated and delivered
to the Test Cell for the final NSTX as-

sembly.

One of the first components to arrive
was the inner toroidal field (TF) magnet
coil. This 16-footlong coil was success-

fully fabricated with a radial precision of
better than 0.01 inch. The next major
component to arrive was rhe 14-foot-long
ohmic-heating (OH) solenoid. It was also
fabricated with radial precision of better
the 0.0i inch. The innerTF and the OH
solenoid were fabricated by Everson Elec-
tric. The critical installation of the OH
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solenoid over the inner TF coil to form
the core of the center stack was carried out

at PPPL. The subsequent installation of
PF1a, 1b, Rogowski coils and flux loops

for measuring the plasma current, ther-

mal insulation, and Inconel casing com-

pleted the main center stack assembly.

After delivery to the Test Cell, protective

graphite tiles (carbon-fiber composites)

were installed on the Inconel casing, prior
to the installation of the center stack into

the NSTXvacuum vessel as shown in Fig-

ure 3.

In the meantime, the vacuum vessel

was fabricated at the Process Systems In-
ternational, Inc. After the delivery of the

vessel in the summer of 1998, support

structures for magnets and outer divertor

plate were welded to the vacuum vessel

(as shown in Figure. 4).The completed
yacuum vessel was delivered to the NSTX
Test Cell at the end of the fiscal year for

the final assembly.

Ftgure 4. Vacuam aessel duringfabrication at
the Pdnceton Plasma Phystcs Laboratory.

NSTX Test Cell and Auxiliary
Facility Preparation

In the area of auxiliary systems and

support faciliry preparation, much of the

first plasma subsystems were completed

during FY98.
The NSTX Test Cell (plan view is

shown in Figure 5) was prepared by clear-

ingthe D-Site Hot-Cellwhich contained the

DECON (decontamination) facility and the

neutral-beam injector (NBI) clean room.

The NBI clean room and DECON facility

were moved to anofier part of D-site'

In October 1997, theNSTXTest Cell

was handed over to the NSTX Project

from the Tokamak Fusion Test Reactor

(TFTR) DecommissioningTeam. First to

arrive in the NSTXTest Cell was the de-

vice platform. The NSTX Ground-
breaking ceremonywas held in May 1998.

After the ceremony, a NBI beam box (a

spare from TFTR) was placed in its final

location in the NSTXTest Cell. The NBI
system is scheduled to be commissioned

on NSTX in spring of 2000. The torus

vacuum pumping system was delivered to

the Test Cell in the summer of 1998 and

the gas injection system was installed
shortly thereafter.
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Figure 5. Schematlc plan ofthe MSIX Test Cell.

New power cables were installed from
the TFTR power cable transition area to
the NSTX Test Cell through the TFTR
basement and mechanical equipment
room. Most of the power systems modifi-
cation in the Field Coil Power Conver-
sion building was also completed.

The former TFTR Control Room was

cleaned and converted into the NSTX
Control Room. A new central instrumen-
tation and control system based on rhe

EPICS (Experimental Physics and Indus-
trial Control System) was installed. A new
fiber optic cable network was installed to
facilitate communication between rhe
control room and the rest of the NSTX
and PPPL facilities. A real-time plasma
position-control system using a Skibolt
computer was readied for the power sys-

tems conffol.

NSTX Diagnostics
In FY98, the diagnostic efforts on

NSTXwerefocused in a number of areas.

The first was the design and initial fabri-
cation of the in-vessel sensors, including
thermocouples, flux loops, Rogowski
loops, and Mirnov coils as well as the ex-
vessel Rogowski coils and flux loops. Sen-

sors located on the center stack required
extra effort due to the tight space con-
straints and high-temperature requirements.

Another area involved the definition
of diagnostic ports in the vacuum vessel,

the determination of diagnostic sight lines,

the design of several vacuum interfaces,

and allocation of platform space for a

number of diagnostics. This work will
form the basis for many future installa-
tions.

Flgure 6. A odew of the NSIX Test Cell near the enit of FIg8.

I
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Special consideration was given to di-

agnostics needed for first plasma. These

included a subset of the sensors mentioned

above, along with visible and infrared TV
cameras and a 170-GHz microwave inter-

ferometer.
The preparation by collaborators of

several proposals for research involving

diagnostic installations was another ma-

jor arcaof effort. Off-site researchers will
be relied upon to provide essential diag-

nostic information for the National Sphe-

rical Torus Experiment.
Because of the early need for time-re-

solved electron temperature and density

profile measurements, and the lead time

needed to install a complicated system,

there was considerable design effort dur-

ing FY98 on a multi-pulseThomson scat-

tering system. A conceptual design was

completed and detailed design and fabri-

cation was begun.
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Inte rnational lherrnonuclear
ExperimentalReactor

1r n FY98, the International Thermo-

I nuclear Experimental Reactor (ITER)

I project completed the Final Design
Report, as well as documentation of the
ITER physics basis for publication in
Nuclear Fusion. The Princeton Plasma
Physics Laboratory (PPPL) continued its
role in ITERphysics and engineeringwork
with PPPL staff assignments to the Joint
Central Team (mo physicists in San Di-
ego; one engineer in Garching, Germany;
and one engineer in Naka, Japan), sup-

ported the U.S. Home Team Design ac-

tivities (both physics and engineering),
and coordinated and participated in ITER
physics R&D. PPPL continued its lead-

ership roles in the positions of the Head
of the ITER Joint Central Team Physics
Integration Unit, the Physics Manager for
the U.S. Home Team, the Chair of the
ITER Technical Advisory Committee,
Chair of the ITER Diagnostics Expert
Group, and two U.S. Home Team Thsk
Area Leaders in physics design. PPPL work
as part of the U.S. Home Team focused

on physics design, diagnostics design, and
engineering design.

The ITER Project completed its six-

year Engineering Design Activities phase

in July, 1998. Design tasks in FY98 were

focused on delivery of the Final Design
Report and the more comprehensive de-

tailed design documents. The Final De-
sign Report was reviewed by the Techni-
cal Advisory Committee in Jantary, 1998,
and by the four ITER Parties (European

Artist's rendition of the Intemational Ihermo-
nac le ar E xperiment al Reacton

Union, Japan, the Russian Federation, and
the United States) in 1998, leading to ac-

ceptance by the ITER Council in July,
1 998.

Reduced Cost ITER Studies
In an effort to reduce the cost of the

ITER device, numerous options were ex-
amined. As part of those studies, theToka-
mak Simulation Code (TSC) was used to
model the discharge scenarios. In particu-
lar, the LowAspect Ratio Machine (lAM)
was modeled from early plasma currenr
ramp-up through the end of burn. The
simulation verified that an energy multi-
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plication factor (Q) equal to 10 could be

obtained with the assumed fuel and im-

puriry densities and 50 M\W of auxiliary

heating power. The poloidal field coils

were all within their allowed limits and

the plasma position, shape, and current

were maintained adequately. Calculations

showed that the plasma consumes 32Ysec

during the 600 sec current flattop phase,

and the total flux consumption through

the end of burn is 322 Vsec. The boot-

strap current lowered the flattop volt-sec-

ond consumption by 160/o. The plasma

shaping is stronger than in the previous

ITER design. However, it was shown that

the single null is robust to disturbances.

Argon was introduced in this plasma to

enhance radiation and thereby reduce the

heat load to the divertor chamber, and this

eftbct was demonstrated in the discharge

simulations. Two primary issues with the

argon were uncovered in the simulations:

the radiated power was a strong function

of the plasma edge temperature, which is

usually driven by the presence of the H-
mode, and the argon can only be intro-

duced after plasma current ramp-up to

avoid excessive radiative losses.

Advanced Tokamak
Burning Experiment

As part of the U.S. HomeTeam effort

to support the reduced-cost ITER stud-

ies, a double-null configuration was exam-

ined, called the AdvancedTokamak Burn-

ing Experiment (ATBX), with the same

burning plasma mission (..g., Q= 10). The

TSC was used to examine the tradeoff be-

tween internal (near the plasma) and ex-

ternal (outside the vacuum vessel) feedback

control coils for plasma vertical position

control. Extensive simulations were done

using step, random, and drift distur-
bances combined with a specific propor-
tional-derivative gain strategy. In addi-

tion, two passive structure models were

treated, one with only the steel structure

and the other with copper stabilizer plates,

added to the steel structure. Two options

emerged, external feedback coils with
the copper stabilizer plates and internal

feedback coils with the steel only struc-

ture. The feedback control powers were

25 and50 M\f, respectively. These stud-

ies showed the importance of the pas-

sive conducting structure surrounding
the plasma in determining the control-
lability of the plasma and feedback pow-

ers required.

ITER Shape Control
Optirnization

The TSC was used to provide non-

linear simulations of the plasma posi-

tion, shape, and current control algo-

rithms designed for the International
Thermonuclear Experimental Reactor.

Since the control algorithms were de-

signed using simplified plasma models,

a series of tests were developed using the

TSC to check the applicabiliry of the dif-
ferent control algorithms to a more com-

prehensive and realistic plasma model.

In comparing the linear plasma response

models with the TSC simulations, the

sensitivity of the result to numerical as-

sumptions used in TSC, particularly
plasma inertia and vacuum temperature'

were used to improve the TSC evolu-

tions. At the same time, plasma current
diffusion and surface current generation,

which are not included in the linear

plasma models, were shown to have a

significant effect, depending on the par-

ticular plasma behavior. Several plasma

disturbances were used to isolate vari-

ous controller and plasma model effects.

These analyses verified the overall accu-

racy of the linear response models, while
also indicating that fully nonlinear simu-

lations are necessary to obtain realistic

plasma and controller behavior.
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Fast Plasma Safety Shutdown
Modeling

The TSC has been used to develop a

technique for rapid termination of an

ITER discharge that does not lead to the
generation of large runaway electron cur-
rents. In the fully two-dimensional time-
dependentTSC model, a sequence of 10-

15 deuterium pellets doped with a trace

of krypton was injected in 5-msec inter-
vals. The increased density and the impu-
riry radiation bring the plasma tempera-
ture down to a few hundred electron volts,
but without total collapse. Simultaneously,

the poloidal field coil currents are ramped
quickly to zero current, while retaining the
vertical control system needed for radial
force balance. It is found that the an ini-
tial plasma current discharge of approxi-
mately 20 MA can be terminated in close

to a second, with the critical electric field
throughout the plasma never substantially
exceeding that causing avalanche runaway
electrons to develop. The time history of
the plasma beta, internal inductance, and
edge safery factor during this second indi-
cate that the plasma should remain MHD
stable during this entire sequence. This
simulated sequence for ITER is very simi-
lar in dimensionless parameters to one of
the Tokamak Fusion Test Reactot kryp-
ton pellet discharges performed last year.

In this discharge, theTSC simulation was

in excellent agreement with the experi-
mental data.

PPPL Diagnostics Design
Activities

Research and development of diagnos-

tics for the ITER Engineering Design Ac-
tivitywas carried out at a number of U.S.
institutions under the leadership of the

ThskArea Leader from PPPL. A set of thir-
teen design reports and seven R&D re-

ports were provided in July to complete

the U.S. contribution to the ITER Final
Design documentation and summarized
the progress over approximately the last
year. The designs all addressed the key is-
sue of the interface of the diagnostics with
the main tokamak and facility compo-
nents. The designs ranged in qualiry from
a scientific conceptual development to a
relatively well engineered design. However,

no system could be engineered to the full
integration of the diagnostic with the toka-
mak comppnents because of the lack of
finaliry of the tokamak component designs

and of the need to combine many diag-
nostics onto one port with complex shield-
labyrinths. The PPPL contribution was to
extend the qualiry ofthe design for a num-
ber of diagnostic systems already started
in previous years as part of the U.S. con-
tribution to ITER.

At the highest level of completion is
the design of the position control reflec-
tometer where there was a joint design ef-
fort with colleagues at the University of
California, Los Angeles. This involved very
complex design issues in the integration
of many waveguides in various positions
through the blanket module support plate
and between the blanket modules. An en-
gineering design of the edge Thomson
scattering system was completed. To get
the required spatial resolution, the mea-
surement is done in the expanded flux-
surfaces at the top of the plasma. Thus the
access is through the top port and is very
constrained by device penetration limita-
tions. This design is shown in the figure
on the next page.

The motional Stark effect diagnostic
for measurement of the safery factor, q(r,t)
also reached the engineering design phase
in collaboration with colleagues from Fu-
sion Physics and Technology. The engi-
neering design was completed for the neu-
tron acdvation sysrem, this time in col-
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To Polychromators

Secondary Window

Primary Laser

Apertures

Iayout of the optics for the Intemational
Thermonuclear Experimental Reactor
Thomson scattering slstem for measuring
the electron denslty and temperature in the
plasma ed.ge.

laboration with the Los Alamos National

Laboratory. The design of the other U.S.-

assigned neutron diagnostic, the neutron

source strength monitors, reached the sci-

entific design phase, but engineering de-

sign had not yet started at the end ofJuly'
The visible Bremsstrahlung system for

measuring the impurity levels (2.6) is at

the scientific design level, with the key is-

sue of survival of the plasma-facing mir-

ror still to be resolved. The design of the

lost alpha-particle detectors was less ad-

vanced, since some aspects of the detec-

tors in the cruel environment remain to

be investigated and the possibiliry of us-

ing an infrared camera, sharing optics

with the visible camera system is also be-

ing considered.

PPPL Engineering Design
Activities

Engineering support for ITER contin-

ued in a broad number of areas:

o Power supply design;

o Central solenoid Model Coil
Vacuum/Pressure ImPregnation;

o Analysis and design for the ITER

Laser Metrology;

o Divertor disruption analyses;

o Analysis of the central solenoid
buffer zone;

o Design and analysis of ferromag-

netic inserts for ripple reduction;

o Analysis of vacuum vessel weld
shrinkage; and

o Analysis of thermal stresses due to

loss of coolant and loss of flow in
the vacuum vessel.

PPPL engineers particiPated a U.S.

Home Team study of the reduced cost

option, AIBX, in the areas of design in-
tegration and plasma stabilization and

control.

ITER Physics Expert GrouPs
PPPL had members on six of the seven

ITER Physics Expert Groups, which are

charged with coordinating physics R&D
in support of ITER design and with com-

piling the ITER-relevant physics results in
the ITER Physics Basis. The expert groups

were very effective in facilitating interna-

tional focus on reactor-relevant physics

issues, and the groups produced the Phys-

ics Basis material, which is being published

rn Nuclear Fusion.
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Stellarators

Surface of three-field-pedod candtdate plasma conflguration studi.ed as
the reference plasmafor the Natlonal Compact Stellaretor Experirnent,

S
tellarators, a family of plasma con-
finement concepts characterized by
three-dimensional magnetic fi elds,

are the most developed magnetic fusion
concept after the tokamak. The stellarator
has advanced greatly since its invention by
Princeton Plasma Physics Laboratory
(PPPL) founding Director Lyman Spitzer,

Jr. in the 1950s. Now, two large super-
conducting-coil stellarator experiments in
the billion-dollar class are under way. The
large Helical Device (LHD) recendy became

operational in Japan and the \flendelstein
7-X is under construction in Germany.

The interest in stellarators world-wide
stems from their potential as a steady-state
reactor featuring disruption-free plasma

operation, low recirculating power, and

good plasma performance. However, re-

actor projections based on current stel-

larator knowledge point to designs with
relatively high-aspect ratio (the ratio of
major radius to minor radius of the toroi-
dal plasma) and large size compared to
tokamaks. An important question for
stellarator research is whether more com-
pact reactor designs are possible. Could
the advantages ofstellarators also be real-
ized at dimensions and performance lev-
els close to those of advanced-tokamak
reactors, such as theARIES-RS, which has

a major radius of 5,5 m and a neutron wall
load of 4 M\fl/m2?

Researchers at PPPL, in collaboration
with colleagues from the U.S. and abroad,
have been studying design concepts for
low-aspect-ratio "compact stellarators"
that could be the basis for smaller stel-
larator reactors. In 1997, a capabiliry for
computing compacr-stellarator plasma
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configurations optimized to have low
plasma transport and high plasma beta
(the ratio of kinetic to magnetic pressure

in the plasma) was developed. In 1998, a
way to stabilize external kink modes 

-helical deformations of the plasma surface

that can be unstable in steady-state, high-
beta toroidal plasmas 

- 
by three-dimen-

sional shaping of the plasma toroid was

discovered. This discovery could eliminate
a design complication of advanced toka-
maks 

- 
the need for a conducting wall

close to the plasma to stabilize these

modes. If tokamak-like beta values can be

achieved without a wall in stellarators, it
would be an important advantage.

Concept advances were made possible

by applying advanced computational
tools, including some developed at PPPL,

to the problems of stellarator design. Ex-
periments are needed to test the predicted
favorable properties of the new configu-
rations. A medium-scale, "proof-of-prin-
ciple" device based on a promising stel-

larator plasma concept would meet the
facility requirements for such experiments.

In 1998 PPPL, in partnership with the
Oak Ridge National Laboratory organized

a national project team and began to de-
velop the plasma and coil configurations
and machine concept for this faciliry the
National Compact Stellarator Experiment
(NCSX), which would be sited at PPPL.

Compact-Stellarator Plasma
Design fnnovations

A challenge in the design of three-di-
mensional magnetic field configurations
is to reduce the energetic alpha particle
losses due to magnetic field ripple. In re-

cent years, stellarator theorists have devel-
oped some innovative solutions to this
problem. One is to make use of quasi-
symmetqF, in which a magnetic field struc-
ture that is three-dimensional in physical
space possesses an underlying symmeffy

insofar as its effects on energetic particle
drift trajectories are concerned. This prop-
erty makes it possible to have particle drift
trajectories that are as well confined as

those in exact symmetry, e.g., in tokamaks,
and hence have low alpha particle losses

and low neoclassical transport.
In quasi-axisymmetric (QA) devices (a

class of quasi-symmetric devices) the heli-
cal twist, or rotational transform, of the
confining magnetic field is provided by a
combination of the plasma's self-generated

bootstrap current and three-dimensional
stellarator coils, making this concept a
hybrid of a stellarator and an advanced

tokamak. Rotational transform is neces-

sary for plasma confinement. In a QA
stellarator, the bootstrap current is com-
parable to that in a tokamak and flows in
a direction that adds to the transform from
the stellarator coils. Bootstrap currents are

driven by the plasma's internal pressure

gradients, and are therefore sustained by
plasma self-heating and not by current
drive. They are also predicted to suppress

the unstable growth of magnetic islands,

which could otherwise destroy the con-
figuration and disrupt operation, if the
shear in the rotational transform is ar-
ranged to be in the appropriate direction.

Quasi-axisymmetric configurations with
aspect ratios of 2.1 to 3.4 (similar to toka-
maks), with beta values up to 7.5o/o, and
with 50olo to 80% of the transform sup-

plied by bootstrap curent, were studied in
1998 as part of the NCSX design activiry.

A key earlier innovation in compact
stellarator design was the development of
a strategy to ensure plasma stability against

ballooning modes at high beta. It was
found that high ballooning beta limits can
be obtained in QA stellarators by intro-
ducing a strong axisymmetric component
to the shaping, as is done in advanced
tokamak configurations. In 1998, a solu-
tion to the problem of stabilizing the ex-
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ternal kink modes without a conducting
wall was developed by PPPL scientists in
collaboration with Swiss colleagues. It was

found that the kink modes can be stabi-

lized either by introducing magnetic "shear,"

a steepening in the rotational ffansform
near the edge of the plasma, or by corru-
gating the surface of the plasma in an ap-

propriate way. Improvements in the con-
figuration design tools were made to en-

able use of both of these effects. Using the
newly-developed capabilities, high-beta
configurations stable to both external kink
and ballooning modes were generated.

Of particular interesr was a plasma
configuration developed as a candidate for
the NCSX experiment. \fith a malor ra-
dius of 1.5 m and an average minor ra-
dius of 0.4 m, it was sized to fit within
the existing Princeton Beta Experiment-
Modification tokamak faciliry, with allow-
ance made for the three-dimensional field
shaping coils that would be required. This
three-field-period QA configurarion,
shown in the figure ar the beginning of
this report, was calculated to be stable to
external kink and ballooning modes ar a
beta of 4o/o.The rotational transform pro-
file for this configuration, shown below,
is monotonically increasing toward the
edge, which is favorable for avoiding un-

stable island growth in long-pulse opera-
tion, and provides some shear which plays
a role in stabilizing the kink modes. Analy-
ses were begun in late 1998 to determine
the transport properries and coil require-
ments associated with the shape charac-

teristics of this plasma configuration.
These innovations combine ro open

up a new path toward compacr stellarator
reactors with high beta and good confine-
ment. In comparison with tokamaks, com-
pact stellarators offer the advantages of
being potentially disruption-free and pro-
viding greater design freedom to impose
magnedc configuration properries impor-
tant for high-beta stabiliry. The use of ex-
ternally produced ffansform has the ad-
vantage that it reduces or eliminates the
requirement for current drive, with its at-
tendant recirculating power in a reactor.

The NCSX would suppom experi-
mental research aimed at resring the basic
physics properties of compact srellarators,
especially the crucial issue of disruption
avoidance at high beta. The experiment
would be the centerpiece of a national
compact-stellarator proof-of-principle
program to develop the knowledge base

needed to assess stellarator reactor poten-
tial and support decisions on moving to
the proo0of-performance srage.
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Korea Superconducting
Iiokamak Advanced Research

Artlst's rendcrlng of the Korea sapercondactlng Tokamak Adnanned Research dcoice,

S
ince mid-1996, a team of United
States scientisrs has been providing
support for the design of the Korea

Superconducting Tokamak Advanced Re-
search (KSTAR) fusion experiment to be
built inThejon, South Korea. Members of
the group, led by the Princeton Plasma
Physics Laboratory, include personnel
from General Atomics, Lawrence Liver-
more National Laboratory, Northrop-
Grumman Corporation, Massachusetts
Institute of Technolory, and Oak Ridge
National Laboratory. The work is being
performed under 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 ro:

o Extend stability and performance
boundaries of tokamak operation
through active conrrol of plasma
profiles and transporr.

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 an important

element of the modular strategy for pro-

ceeding with fusion in the United States.

The KSTARtokamakwill feature fully

superconducting magnets, long-pulse op-

eration, flexible pressure and current

profile control, flexible plasma shape and

position control, and advanced plasma

profile and control diagnostics.

KSTARwill play an important role in

world-wide 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 tokamaks;

o Providing experience in large-scale

superconducting magnet design,

manufacture, and oPeration;

o Providing experience in high-power

neutral-beam, microwave and radio-

frequency technologies;

o Providing experience in state-of-the-

art plasma diagnostics and controls

and advanced comPutational meth-

ods.

KSTAR is a long-Pulse (300 sec), su-

perconducting tokamak which will be

constructed in a new faciliry at the Korea

Basic Science Institute and is scheduled

for operatio n rn 2003.
The machine configuration includes

sixteen superconducting toroidal field coils

and thirteen superconducting poloidal

field coils, symmetricallylocated about the

plasma midplane. 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 not

being designed for deuterium-tritium op-

eration. Deuterium oPeration will be lim-

ited, eliminating the need for remote

maintenance. The KSTAR machine pa-

rameters are presented in the accompa-

nying table.

During FY98, the U.S. team was re-

sponsible for a major part of the tokamak

design. The U.S. scientists participated in

a highly successful international KSTAR

review: the Tokamak Systems Engineer-

ing Review in early December 1997,held

in Taejon, South Korea. The Tokamak

Systems Engineering Review team found

that the design provides an adequate basis

for proceeding with a more detailed engi-

neering design. The design is sound in that

it has defined adequate spatial boundaries

for the major tokamak system compo-

nents, while satisfying engineering design

criteria appropriate for this stage of de-

sign.

An Ancillary Systems Engineering

Review was held in the summer of 1998'

The U.S. team played a supporting role

for this review; assisting in the develop-

ment of the project cost and schedule es-

timates and examining the documentation

developed by the Korean team for the

Review. The primary review committee

finding was that the functional and per-

formance requirements of the systems re-
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viewed are appropriate and adequately
defined. The design concepts are sound
and demonstrate a state-of-the -art ap-
proach to the design task. They provide a
good basis for the detailed design of the
systems which is to follow

FY98 was a watershed year for the
KSTAR Project in that ground was bro-
ken and site preparations completed for
the KSTAR experimental hall and facili-
ties. The construction contract was awarded

in the fall of 1998 and final design of the
faciliry buildings was well underway.

This period of significanr progress
occurred despite a full Korean Govern-
ment review of the KSTAR and other
major projects. As a result of this exren-
sive review, the mission, design parameters,

and purpose of KSTAR were confirmed
and authorizationreceived to proceed with
the Phase II of the Project which includes
construction.

Plasma Parameter

Toriodal Field (B,)

Plasma Current (Io)

Major Radius (\)
Minor Radius (a)

Elongation (r)

Thiangulariry (6)

Poloidal Divertor Nulls

Pulse Length

Plasma Heating

Neutral Beam

Ion Cyclotron

Lower Hybrid
Elecuon Cyclotron

Deuterium Operation

Number of Pulses

Base

3.57
2.0 MA

1.8 m

0.5 m

2.4

O,B

2

20 sec

Upgrade

300 sec

B M\T
6 M\r

1.5 M\r
0.5 M\r

20,000 seclyear

50,000

14 M\(/
6 M\r

1.5 MSr

KS TAR Maj or Pararneters.
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Off'Site Research

,l
I

,Tl he Princeton Plasma Physics

I Laboratory (PPPL) Off-Site Re-
I search Program focuses on achie-

ving fusion science goals through collabo-
rative research using remore facilities, in-
cludingAlacator C-Mod at the Massachu-
setts Institute of Technology (MIT) in
Cambridge, MA, DIII-D at General
Atomics in San Diego, CA, and facilities
abroad, especially the Joint European
Torus (JET) in Europe and JT:60U and
the Large Helical Device (LHD) inJapan.
These collaborations permit the Labora-
tory researchers to apply their expertise
and tools to address high-impact scientific
issues, utilizing the most capable facilities
worldwide. PPPlis joint theoretical and ex-

perimental teams are integrated into the
remote research activities.

The PPPL tokamak collaborations
address both burning plasma physics and
tokamak concepr improvement, empha-
sizing advanced plasma control to achieve
extended performance and increased un-
derstanding. The non-tokamak collabo-
rations permit researchers to explore the
physics of alternative configurations, as

part of the program in overall concept
improvement.

International Collaborations
The program on international collabo-

rations grew at PPPL in FY98, with rela-
tively strong participation at JET in En-
gland and at the JT:60U device in Japan.
\X4rile much smaller in scope, active col-

laborations were conrinued on the Small
Tight Aspect Ratio Tokamak (START)
device in England, on TEXTOR in Ger-
many, on Tore-Supra in France, and on
the Compact Helical System in Japan. A
new aspect of the collaborations has been
the start of a joint program studying tri-
tium use in the Tokamak Fusion Test Re-
actor (TFTR) under an Annex to the De-
partment of Ener 95, I Japan Atomic Energy
Research Institution (JAERI) Collabora-
tive Agreement.

At the start of the fiscal year, JET com-
pleted the high-performance deuterium-
tritium (D-T) burning-plasma and fast-
ion physics program. PPPL staff partici-
pated in alpha-physics analysis, operation
of the neutron activation diagnostic sys-

tem, and transporr analysis with the
TRANSP code. Experience developed on
TFTR was especially helpful in the diffi-
cult measurement of alpha-particle heat-
ing. PPPL had responsibility for analyz-
ing edge localized, high-confinemenr
mode plasma discharges. This work, which
formed a strong componenr of the D-T
studies, was done using the PPPL code
TRANSP Altogether more than 60 pulses

with different choices ofhydrogen, D, DT
andT neutral-beam injection and gas fuel-
ing were studied. In addition, a number
of hot-ion high-confinemenr mode and
"optimized-shear" plasmas w ere analyzed.

One goal of the collaboration arJET
was to join in studies of the optimized-
shear advanced tokamak plasmas which
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are expected to provide improved perfor-

mance. Reliable measurements of the

safery factor, q, of the plasma are particu-

larly important to understanding the phys-

ics of ,u.h op.t"tion. A motional stark

effect (MSE) diagnostic was installed in

order to make these measurements' De-

sign and construction of the diagnostic

hardware, completed in FY98, was done

jointly by PPPL and JET. The MSE diag-

nostic was commissioned in the sLlmmer

and initial datawere taken duringJET op-

eration in SePtember.

A higher level of collaboration was

achieved at JT-60U where seven different

physics tasks were approved for P?PL

physicists. The studies led to two first-

".rtho, 
publications and co-authorships of

other papers at the International Atomic

EnergyAgency Meeting in October, 1998'

One of the papers addressed a compari-

son of the magnetohydrodynamic (MHD)

activity localized near the internal trans-

port barriers (ITBs) in JT-50U and TFTR

plasmas. In both devices there are steep

pr.rrt.rr" gradients near the transport bar-

riers and localized MHD activiry is seen'

Stabiliry analysis of equilibria modeling of

the experiments supports identification of
the modes as being an ideal-MHD n=1

instabiliry. The mode width depends on

the local value of q and is larger when q is

smaller. It is also found that the edge cur-

rent density has a role in coupling the in-

ternal mode to the plasma edge and the

energetic particles can drive fishbonelike

modes.

The first measurements of the radial

correlation length of density fluctuations

in JT-60U plasmas with an ITB were ob-

tained in FY9B. The measurements were

made using the newly installed correlation

microwave reflectometer operating in the

upper X-mode. The reflectometer diagnos-

dc was built at PPPL under contract to

JAEzu. During the pulse, before transport

barrier formation, reflectometer measure-

ments indicate density fluctuation levels

6.ln - 0.1.-0.2% and radial correlation

lengths 2-3 cm(r. pi 3 0.5) in the central

plasma region (rl a < 0.3) 'A rapid increase

(irln - 0.5o/o) in the density fluctuation

level is observedwithin 50 msec of the turn

on of high-power neutral-beam injection

during the formation phase of the ITB'

Inside the ITB (Figure 1), the radial cor-

relation length of density fluctuations is

found to be short (6. - o'5 cm at tla -
0.57) and corresponds to Kr p1 - 3. The

reflectometer has also succeeded in mak-
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ing initial measurements ofAlfvdn Eigen-
modes driven by energetic ions during
negative ion beam injection and heating
at the ion cyclotron frequency.

In addition ro the experimental stud-
ies of fluctuations, linear growth rates for
instabilities such as the toroidal drift mode
(trapped-electron-ion-remperarure-gradi-

ent mode) have been calculated for JT-
60U improved core confinement plasmas.

This calculation has employed PPPLs
comprehensive linear microinstability
code (the FULL code). The resulting
growth rates have been compared with the
ExB shearing frequencies esrimared for the
experiment. tWhen the shearing frequency,
oE*B, is of the same order as or larger than
the growth rat€, [1 the instabiliry is ex-

pected to be stabilized and anomalous
tranport suppressed. This could provide
an explanation for the experimentally ob-
served internal rransporr barriers in JT-
60U. Figure 2 shows the calculated values
for one JT-60U plasma discharge.

A detailed comparison of the relatively
flexible PPPL-based transport code
(TRANSP) with TOPICS, the code cur-
rendy used on JT-60U, was another part
of the collaboration. To facilitate the
comparison, an NBLIST/Ufile rrans-
lator package was completed on rhe
ceres.naka.jaeri.go.jp workstation at IT-
60U, allowing preparation of complete
input of JT-60U "LJfiles" datasets for
TRANSP analysis. This software is now
being used to prepare J?60U TRANSP
runs.

In that part of the collaboration de-
voted to the physics of the JAERI 500-
keV neutral-beam sysrem, the mission has

been to improve the usable power, pulse
length, and characteristics (such as particle
energy spectrum and divergence). During
the first two years ofoperation, worse than
expected divergence and stripping losses

within the complex accelerator structure
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Fi.gure 2. Radial profiles of tbe linear growth
rate y, for the toroidal drift mode and. the ExB
shearingfrcryency' as * r, for a.IT- 60U irnproued
core confinement plasma,

had resulted in limited beam energy and
pulse lengths. During FY98, the stripping
was decreased within the accelerator to the
point where essenrially all of the transmit-
ted neutral beam is at the full acceleration
energy. The energyspectrum for this beam
system is now far cleaner, and thus much
better known, than for any positive-ion-
based system which has been used. This
reduction in stripping has also lowered the
undesirable power loading on rhe ground
and accelerator grids, permitting longer
pulse lengths at higher powers. Changes
were also made to insure that the plasma
and cathodes in the ion sources are in equi-
librium by the time beam exrracion be-
gins. During the first rwo years of opera-
tion they were nor in equilibrium, resulr-
ing in temporally and spatially varying
beam characteristics that reduced pulse
length and power capabiliry due to rising
power loading on the grids as the pulse
continued. Operational changes made in
FY98 have resulted in the plasma and ac-

celerator line densiry paramerers being at
near-equilibrium values by the start of
beam extraction. This has now solved the
temporal part of the oprics variabiliry and
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has partly solved the spatial variability. A
high-resolution scan of the beam unifor-
mity, with the source in equilibrium,
shows that it is much better than had pre-

viously been the case during nonequi-

librium extraction. These improvements

to the negative-ion-based neutral-beam

system made possible very productive cur-

rent drive and toroidicity-induced Alfudn

eigenmode excitation studies in the sum-

mer of 1998 by JAERI personnel and

other collaborators.
Two PPPL X-ray diagnostic physicists

collaborated at the TEXTOR-94 tokamak.

In the framework of an American-Ger-

man-Japanese collaboration, a fast tangen-

tial soft X-ray camera (TSXC) was de-

signed and built. The goal of this project

is the development of two-dimensional

tangential X-ray imaging for the study of
MHD fluctuations, especially for the ex-

ploration of disruptive events, such as

sawtooth crashes or the terminal phases

of high-beta disruptions. The camera was

undergoing laboratory testing at the end

of the year. It will begin operation on

TEXTOR early in 1999.
A new technique in two-dimen-

sional X-ray imaging spectroscopy uses

doubly-bent crystals for Bragg reflection
in order to obtain X-ray images where

one axis is wavelength and the second

axis is plasma radius. This instrument
represents a diagnostic breakthrough, be-

cause spatially and temporally resolved

spectroscopy can be performed on large,

reactor-size machines with a relatively
compact, inexpensive instrument. For this

project, equipment from theTSXC cam-

era, namely a scintillator screen and a
X-^y image converter tube, is used as a

detector in the TEXTOR X-ray crystal

spectrometer. The recorded helium-like
argon spectra demonstrated that simul-
taneous radial ion and electron tempera-

ture profiles can be obtained with such

an instrument at the video rate (16

msec). The ion temperature was de-

duced from Doppler broadening and the

electron temperature from the ratio of
dielectronic and resonant lines.

A spectrum analTrzerwas provided and

used on STARI to examine the emission

spectrum of the START plasma in the fre-

quency range of 0.2-20 MHz. No clear

coherent modes were detected with elec-

trostatic probes. No clear coherent modes

with frequency greater than -2 MHz were

observed using Mirnov coils as detectors.

However, on a number of discharges a

high-frequency mode at 700-800 kHzwas

seen. This mode appears to be similar to

ion cyclotron emission observed earlier in

neutral-beam heated high-beta discharges.

The results of these experiments have been

reported at the 1998 European Physical

Society conference.

Using a probe developed earlier
through a PPPL/National Institute for
Fusion Science collaboration, the rate of
neutral-beam ion loss in the Japanese
Compact Helical System device was mea-

sured under various conditions. Beam ion

orbits were also computed and compared

to the probe measurements. This compari-

son indicated that transition-type orbits

produced the strongest loss signal at the

probe.
The collaboration on Tore-Supra has

continued with some theoretical studies

on turbulent transport with the ergodic

divertor and toroidiciry-induced Alfvdn

eigenmodes present.

In a new collaboration with the JAERI
Tiitium Engineering Laboratory, detailed

analyses of tiles, which formed part of the

inner bumper limiter ofTFTR for the D-T
operation, have started. The analyses make

use of an oven for baking the tiles to quan-

tify the total tritium content in a tile after

its removal and an articulated arm which
is able to place detectors contiguous to tiles
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still in place in the tokamak. This equip-
ment had been built under conrracr from
JAERI. Atyear-end all procedures for oper-
ating the oven in the tritium vault had been
checked out and measurements of tiles ex-
posed to D-D plasmas had started.

Doublet-III-D Collaboration
During FY98, PPPL became a major

collaborator in the tokamak program at
the DIII-D National Fusion Faciliry at
General Atomics (GA). Both institutions
benefit from the increased PPPL partici-
pation. Valuable physics and engineering
resources at PPPL are now available to GA,
and PPPL can play an acdve role in ad-
vanced tokamak research on DIII-D.

PPPL contributes to rhe DIII-D pro-
gram in three principal areas. (1) PPPL
scientists directly participate in the DIII-D
experimental campaign. (2) PPPL pro-
vides physics supporr through scientific
programming and code developmenr, di-
agnostic engineering, and technician ef-
fort, and design and implemenration of
new diagnostic capabiliry. (Z) PPPL pro-
vides operations supporr through provision
of full-time technical personnel and the de-
velopment or procurement ofhardware nec-
essary for the DIII-D research program.

PPPL physicists have taken part in rhe
DIII-D scientific program for a number
of years, largely through interactions be-
tween individuals at PPPL and GA. This
traditional collaboration, which rypically
involves analysis ofMHD stabiliry micro-
instabiliry, and transport in specific DIII-D
discharges, conrinued in FY98 and was
augmented by more direct paniciparion
in the DIII-D experimental program.
PPPL physicists led or participated in a

number of important investigations. These
included experiments which produced
high-performance plasmas with steady-
state internal transport barriers, experi-
ments in which resistive wall modes were

reproducibly observed, using saddle loop
sensors installed by PPPL, and an experi-
ment to investigate sawtooth stabilization
by minoriry ion cyclotron radio-frequency
(ICRF) heating and by neutral- beam in-
jection. Other contributions include spec-

troscopic measurements in divertor experi-
ments, analysis of Alfudn instabilities in
ICRF-heated plasmas, and observations of
short wavelengrh fluctuations in experi-
ments with fast wave current drive.

The highest prioriry diagnostic task for
the PPPL/DIII-D collaboration during
FY98 was an upgrade of the Thomson
scattering systems. The previous systems,

with horizontal viewing of vertical laser
beams, could not measure electron tem-
perature and densiry in the central core of
DIII-D plasmas. As part of a joint effort
with the Lawrence Livermore National
Laboratory and GA, PPPL designed, fab-
ricated, and installed critical in-vessel and
ex-vessel components for the tangential
central Thomson scattering system (Fig-
ure 3) and participated in system tests. The
initial stray light resr was satisfactorily
completed on schedule in August. Subse-
quent stray light and Rayleigh scattering
tests were performed after completion of
the system installation and implementa-
tion of slight modifications and refine-
ments to some of the components. These
highly successful tests demonstrated that
system performance of the new sparial
channels should meet all expectarions.
This will enable measurement of complete
spatial profiles ofelectron temperature and
density during the 7999 experimental
campaign.

Active feedback control of MHD in-
stabilities in DIII-D is a major goal of
advanced tokamak research and a princi-
pal area of concentration for the PPPL/
DIII-D collaboration. Ofparticular inter-
est is control of the resistive wall mode,
which limits the achievable pressure in

({
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Eaflles

PPPL operations engineer, a radio-fre-

quency (rf) power engineer, and an rf tech-

nician played crucial roles in the very suc-

cessful FY98 experimental campaign and

also conceived and implemented a num-

ber of improvements in the facility' An

outstanding example of such improve-

ments is a novel modification of the patch

panel hardware for the field shaping coils'

The very flexible magnetic field shap-

ing capabiliry of DIII-D is achieved by

+

high-performance plasmas. In support of
the MHD research program on DIII-D,
PPPL installed a new six-coil set of saddle

loop sensors (Figure 4) in FY98 and is pro-

curing a power supply for active feedback

stabilization experiments. The saddle loops

easily detected the onset and evolution of
resistive wall modes during the 1998 ex-

perimental campaign. The feedback power

supply is scheduled for delivery in early

t999 and should be fully operational by

Mry 1999.
The first tests of active feedback sta-

bilization ofMHD modes in DIII-D plas-

mas will be carried out in 1999. In these

tests, the saddle loops will provide feed-

back signals for the new power supply,

which can independendy energize three

coil pairs of the existing six-element error

field correcting coil set (C-coils) at modu-

lation frequencies up to 100 Hz. The goal

is to stabilizelongwavelength modes by

simulating the electrical response of a per-

fectly conducdng wall around the outer

midplane of DIII-D. In future years, these

experiments will be extended to higher

performance plasmas by procuring two
additional feedback power supplies and by
expanding the saddle loop and C-coil sets

from six coils each to eighteen coils each.

PPPL technical support of the DIII-D
facility has been especially effective. A

Ftgare 4. Cross section of DIII-D showlng
posi.tlons of sadd.le loop sensors and actiae

feedba& coils.

C-coil
(20 kA-
turns)

Saddle
Loop
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manually repositioning large metal pins,
which inrerconnect the poloidal field bus
bars in a wide varierJ of electrical configu-
rations. The mechanical attachments of
the pins have now been changed from an
arrangement using four bolts per pin to
one that does not require bolted connec-
tions. This allows the field-shaping coils
to be reconfigured much more quickly
than before and will gready enhance ex-

perimental flexibiliry. A rypical daily con-
figuration change, which involves reposi-
tioning approximately 50 pins, previously
required about an hour. The same change
can now be made in less than 15 minutes.

During the next five years, the DIII-D
research plan will concenrrate on advanced
tokamak experiments, with particular
emphasis on active conrrol of MHD
modes, as mentioned above, and on ma-
nipulation of current profiles with high
power electron cyclotron heating (ECH)
and electron cyclotron current drive
(ECCD). A key element in the program
is a substantial increase in the available
ECH/ECCD power. Two 1-M\7 110-
GHz gyrotrons were operadonal during
the 1998 DIII-D experiments. Three
gyrotrons are now on-site, and three more
are on order. The output beams of each of
the six gyrotrons will have to be indepen-
dently transmitted to the tokamak and
injected in a controlled way.

In support of this most importanr ac-

dviry PPPL is developing and will soon
deliver a steerable ECH/ECCD launcher
(Figure 5). The launcher will be able to
remotely control the toroidal and poloidal
injection angles of two 1-M\f gyrorrons.
This will allow DIII-D physicists, for the
first time, to change the direction and ra-
dial location ofelectron cyclotron current
drive on a shot-to-shot basis and will
gready improve the abiliry to distinguish
the effects of heating and current drive.
The launcher is expected to be available

Figtre 5, Cutaway aiew ofsteerable launcher
for electron cyclotron heating and current
d.rlae.

for installation in April, 1999. Two more
launchers are planned for delivery in the
first quarter of FY2000.

Alcator C-Mod
Collaboration

During FY98, PPPL involvement with
the Alcator C-Mod project ar the Massa-
chusetts Institute ofTechnology (MIT) in-
creased. The collaborarion berween PPPL
and MIT is designed to involve PPPL in
machine operations, physics research, and
diagnostic construction and in expanding
the auxiliary heating systems. Major goals

of the program are to conrinue the phys-
ics explorations of rf hearing and current
drive and transport previously explored on
TFTR.

During FY98, experiments on mode
conversion heating of multi-ion species

plasmas were carried out, along with sup-
porting theoretical calculations. In prepa-
ration for the FY98 operations run on C-
Mod, PPPL provided two workstations
that were integrated into the MIT data
acquisition system. These workstations
will be used byPPPL physicists. Addition-
ally, mo newvariable frequency rfsources
were commissioned for use with the ex-

isting antennas and for future use with a

new antenna being prepared by PPPL.
A new electron temperature diagnostic
was moved from TFTR to C-Mod. This
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grating polychrometer permits the elec-

tron temperature to be measured at twenty
radial positions. This increase in spatial
resolution was used in conjunction with
the ICRF mode-conversion experiments

to veri$' the rf deposition and was com-
pared with theoretical calculations.

An increased number of PPPL physi-
cists participated in operations. One PPPL

physicist became fully qualified as an rf
operator. Data from the x-pointThomson
scattering system was obtained for the first
time, yielding a rough esdmate of an x-

point temperature but suffering from low
signal levels.

In addition to the operations activi-
ties, significant construction activities were

begun or continued at Princeton. These

included the completion of a new four-
element ICRF antennawhich will allow
a significant increase in auxiliary power
capabiliry, as well as the ability to launch

directed waves for current drive. Instal-
lation of the antenna will take place in
eaily FY99. Also, a complicated optics
assembly was built for in-vessel instal-
lation to allow motional Stark effect
measurements of the plasma's internal
poloidal magnetic field by viewing light
from a diagnostic neutral beam. This
diagnostic also will be installed in early
FY99.

These additional capabilities, prepared

during FY98, will allow significant new

explorations during the FY99 experimen-

tal campaign.

52



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

Battle Memorial Institute,
\Tashington, DC

Brookhaven National Laboratory,
Upton, Long Island, NY

Ecole Royal Militaire, Brussels, Belgium
Environmental Measuremenrs

Laboratory, U.S. DOE,
NewYork, NY

Fermi National Accelerator Laboratory,
Batavia, IL

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,

Academia Sinica, Hefei, China
Forschungszentrum, Jtilich GmbH,

Germany
ITERJoint \flork Site,

Garching, Germany
ITERJoint -Work Site, Naka, Japan

ITERJoint \Work Site, San Diego, CA

JapanAtomic Energy Research Insritute,
Naka Fusion Research Laboratories
Establishment, Ibaraki, Japan

J apan 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,

Thejeon, Republic of Korea
Lawrence Berkeley National Laboratory,

Berkeley, CA
Lawrence Livermore National Laboratory

Livermore, CA
Los Alamos National Laboratory,

Los Alamos, NM
Max Planck Institut ftir Plasmaphysik,

Garching, Germany
Max Planck Institut ftir Plasmaphysik,

Greifswald, Germany
Max Planck Institut ftir Quantenoptik,

Garching, Germany
National Institute for Fusion Science,

Toki, Japan
National Institute for Science

and Technology, \Washington, DC
New Jersey Department of Environmen-

tal Protection, Tienton, NJ
National Renewable Energy Laboratory,

Golden, CO
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Oak Ridge National Laboratory,

Oak Ridge, TN
Pacific Northwest National Laboratory,

Richland, \WA

Russian Research Centre,

Kurchatov Institute, Moscoq
Russian Federation

Sandia National Laboratories,

Albuquerque, NM
Sandia National Laboratories,

Livermore, CA
Southwestern Institute of Physics,

Chengdu, China

Textile Research Institute,
Princeton, NJ

Thomas Jefferson National Accelerator

Facility, Newport News, VA
Tioitsk Institute of Innovative

and Thermonuclear Research,

Tioitsk, Russian Federation

UKAEA, Government Division, Fusion,

Culham, United Kingdom
UKAEA Technology LaboratorY,

Harwell, United Kingdom
Ukrainian Institute for Nuclear

Research, Kiev, Ukraine

U.S. Department of Agriculture,

F,"rt.ttt Regional Research Center,

Philadelphia, PA
tWestinghouse Savannah River Site,

Aiken, SC

Industries

BASF, Charlotte, NC
Bristol-Myers Squibb, Lawrenceville, NJ

Camac-Cookson Fibers, Bristol, PA

CompX,Inc., Del Mar, CA
DuPont Chemical CorPoration,

\Tilmington, DE
Fusion Physics and Technology, Inc.,

Torrance, CA
General Atomics, San Diego, CA
Lodestar, Boulder, CO
Lucent Technologies, Murray Hill, NJ

Mission Research Corporation,
Newington, VA

Northrop Grumman AerosPace

and Electronics Corp., BethPage, NY
Ontario Hydro,

Toronto, Ontario, Canada

American Physical Society,

College Park, MD
Auburn Universiry, Auburn, AL
The Australian National University,

Canberra, Australia

A+ for Kids, Plainsboro, NJ

Bordentown High School,

Bordentown, NJ

LJniversities and Educational Organizations

Princeton Electronic Systems,

Princeton Jct., NJ

Princeton Scientific Instruments, Inc.,

Princeton, NJ

Qualprotech,
Oakville, Ontario, Canada

Raytheon Engineers and Construction,

NewYork, NY
SAIC, San Diego, CA
Union Camp Corporation,

Lawrenceville, NJ

\7ellman,
Charlotte, NC

-Westinghouse Corporation,
Pittsburgh, PA

Xerox Corporation,
N. Thrrytown, NY

Burlington City Schools, Burlington, NJ

Caltech, Pasadena, CA
Carnegie Science Center, PA

Center for Technological Education
Holon, Holon, Israel

The College of NewJersey, Thenton, NJ

Coalition for Plasma Science,

Columbia Universiry NewYork, NY
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The Contemporary Physics Education
Project, Palo Alto, CA

Cornell University, Ithaca, NY
Drexel Universiry Philadelphia, PA
The Federal Laboratory Consortium,

Fisk University, Nashville, TN
Florida State University, National High

Magnetic Field Laboratory,
Thllahassee, FL

Florence Public Schools, Florence, NJ
Fort Discovery: The National Science

Center, Augusta, GA
Georgia Institute of Technology,

Atlanta, GA
Hiroshima Universiry Hiroshima, Japan
Hopewell Valley Central High School,

Pennington, NJ
Idaho State University, Moscow, ID
Institute of Applied Physics, Academy

of Sciences, Nizhny Novgorod,
Russian Federation

Institute for Fusion Science,

Austin, TX
Invention Factory Science Center,

Tienton, NJ

Johns Hopkins University,
Baltimore, MD

Korea Advanced Institute of Science

and Technology,
Taejeon, Republic of Korea

Lehigh Universiry Bethlehem, PA
Liberry Science Center,

Elizabeth, NJ
Massachusetts Institute of Technology,

Cambridge, MA
Mid-Atlantic Eisenhower Consortium,

U.S. Department of Education,
Philadelphia, PA

Nagoya University, Nagoya, Japan
National Consortium of Specialized

Secondary Schools for Science

and Mathematics, \(ashington, DC
New Jersey Institute of Technology,

Newark, NJ
New Jersey Technology Council,

Plainsboro, NJ

NewYork Universiry
NewYork, 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 Gchnology,
Pohang, Republic of Korea

Princeton Center for Leadership
Tlaining, Princeton, NJ

Princeton University,
Princeton, NJ

Rensselaer Polytechnic Institute,
Tloy, NY

Shady Side Academy, Pittsburgh, PA
Sigma Xi, the Scientific Research

Society, Princeton, NJ
Stevens Institute of Technology,

Hoboken, NJ
Swarthmore College, Swarthmore, PA
Tienton Public Schools, Tienton, NJ
University of California, Davis, CA
University of California, Irvine, CA
University of California, Los Angeles, CA
University of California, San Diego, CA
University of Illinois, Urbana, IL
Universiry of Maryland,

College Park, MD
University of Paris, Paris, France

University of Pittsburgh at Greensburgh,
Greensburgh, PA

University of Provence,

Marseilles, France

University of Rochester, Rochestet NY
University ofTexas, Austin, TX
University ofTokyo, Tokyo, Japan
University of \Tashington, Seattle, \7A
University of \Tisconsin, Madison, \(/I
\Testminster College,

New\Wilmington, PA
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Engneering and Technical
Infrastructure

Fflhe Engineering and Technical In-

I [::n::x3"ffiil;l;:il;
Plasma Physics Laboratory's (PPPL)'s en-
gineering resources. The Departmenr is or-
ganizedfunctionally, and includes the Me-
chanical Engineering Division; the Elec-
trical Engineering Division; the Computer
Engineering Division; and the Fabrication,
Operation, and Maintenance Division. In
addition to providing engineering re-
sources and support to the Laboratoryt
research endeavors, the Department is re-
sponsible for the technological infrastruc-
ture that supports the experiments, as well
as the caretaking of D-Site and the future
decontamination and decommissioning of
the Tokamak Fusion Test Reactor (TFTR) .

Tokamak Fusion Test Reactor
The safery and radiological cleanliness

of the D-Site facility was successfully
maintained. Thitium which had outgassed
into theTFTR torus and vacuum append-
ages was reclaimed through the use of
drum bubblers installed on the torus, each
of the four neutral beamlines, and on the
neutral-beam ion sources. Highly tritium-
contaminated components such as the tri-
tium delivery lines and the tritium gas in-
jectors were safely removed and packaged
for disposal along with approximately
5,000 pounds of tritium-contaminated
molecular sieve from theTi"itium Vault and
theTlitium Storage and Delivery Cleanup
Systems.

A plan for disassembling the TFTR
vacuum vessel by filling the vessel with
concrete and then using a diamond wire
saw to cut up the vessel was proposed. U.S.
Department of Energy EM-50 funding
was secured for aFY99 demonstration of
this technique.

National Spherical Torus
Experiment

Virtually all of the componenrs of the
National Spherical Torus Experiment
(NSTX) were fabricated and tested. As-
sembly operations proceeded on schedule.
The NSTX Test Cell preparations were
completed. The experimental platform,
high current bus, and coolant lines were
installed. Final assembly of the NSTX
device is expected to be completed during
the first quaner of FY99, followed by
power testing early in CY99. First plasma
is expected to be achieved by February,
1999.

The Neutral Beam Injection Develop-
ment Project focused on the aspecrs of the
beam design that impact rhe physical lay-
out of NSTX equipment and those activi-
ties which could minimize consrrucion
costs and downtime during the commis-
sioning of the NSTX beam upgrade. The
ion source refurbishment faciliry was re-
commissioned in the mock-up area and is

now ready to decontaminate and refurbish
the common long-pulse ion sources
planned for use on NSTX. The spare
TFTR beamline was positioned on its new
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support stand in the NSTX Test Cell'

.ryog"ti" panels were repaired-andtested'

".rd 

""tl 
o-ring seals were replaced' This

beamline w"r-.I.",t.d, pumped down' and

leak checked at room and cryogenic tem-

peratures. A preliminary design. of the

te"-lir,"-to-NStX duct provided the

specifications of dimensions needed to

--pl"t. the NSTXvacuum vessel design

",rd 
h", included the reuse of all spare

TFTR duct items.

The high-voltage enclosures required

for the Neutral Beam Power System were

removed from the TFTR Test Cell base-

ment and installed in the NSTXTest Cell'

Cable routing, tray and rack locations' and

control ,.h.t., it"t'" bett-t analyzed and

laid out' All beamline services were evalu-

ated to determine equipment and piping

locations and thus the penetrations re-

quired to suPport neutral-beam injection'

A N..rtr"l-g.^- Injection General Ar-

rangement Peer Review was held at the

.on-.lrlrion of this fiscal year's activities to

present the develoPment effort'

Korean SuPerconducting
Tokamak Adrr"ttttd Research

PPPL continued to provide leadership

for the U.S. KSTAR (Korean Supercon-

ducting Tokamak Advanced Research)

Team. ih.T."- participated in a success-

ful Tokamak Systems E'ngineering Review

held. in Taejon, Korea, in December of

1997. The purpose of this review was to

obtain "tp"r, 
advice on the engineering

,.qr.rir.-.rrts and design ofKSTAR' Labo-

,".ry engineering staff providtl :"pp:t'
in d"sign itttegration, plasma stabilization

"td.Jrrrrol, 
and project cost and sched-

ule control'

International Thermonuclear
Experimental Reactor

pppf- Engineering support for the In-

ternational Thermonuclear E'xperimental

Reactor (ITER) continued in a number

of different areas. These included power

supply design, the central solenoid

ur.utt-/Pr.rr.rr. imPregnation effort'

analysis 
",-rd 

d.rigtt for ITER lase r metrol-

ogy, divertor disiuption analyses' analysis

fo", th. ITER central solenoid buffer zone'

design and analysis of ferromagnetic in-

,.r,i fo, ripple reduction, analysis of

vacuum u.rr.i *.ld shrinkage' and analy-

sis of thermal stresses due to loss of cool-

ant and loss of flow in the vacuum vessel'

Engineering staff participated in a U'S'

Ho"-. Team study of a reduced cost op-

tion called AIBX (Advanced Tokamak

Burning Plasma Experiment) in the areas

of desiin integration and plasma stabili-

zatron and control'

National CornPact Stellarator

Experiment-Th. 
d.,r.loPment of a stellarator "hy-

brid" called the National ComPact

Stellarator Experiment (NCSX) based on

modifications to Princeton Beta Experi-
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ment-Modification (PBX-M) was under-
taken. Analytical rools were developed
which provide an effective means to "re-
verse engineer" a magnetic coil system for
a prescribed magnetic topology and to
develop the drawings and perform elec-
tromagnetic and sffuctural analyses. The
PBX-M design modification approach
includes an enlargement of the vacuum
vessel port opening to allow the installa-
tion of a structural shell to supporr new
stellarator windings. The windings would
be fabricated of flexible cables. The cables

would be conduction cooled by liquid ni-
trogen to achieve high performance in lim-
ited space. Plans call for continued devel-
opment of this design, followed by a com-
parative study of a modular stellarator
design option which would not involve the
use of PBX-M. This compararive study
will be used to determine which approach
is most advantageous.

Computer-Aided Design
and Drafting

A major upgrade of the Laboratory's
Computer-Aided Design and Drafting
(CADD) facility ro Parametric Tech-
nologyt Pro Engineer was made in FY98.
A cluster of five high-speed DEC Alpha
NT workstations was pur on-line for use

with Pro Engineer. An additional six PC
platforms were purchased to upgrade the
Intel 486 based PC's which are used for
running ComputerVisioniPTC Personal
Designer software and PT Modeler, a
stripped down Pro Engineer. A new HP
E-size plotter was added and the CADD
servers were consolidated to reflect decreased

use of Personal Designer and CADDS5.

Network
A $450 K three-year plan to provide a

100 Mbps Switched Ethernet backbone
infrastructure to PPLnet was begun. The
plan will provide infrastructure for four

CADD designer using Pro-Engineer software.

Fast Ethernet Hubs, and more than rwo
hundred 10i 100 Mbps Switched Ethernet
ports, a new router, and upgraded network
management tools. Configuration testing
was completed and three switches were in-
stalled, in the PPLCC, Theory\Wing, and
the LSB-\West. Initial throughput resring
has shown a70o/o utilization of the 100
Mbps available bandwidth.

YzK
In FY98, an inventoryof all PPPL sys-

tems for Y2K compliance was completed
and a remediation effort based on cost and
benefit and criticaliry criteria was begun.
Y2K network testing was completed,
showing that no disruption of nerwork
services will be experienced at PPPL due
to the millennium changeover. A newY2K
compliant routerwas ordered in FY98 and
will be in place well before the new mil-
lennium. In other areas, from operating
systems to financial and scientific appli-
cations, a focused effort to educate, up-
grade, and remediate was begun.
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Awards and Flonors
Dr. Long-Poe Kuwas named aPPPL Dis-

tinguished Engineering Fellow for his ex-

traordinary creativity, capabilities, and

accomplishments in developing and ap-

plying advanced analysis methods to ex-

perimental fusion devices, electron lithog-

iaphy, and the optimization of stellarator

plasma configurations.
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Nonneutral Plasmas and
High-Intensity Accele r ators

A nonneutral plasma is a many-

l\3:'1l;'#;t;i;T::1.:;
charge neutrality. Such systems are char-
acterizedby intense self-electric fields and,
in high-current configurarions, by intense
self-magnetic fields. Nonneutral 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 nonneutral plasma can
have a large influence on detailed plasma
equilibrium, stabiliry, and confinement
properties, as well as on the nonlinear dy-
namics of the system.

The many practical applications of
nonneutral plasmas include: improved
atomic clocks; the development of
positron and antiproton ion sources; an-
timatter plasmas; coherent electromag-
netic radiation generation by energetic
electrons interacting with applied mag-
netic field strucrures, including free elec-
ffon lasers, cyclotron masers, and magne-
trons; intense nonneutral electron and ion
flow in high-voltage diodes; investigation
of nonlinear collective processes and cha-
otic particle dynamics in high-intensity
charged particle beams propagating in
periodic-focusing accelerators, such as

those envisioned for heavy ion fusion, tri-
tium production, and spallation neurron
sources; and the measurement of back-
ground neural pressure and electron col-
lision cross sections with neutral atoms and
molecules.

Electron Dl,ffusion Gauge Experlrnent

Research on nonneutral plasmas and
high-intensity accelerators ar the Princeton
Plasma Physics Laboratory (PPPL) focuses

on two areas: (1) basic experimental in-
vestigations of nonneutral electron plas-
mas confined in a Malmberg-Penning
trap, including the effects of electron-neu-
tral interactions on plasma confinement
and stability properties and (2) analytical
and numerical studies of the nonlinear
dynamics and collective processes in in-
tense nonneutral ion beams propagating
in periodic-focusing accelerators and
transport systems, with particular empha-
sis on next-generation accelerators for
heavy ion fusion, spallation neutron
sources, and tritium production.
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Experimental research on nonneutral

plasmas at PPPL is carried out in a

Malmberg-Penning trap, called the Elec-

tron Diffusion Gauge experiment (see

photo). The pure electron plasma is con-

iained in cylindrical geometry, with a uni-

form, static axial magnetic field provid-

ing radial confinement, and applied po-

teitirl, on the electrically isolated end

cylinders providing axial confinement'

The source of electrons is a directly heated

spiral of tungsten wire. Byvarying the bias

on the filament, the size and densiry of

the plasma can be controlled' The plasma

.olr-r, rotates because the radial electric

field due to space-charge effects gives an

E x B drift in the azimuthal direction'

Single-species nonneutral plasmas

have very robust confinement properties

because the conservation of total canoni-

cal angular momentum provides a Power-

f,rl constraint condition on the allowed

radial positions of the particles' If no ex-

ternal torques act on the plasma, the

plasma cannot expand radially to the wall'
^Ho*.t.tt 

a background neutral gas will

exert a tofque on the rotating electron

plasma thus allowing the plasma to expand

radially. This forms the basis of current

thesis research by a Princeton graduate stu-

dent who is investigating the use of pure

electron plasma as a pressure-sensing me-

dium due to electron-neutral collisional

transport and collective excitations' Typi-

cal experimental data is illustrated in Fig-

ure 1, where the time t for an initial col-

lective excitation, known as the m=1

diocotron mode, to damp to one-half of

its initial amplitude is plottedversus back-

ground gas pressure for confining mag-

i.ti. fi.id B = 612 G and electron line

densiry N = 4.16 x 107 cm-1'

Recent theoretical advances in high-

intensity accelerators and beam transport
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Figure 1: The time r for the m=7 d'iocotron mode to damp to one'batf of i'ts initial ampli'tud'e is

jfoned,asafunctioiofthebackgroundneutralgaspressure,P Preai'ottstneasurementsofplasma

behauior on this q.nd other nonneutral ptasmi eiperl'ments found that the plasma behauior is

insensitiae to background gas pressurep, prrrrori, less than 10-8 Torr' Here, it is shown that the

d.iocotron mode is sensiti.ae to background pressure down to at leqst 5 x 10-10 Tom'

- 
Best power-law fit
r, = 2.17 * 1g-a p-o +s
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include the development of a three-di-
mensional kinetic stability theorem for
nonlinear collective interaction in in-
tense nonneutral particle beams, which
identifies the class of beam distribution
functions that can propagate quiescently
over large distances.

In addition, a nonlinear 6f simula-
tion code has been developed and ap-
plied successfully to model high-inten-
sity matched-beam propagation in pe-
riodic focusing transporr sysrems over
hundreds of lattice periods. Typical in-
put profiles for a thermal equilibrium
beam are illustrated in Figure 2, which
shows a projection of the beam density
profile n(x,y) and space-charge poren-
tial f(x,y) onto the transverse x-y planes
for a very-high-intensity cesium beam
with directed axial kinetic energy 2.5
GeV. Using a smooth-focusing model,
the nonlinear 6f simulations show that
the beam propagates quiescently over
500 equivalent lattice periods, with frac-
tional density fluctuations bounded by
the initial fluctuation level.
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Ftgure 2. ProJections of bearn density proftle
and spam-charge potentlal onto the transaerse
plane.
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Technology Transfer

,Tlo insure the transfbr oi technol-

I ;:lJlJ5i#,:'';::.':iJ::
ratory (PPPL) continually seeks industrial
and academic partners for research and de-
velopment projects. These collaborations,
primarily Cooperative Research and De-
velopment Agreements or CRADAs, in-
volve applications of technologies relating
to fusion and plasma science and their
supporting disciplines. CRADAs enable
Laboratory researchers and their parrners
to work on projects of mutual interesr.
Costs and the results may be shared by
the participants. Since PPPL is funded by
the U.S. Department ofEnergy (DOE), the
laboratory may only enter into CRADAs re-

lating to DOE-funded research.

In addition to CRADAs, other tech-
nology transfer mechanisms are available
to PPPL researchers, including \flork-for-
Others, Employee Exchanges, and Licens-
ing of Inventions and Technologies. In
\7ork-for-Others, indusrry pays for work
performed by PPPL, while in the Em-
ployee Exchanges, researchers from indus-
try assume a work assignment at the Labo-
ratory or PPPL staff work in the indus-
trial setting.

The following technology transfer
projects were underway in FY98.

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 OnJine Process Con-
trol Project. PPPL is collaborating with
Dupont, BASE Camac Cookson, \Well-

man, and Hoechst-Celanese, through the
Princeton Textile Research Institute, to
develop a nonconract diagnostic instru-
ment for use by U.S. synthetic fiber manu-
facturers to assure that their fibers con-
form to required specifications. Non-
contact measurements must be made on
the production line, in real time. PPPL
had completed the second year of this ef-
fort with demonstration measurements
made at the facilities of several industrial
partners, when the program was sus-
pended in FY96 because of funding limi-
tations. In FY97, PPPL restarted the
project which was conrinued in FY98.

Measurements have been made at
PPPL with the aim of understanding the
interaction of light with thin birefringent
fibers. In particular, scattering experiments
with polarized laser light have been car-
ried out in thevisible part ofthe spectrum.
The scattering investigations have been
done in the 180 degree 

- 
or backscatter

- geomeffy. This geomerry was chosen
because it is minimally intrusive and,
therefore, appropriate for use in a factory
environment.

By solving Maxwell's equations as ap-
plied to a birefringent dielectric cylinder,
it may be shown that, in general, an elec-
tromagnetic phase shift exists between
scattered componenrs of radiation which
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are polarized along and across the axis of
the cylinder/fiber. The resulting phase shift

causes the light backscattered by such a

cylinder to be elliptically polarized. The

problem of characterizing birefringent fi-
bers therefore reduces to the problem of
measuring the phase shift present in the

radiation scattered by such fibers. This

phase shift may be measured by passing

that radiation through three polarizers si-

multaneously. The three polarizers must

be oriented at three different angles with
respect to the x axis of a coordinate sys-

tem 
- 

0,45 and 90 degrees - 
in order

to make independent measurements of
Intensiry, l*,I45 and Iu, respectively.

Successful efforts' have been under-

taken to generate and detect this back-

scattered radiation using computer-con-

trolled equipment and techniques which

are robust enough to survive the harsh en-

vironment of a textile factory.

Having detected this scattered radia-

tion, efforts during FY98 were directed

toward developing calibration and data

analysis techniques which will allow for a

unique determination of the backscatter-

induced electromagnetic phase difference.

This determination must be done in real

time and at a sufficiently high sampling

rate to be of interest to the textile manu-

facturing community.
During FY98, efforts to measure the

phase shifts from real fibers metwith partial

success. Measurements indicate alarge fiber-

to-fiber variation in the induced phase shift

from fibers which are nominally identical

and should, therefore, exhibit identical phase

shifts. The cause of this fiber-to-fiber vatia-

tionwill remain underinvestigation in FY99.

Two-color polarimetry as a method to

determine the sensitivity of the measured

phase shift to the wavelength of the laser

employed is being pursued. Other experi-

ments to determine sensitivity of the phase

shift to the fiber stress are being developed.

\When techniques have been devel-

oped which allow confidence in the phase

shift measurements, the next step will be

to compare the absolute value of those

measurements to the phase shifts calcu-

lated using the code developed by H.
Okuda of PPPL. This will allow a deter-

mination of the fiber birefringence.

Modeling for Chemical
Synthesis and W'aste Treatment

Ozone produced for water supply ster-

ilization and paper pulp bleaching is usu-

ally produced by a cold plasma process.

During FY98, researchers from PPPL and

Drexel University developed a novel hot

plasma method of synthesizing ozone.

Computer modeling showed that a

nonequilibrium process was required.

Drexelt plasma torch was used to produce

a stream of dissociated oxygen molecules

which then turbulently mixes with a

quench stream of cold oxygen gas' The

ozone concentration in the reacdon cham-

ber was measured by Fourier transform

infrared spectroscopy over a wide range

of experimental conditions and configu-

rations. The geometry of the quench gas

flow, the quench flow velocity, and the

quench flow rate played important roles

in determining the ozone concentration.

Rapid mixing of the Plasma jet and

the quench gas is therefore critical in four

ways: (1) to prevent recombination of the

oxygen atoms, (2) to mix O and 02 so

that ozone can be formed, (3) to dilute

the atomic oxygen concentration in order

to minimize the destruction reactions, and

(4) to cool the mixture below 500 K to
prevent thermal decomposition of the

ozone. The limiting step in the synthesis

is thus the mass transfer inherent in the

plasma/quench mixing.
Cooling and dilution of the torch jet

by the quench gas was accomplished by

turbulent mixing in the reaction chamber.
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Ind.u ction - coap I e d, Pl asm a Torch

02 lnjection

Plasma Jet

FTIR beam

Ozone flows downward to chamber exhaust

The Induction-coupled Plasma Torch is used to produce a stream of d,tssoci.ated oxygen molecules,
Ozone is formed when tbe orytgen molecules are mtxed uith a quench strearn of cold oxygen gas.
Tbe ozone concentratlon ls measured wi.th a Fourler transform tnfrared (FIIR) spctronteter.

RF Magnetic Flux

Water-cooled
RF Coil

Cold 02 quench

Cooling the entire torch output by mix-
ing would require a quench flow rate of
about 1,000 standard liters per minute.
In most cases, a small quench jet was used
which entrained only a small part of the
torch flow; the bulk of the thermal out-
put of the torch was dissipated to the wa-
ter-cooled reaction chamber walls down-
stream from the observation region.

Significant amounrs of ozone, up to
250 parts per million, were produced in
these experiments, demonstrating the
technical feasibiliry of ozone synthesis us-

ing a quenched Induction-coupled Plasma

torch. The corresponding production rate

and yield were approxim ately 20 grams of
ozone per hour and about 2 grams of
ozone per kilowatt hour, respectively.

Both the quench gas flow rate and

velocity were found to be important in
determining the ozone concentration for

RF Heating

Ceramic Wall of Torch

Ozone formation

a given quench configuration. These ob-
servations confirmed the initial hypoth-
esis that a high degree of mixing of the
quench gas with the plasma flow in a short
period of time is crucial for producing high
ozone concentrations. The ozone concen-
tration was also very sensitive to the posi-
tion of the quench jet with respecr to the
plasma flow, indicating that the quench
jet must be directed toward a region of
high atomic oxygen concentration for ef-
ficient production of ozone. The ozone
concentration was also sensitive to the
torch radio-frequenry (rf) power, with the
highest concenrrarions being obtained at
intermediate rfpower levels, but the ozone
concentration was relatively insensitive to
the sheath and probe gas flow rates.

\While significant, the ozone concen-
trations produced in these experiments
were lower than the commercially relevant

0
o
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level of 1olo by more than an order of mag-

nitude. Quench nozzleswith small diam-
eter orifices produced the highest velocity
quench jets, which produced ozone locally
where the jets interacted with the plasma;

however, these quench jets did not inter-
act with a Iarge enough fraction of the
plasma jet for high overall efficiency in
ozone production. Conversely, the quench

configurations that produced larger diam-
eter quench jets which interacted with
larger portions of the plasma flow had low
velocities which did not lead to efficient
mixing of the quench gas and plasma

flows, and thus had low local ozone pro-

duction efficiency.
These observations indicate a path for

further development of this ozone synthe-

sis technique: an array of small diameter,

high-speed quench flows directed into the

hot region of the plasma jet. The nozzles

to produce these flows could be arranged

in a semicircular array around the
plasma (quench flows directed into each

other would produce stagnation) and
several such arrays of nozzles could be

located at different levels below the torch
exrt nozzle to utilize the entire length of
the plasma jet. It might also be possible

to build an artay of quench nozzles into
the body or exit nozzle of the torch. Such

an arrangement would make effective
use of the bulk of the plasma jet, and
thus produce higher ozone concentra-
tions than were obtained in the experi-
ments reported here.

Radio-Frequency Equipment
for Pasteurization Experiments

PPPL entered into a'Work-for-Oth-
ers project with the United States Depart-
ment ofAgriculture (USDA) concerning
the use of rf energy to pasteurize liquid

foods. The focus of the collaboration was

the improvement of USDAs radio-fre-
quency equipment employed in pasteur-

ization research.

Radio-frequency waves offer advan-

tages oyer the traditional pasteurization

method of transferring energy from a hot
fluid to the liquid to be pasteurized. The
traditional method often heats foods un-
evenly, possibly resulting in incomplete
pasteurization in lower temperature re-

gions and denaturing foods in overheated

regions. Using rfwaves of the appropriate

wavelength may allow pasteurization with-
out heating foods to temperatures that
cause food denaturation.

An rf "oven" was used to deliver the

power which would facilitate the pasteur-

rzatron process. The oven consisted of a

power oscillator designed to deliver up to
10 k\f at 27 MHz. In its original con-

figuration, coupling of significant power

to the test fluid was hampered by arcing

at the load. In addition, enough rf leaked

out of the unit to disrupt the instrumen-
tation.

The PPPL effort was directed at

reconfiguring the load for enhanced
high- voltage standoff and rf perfor-
mance, and improving the grounding
for better rf containment. As a result,

the power developed in the test fluid was

increased from less than I kY/ to its
rated output of 10 k\7, with rf leakage

reduced to minimal levels.

The equipment was returned to the

USDA Eastern Regional Research Center,

where, after overcoming a few problems

with installation and operation, it has been

operated at full power output for extended

periods. Experiments are currently under-

way for the further investigation of rf pas-

teurization.
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Invention Disclosures
anilPatents

Patents Issued
Tiaueling Spark lgnition (TSI) Systern

- Szymon Suckewer and Enoch J. Durbin

Method and Apparatus fo.r Steady-State Magnetic Measurement of Poloidal Magnetic Field.
neAr A Tokamah Plasrna using only Fixed Air-core Elecnical Coils and a Mechanical Strain
Gauge

- Robert D. \Woolley

Patents Applications
Method and Apparatus for Measuring Mimo Snucturel Anisonopy and Birefringence
in Polymers using Laser Scattered Light

- Boris Grek, Joseph Bartolick, and Alan Kennedy

Method and Apparatus to Directly Produce Electrical Power taithin the Lithium Blanhet
Region ofa Magnetically Conf.ned, Deuterium-Thitium (D-T) FueledThermonuclear Fusion
Reactor

- Robert D. \Woolley

Invention Disclosures
Hall Thruster with Segmented Cathode Elecnon Injection

- 
N. Fisch and A. Fruchtman

A Holhw Cathode Magnenon (HCM)

-2.H. 
\Wang and S.A. Cohen

Edge Turbulence Measurements by Laser Induced Fluorescence

- C.H. Skinner and S.J. Zweben

HybridAircrafi: Capabk of Flight as a Helicoper, Autogyro or Fixed-tX/ing Plane

- D.A. Cylinder

New Types ofX-ray Imaging Crystal Specnometers for Extended. X-ray Sources

- M.L. Bitter, B. Fraenkel, K.\(4 Hill, A.L. Roquemore, \(4 Stodiek,
and S. von Goeler

Laser-driuen Source of Tunab le Undulator Radiation

- G. Shvets, N.L. Fisch, andJ.-M. Rax

Synthesis of Ozone at Atmospheric Pressure by a Quenched Indaction-coupled Plasma
Torch

- B.C. Stratton, D.R. Mikkelsen, R. Knight, E. Grossmann, A. Blutke,
and J. Vavruska
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Remote Erosion Measurernent i.n a Fusion Reactor

- C.H. Skinner

Generation of Periodic Accelerating Structures in Plasrnas

- G. Shvets, A. Pukhov, and N.J. Fisch

Pararnetric Arnpffication of Uhra+hort Laser Pulses in Plasrna

- Gennady Shvets, Nathaniel J. Fisch, and Alexander Pukhov

Nonneatral Plasrna Fusion Thap Deuice

- Cynthia Kieris Phillips

Passiue Positioning of Hall Thruster Fields

- A.mmon Fruchtman and Nathaniel Fisch

In-uessel Dust Measurements by a Quartz Microbalance

- C.H. Skinner and H. Kugel

High Energy for Sterilization

-John 
A. Schmidt,-

Micro Hall Thrusters

- Nathaniel Fisch and Yevgeny Raitses

U hra- h igh - de ns ity Fe e dt h ro ugh s an d S ign a I C o n du i ts us ing T h i c k -fi lm
Printed Circuit Techno logt

- Hironori Takahashi
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Graduate Education

Flscal Year 1998 grad.uate students i.n The Program Ln plasma physics,
Departmmt of Astropltystcal Sciences, PNnceton (tnluerslty.

tTf he Princeton Plasma Physics

I Laooratory supporrs graduare
I education th-ugh th.'Prog."-

in Plasma Physics in the Department of
Astrophysical Sciences of Princeton Uni-
versiry. Students are admitted directly to
the Program and are granted degrees
through the Department of Astrophysical
Sciences. \7ith more than 193 graduates
since 1959, the Program has had a signifi-
cant impact on the field of plasma phys-
ics, providing many of todays leaders in
the field of plasma research and technol-
ogy in academic, industrial, and govern-
ment institutions.

Both basic physics and applications
are emphasizedinthe Program. There are

opportunities for research projects in the
physics of the very hot plasmas necessary

for controlled fusion, as well as for projects

in solar, magnetospheric and ionospheric
physics, plasma processing, plasma thrust-
ers, plasma devices, nonneutral plasmas,
lasers, materials research, and in other
important and challenging areas ofplasma
physics.

In FY98, there were 32 graduate stu-
dents in residence in the Program in
Plasma Physics, holding among them one
Department of Energy Magnetic Fusion
Science Fellowship, one Hertz Fellowship,
one National Science Foundation Fellow-
ship, two Department ofDefense National
Defense Science and Engineering Gradu-
ate Fellowships, rwo NASA Graduate Stu-
dent Researchers Program Fellowships,
and one Princeton Universiry Honorific
Fellowship.

Six new students were admitted in
FY98, two from Russia and four from the
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U.S. Eleven students graduated in FY98,

nine receiving postdoctoral positions at the

following: Los Alamos National Labora-

tory, Universiry of\Wisconsin at Madison,
Princeton Plasma Physics Laboratory,
Lawrence Livermore National Laboratory,

University of Colorado at Boulder, and the

Universityof Chicago. One graduate took
a position in private industry (Santa Cruz
Organization, NewJersey) and one gradu-

ate holds a teaching position atThe Colo-
rado College in Colorado Springs.

Our graduate students received sev-

eral awards this year. A fifth-year graduate

student won the Princeton University Por-

ter Ogden Jacobus Fellowship in recogni-

tion of his distinguished work in the De-
partment of Plasma Physics. TheJacobus

Fellowship is an honorific fellowship
awarded by the Graduate School and is

conferred annually upon the student, who,

in the judgment of the University Faculry,

displayed the highest scholarly excellence.

Tho awards were received by fifth and

sixth-year graduate students from the
American Vacuum Sociery for outstand-

ing scholarship in vacuum science and

technology and a fourth student won a

Department of Energy Postdoctoral Fel-

lowship.

Recipients of Doctoral Degrees in Fiscal Year 1998.

Chen,Yang
Thesis: Numerical Study of the Nonlinear Evolution ofToroidiciry-Induced

In Alfudn Eigenmodes

Advisor: Roscoe B. lWhite

Employment: Universiry of Colorado at Boulder

Herrmann, Mark C.
Thesis: Cooling Alpha Particles with \Waves

Advisor: Nathaniel J. Fisch

Employment: Lawrence Livermore National Laboratory, CA

Long, Hui
Thesis: Hybrid Simulation of High Recycling Divertors

Advisor: Charles F.F. Karney
Employment: Santa Cruz Organization, NJ

Menard, Jonathan E.
Thesis: High-Harmonic Fast \flave Coupling and Heating Experiments in the

CDX-U Spherical Tokamak
Advisor: Masayuki Ono and Stephen C. Jardin
Employment: Princeton Plasma Physics Laboratory, NJ

Oliver, HilaryJ.
Thesis:

Advisor:
Employment:

Park, Jaeyoung
Thesis:

Advisor:
Employment:

A Newton Method for the Magnetohydrodynamic Equilibrium Equations

Allan H. Reiman and Donald A. Monticello
Princeton Plasma Physics Laboratory, NJ

Studies on a Tlansition to Strongly Recombining Plasmas

Samuel A. Cohen
Los Alamos National Laboratory, NM

72



Qin, Hong
Thesis: Gyrokinetic Theory and Computational Methods for Electromagnetic

Perturbations inTokamaks
\William M. Thng
Princeton Plasma Physics Laboratory, NJ

Advisor:
Employment:

Schwartz, PeterV.
Thesis: Molecular Beam Studies of the Growth and Kinetic of

Self-fusembled Monolayers
Giacinto Scoles

The Colorado College, Colorado Springs, CO
Advisor:
Employment:

Uzdenslry, Dmitri A.
Thesis: A Theoretical Study of Magnetic Reconnection
Advisor: Russell M. Kulsrud
Employment: The University of Chicago, IL

W'ang, Zhehui
Thesis: A Hollow Cathode Magnetron: Its Characterization and Energetic

Nitrogen Atom Diagnostics
Advisor: Samuel A. Cohen
Employment: Los Alamos Nadonal Laboratory, NM

'Wright, 
John C.

Thesis:

Advisor:

Employment:

Fast \(ave Current Drive Modeling in Tokamaks

Cynthia K. Phillips

University of\Tisconsin at Madison, \[I

Stanlslao Boldyrea (l), graduate stud.ent tn the Astrophysical Sci.ences

Department's Program in Plasma Physi.cs, receiued the Porter Ogden

Ja.cobus Fellowshlp, glaen annually to the graduate studcnt who exhlhlts
the "highest scholaily excellence." He ts belng congratulated by Dean
of the FacultyJoseph Taylor at Alumnl Day celebrattons.
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F'

Undergraduate Institution
Nizhny Novgorod State

Universiry Russia

Universiry of Massachusetts

at Amherst

Nizhny Novgorod State

Universiry Russia

Danmourh College

Cornell Universiry

\Torcester Polyrechnic Insritute

Elizabeth Foley Physics and Math

Alexander Kuritsyn

l

Physics

Student

Leonid Dorf

Major Field
Physics

Alq<an&a Landsman

Adam Rosenberg

Jeftey Spaleta

Physics

Applied and Engineering Physics

Physics and Math

Stud,ents Admitted, to the Plasma Physics Program in Fiscal Year 1998.

First-year graduate students in the Program ln Playna Physics in 1998. From
left-to-rtght are Alexandra Landsman - Darhnouth College; Elizabeth Foley -Unf.aersity of Massachusetts at Amherst;Jeffrey Spaleta - Worcester Polytechnic
Institute; Alexandcr Ktritsyn - Nizhny Nougorod, State Unluerslty, Rassia; Adam
Rosenberg - Comell Unioersity; Qnissing) Ieonid, Dorf - Nizhny Noogorod
State Uniaersity, Russia,

74



Andrew Post-Zwicker (left) dtscussing eqaipment used to study tbe
condltions under which e gas cen become a plasma with Brian Wargo
(Freedom Area High School, Freed,om, PA) and Uma Jayaraman
(lamberton Htgh School, Philadelpbia, PA)

uring FY98, the Princeton
Plasma Physics Laboratory's
(PPPL) Science Education Pro-

gram continued to build on its past suc-

cesses. In addition to existing programs for
teachers, students, and the communiry-at-
large, a new creative initiative 

- 
the

Plasma Physics and Fusion Energy Insti-
tute 

- 
was launched and PPPL joined the

Department of Energyt Energy Research

Undergraduate Laboratory Fellowship
Program.

The Plasma Physics and
Fusion Energy Institute

The Plasma Physics and Fusion En-

ergy Institute "Plasma Camp" was born

out of an effort to educate high school

physics teachers about a contemporary
physics topic by having them participate
in real research investigations and engage

in pedagogical activities designed for even-

tual use in their classrooms. Plasma Camp,
hosted by a PPPL scientist and a current
high school physics teacher, used the re-

search experience as a means of exposing
educators to theory and experimental
methodology and assisted them in devel-
oping lesson plans. Follow-up grants are

available to each parricipant during the
school year for the purpose ofbuying or
building plasma-related equipment and
for the purpose of paying travel expenses

to regional or national meetings to dis-

Science Education
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seminate their new plasma-based curricula
to fellow teachers. High school physics
teachers were selected from a nationwide
pool on the basis of three main criteria:

physics background, laboratory experi-
ence, and a demonstrated willingness to
involve students in innovative and open-
ended curricula.

A typical day at "Camp" consisted of
a morning lecture on topics such as space

plasmas, fusion reactor design, and plasma

processing of materials, with the remain-
der of the day devoted to lab work or cur-
riculum development. The experiments

were modifications of those used in the
'Grad Lab' (Princeton LJniversiryt Astro-
physical Sciences 562) and, among other
topics, included: plasma formation, plas-

ma spectroscopy, and characterization of
plasmas via microwave interferometry.

Teachers were not asked to create a

separate unit plan on plasma physics, but
rather to apply the subject matter and ex-

perimental methods from plasma and fu-
sion science to teach concepts in a broad
variety of scientific disciplines. For ex-

ample, theywould use methods in plasma
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A screen capture from software deueloped, by
Father Mlchael liebl of the Mount Micbael
Benedlctlne Htgh School in Elkhom, M. The

software calcalates and displays the path of a
charged particle in a toroidal magnettcfield
(simi.lar to the prtuna.ry field of a tokamak

fusion rea$or) during a single loop around the
torus, The user can control the particle's i.nitial
aelocity and the uiewing angle.

spectroscopy to teach their students op-

tics and atomic physics. In biology, stu-

dents would investigate the effect of
plasma-based light sources on plant
growth. A lesson in computer science, or
one in electricity and magnetism, would
involve an interactive computer simula-

tion of charged-particle orbits along mag-

netic filed lines in a fusion reactor (photo,

below left). The various curricula devel-

oped during Plasma Camp are available

on the web at (http://ippex.pppl.gov/
ippex/summer-institute/).

In FY 99, Plasma Camp will bring
some of the "veteran" teachers back to
PPPL to work with the new participants.

The veterans will have a chance to run an

experiment of their own design on PPPLs

Current Drive Experiment-Upgrade and

both groups will again spend the majority
of their time in the grad lab. The groups
will also work together on plasma-based

curriculum design and the preliminary
assessment of the effectiveness of Plasma

Camp.

Community Outreach
and Partnerships

The PPPL Science Education Program

continued the Princeton Research Enrich-
ment Program, started in 1996 for talented

high school students. The program exposes

these students to a scientific work envi-
ronment. They are able to explore career

possiblitites in science and engineering,

discuss ethics in science, and participate
in hands-on research projects. PPPL con-

tinued its relationship with Union Hill
High School in Union Ciry, NJ, and added

Science High School in Newark, NJ, as a

new partner. Science High is NewJerseyt
only urban high school dedicated to sci-

ence. PPPL Science Education staff con-

tinued their commitment to provide vol-
unteer internships to students attending
local area high schools. In 1998, partici-
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pants included students from the Hun
School of Princeton and Steinert High
School in Hamilton. PPPL also partici-
pated in the Liberry Science Center's Part-
ners-in-Science Program which places high
school students in scientific research fa-

cilities throughout New Jersey.

PPPL hosted the Summer Teacher

Leadership Program sponsored by the A+
for Kids Hoeschst Marion Roussel Insti-
tute of Science, Mathematics, and Tech-

nology. Thirty-five area teachers partici-
pated in 1998. Established in 1997, the
goals ofthe program are to prepare teach-

ers to create and disseminate innovative
lesson plans and to increase the number
of teachers who can effectively communi-
cate the excitement of teaching science and

mathematics to students in grades 4-12.

Fusion Outreach Efforts
PPPLs Science Education Program

participated in a number of fusion out-
reach activities during FY98. Among them
were the Plasma Science Expo at George

\flashington Universiry, Future Fest (an

annual outdoor street fesdval in \Tashing-
ton, DC), the Coalition for Plasma Sci-

ence display in the Rayburn House Of-
fice Building, and the New Jersey Tech-

nology Exposition at Princeton Uni-
versityt Engineering School. PPPLs re-

Tobin Munsat (left) andAndrew Post-Zwicker

demonstrate hands-on actioi'ties at the 1997

Plasma Sciences Expo in Plttsburgh' PA'

search, National Spherical Torus Experi-
ment, and educational demonstrations
were the focus of the Laboratoryt display

at the Technology Exposition, which was

visited by NewJersey Governor Christine
\il/hitman.

The PPPL Science Education staff also

helped coordinate the communiry fusion
display for the lTth tMorld Energy Con-
gress held in Houston, TX, in September,

1998.

PPPL-Thenton City Schools
Partnership

PPPL continued its partnership with
the Tlenton Public Schools by engaging

other regional and community stakehold-

ers in the effort to improve math and sci-

ence performance in the District. Specifi-

cally, in collaboration with the Princeton
University Teacher Preparation program
and the Invention Factory Science Cen-

ter, PPPL secured a major grant from the

New Jersey Department of Education to

provide teacher professional development

inTlenton and two smaller school districts.

PPPI Science Ed,ucation Program Head, Diane
Canoll (left) watches as New Jerselt Goaemor
Cbristine Whitman takes on the electro-
magnetic arm wrestllng machine d,uring a
science and technologt conference at Princeton
Uniuerslty.

iiii
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Dianne Nunes de-
monstrates aPlasma
ball at Future Fest in
Washtngton, DC.

PPPL provided a series of evening

workshops for teachers, "Science-Over-

Supper," that allowed elementary and

middle school teachers an opportuniry to
workwith scientists from PPPL, Princeton

University, and other institutions to ex-

plore in greater depth the science topics

they were teaching.
tWith scientists from Princeton Uni-

versity, PPPL also presented, "Exploring

Earth" a one-week teacherworkshop that

introduced flenton teachers to basic con-

cepts in earth science while providing them

the opportunityto experience the process of
conducting scientific investigations.

Undergraduate Research
Programs

In addition to PPPLs long-standing

National Undergraduate Fellowship Pro-

gram, in FY98, PPPL participated in the

Department of Energy (DOE) sponsored

Diane Carroll, Heail of PPPI\
Science Educatlon Program,
dcmonstrates to students the

effects of magnettcfields on
plasma ln an ancoated

flourescmt light bulb daring
Po llution Prett ention Aw are -

ness Day.
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Name

Melissa Cheng

Abinidab Dieter

Kevin Ertmer

Hans Gangwar

Austin Grisham

Al-Khalique Hamilton

Sekhon Sunitinder

Neshana Shaw

Sterling \Tindsor

School

Brown Universiry

Harvey Mudd College

Princeton Universiry

NJ Institute of Technology

Purdue Universiry

Georgia Tech

Universiry of Pennsylvania

Southern University

Southern Missouri State

Universiry

Mentor/ Group

Computer Division

Robert Kaita

Computer Division

Computer Division/
Mechanical Engineering

Douglas McCune

Geophysical Fluid
Dynamics Laboratory

Andrew Post-Zwicker

Douglas McCune

Geophysical Fluid
Dynamics Laboratory

Ronald Hatcher

Project

Microcomputer Specialist

Upgrade of CDX-U Soft X-Ray
Diode Array

Microcomputer Specialist

CADD Designer

3-D Modeling

Predicting the Impact of Fusion
Energy on Global Climate

Laser-induced Fluorescence Study
of Poloidal Shear Rotation

Real Time and Passive Measure-

ments of the Distribution
oftitium inTFTR

Coil Protection Calculation
for NSTX

Orbit Topologies of Plasma

Particles in a Tokamak

Updating the Virtual Tokamak
using Object-oriented Modeling

Visualization Research in rhe CPPG

Sratisti cal Analysis of Associarions

Bet'"rreen Temperature
Anomalies and Occurrences

Simulation of a Plasma

Start-up Scenario

Blaise Kapombe Morgan State Universiry

Gregory Lampkin Fisk Universiry Robert Kaita

Benita Lee Southern Universiry Challes Gentile

Gregory Larchev Stanford Universiry Raki Ramakrishnam

Michael Obland Universiry of Montana Zihong Lee

Carver Page NJ InstituteofTechnology AndrewPost-Zwicker

Parti'cipnnts in DOE's Energj,t Researclt Undergraduote laboratory Fellowship Progrern at PPPI.

Energy Research Undergraduate Labora-
tory Fellowship Program. The Fellowships

are designed to provide educational train-
ing and research experiences for academi-

cally talented, undergraduate students. By

reinforcing and influencing career choices

of students, the Program assists in devel-

oping a technically trained workforce.
PPPL was one of ten DOE laboratories

selected to participate. The appointments
are for 10 weeks during the summer or
for 15 weeks during the fall term. During
the summer of 1998, fifteen students from

13 different colleges and universities, in-

cluding three Historically Black Colleges

and Universities, participated in the Pro-
gram at PPPL. Students were selected
based on their academic ability, potential
to do research work, and interest in gradu-
ate study. A list of the students is found in
the table above.

Undergraduate students from both
programs joined members of the Ameri-
can Physical Sociery Division of Plasma
Physics in presenting the results of their
summer research at the Division of Plasma
Physics Annual Meeting held in New Or-
leans, Louisiana, in November 1998.
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Awards andHonofs

Individual Awards
Michael Bell

Fellow
American Physical Society'
Division of Plasma Physics

Stanislav Boldyrev
Porter Ogden Jacobus Fellowship

Princeton Universiry

Mary Ann Brown
G"yl. B. Crews Memorial Award

United \Way

Ronald C. Davidson
President's Standing Committee on

the Status of \fomen Award
Princeton Universiry

Gregory Harhmett
Fellow

American Physical Society
Division of Plasma Physics

Pamela Lucas
Presidentt Standing Committee on

the Status of \fomen Award
Princeton University

Susan Murphy-LaMarche
Presidentt Standing Committee on

the Status of\7omen Award
Princeton Universiry

and
Executive of the Year

Professional Secretaries International
Mercer Counry Chapter
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Jon Menard
Best Student Paper Award
American Nuclear Society

Fusion Energy Division

Vonchull Park
Fellow

American Physical Sociery
Division of Computational Physics

Paul Rutherford
Distinguished Career Award

Fusion Power Associates

Laboratory Awards
Turquoise Award for Commitment in EEO/Diversity

U.S. Department of Energy

EEO/Diversity Best Practices Award
U.S. Department of Energy

Best Poster Design Award
Pollution Prevention

U.S. Department of Energy

I99S PPPL Emplnyee Recognition Auard Recipients

Honored by thei.r co-workers for thelr "personal quall.tles and professtonal achieoements,"
nineteen PPPI employes receiaed, Employee RecognltlonAwards tn 1998. The reciptents are,

frorn left, Al aon Halle,John Boscoe, Masayuhi Ono, Rosernarie Fuchs, Tom Melghan, Charles
Karney, Tom Egebo, John Benneolch, And.y Carpe, Sharon Warkala, Carl Szathmary, Jobn
Gennuso, Gregory Rewoldt, Joyce Bdtzer, and Ernest Yaleo. Not pictured are Keith Chase,

Marie Iselcz, Steae langlsh, andJames Morgan.
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Tlre Year in Pictures

PPPI celebrated the ded.ication of the lyman Spi.tzer Bui.ldtng and the
groundhreaking ofthe National Sphertcal Toras Experhnent (NSIX)
on Malt 18, 1998. Standing infront of afall-scale drawing of NSTX at
the groundbreaking ceremony are (from left) Masa Ono, NSTX Project
Director; Rob Goldston, Director of PPPI; Martha Krebs, Dlrector of
the U.S, Department of Energlt's Office of Science; N. Anne Dauies,
Associ.ate Director, U.S. Departmmt of Energt Office of Fusion Energjt
Sciences; Doreen Spitzer, widow of lyman SpitzeryJr.; and Martin Peng,
NSTX Program Director.

PPPL's laboratory Office Bailding was renamed
i.n bonor of laboratory founder lyman Spitzer,

Jr., who di.ed in 1997. Mrs. Spitzer (right) arud

Martha Krebs, Director of the a.S. Department
of EnergXt's Office of Science, ui.ew the building
plaque after the unaeildng at the build'ing
d.edicati.on.

BI'II,DBI{II
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In Aprit, PPPL partici'pated, ln Communiaersity, an annual
springtime celebration that ioins Pdnceton Uni'uersity wi'th

the community of Princeton. In photo aboae, PPPI' Associate

Director for External Affairs John Delooper (left)
demonstrates turhalence with afloutng babble apparatus to

the sons of PPPI Deputy Director Richard Hawryluk as

Hawrylak (ln sanglasses) watches.

Informatlon Serai.ces Head' Anthony
DeMeofield.s questions about the lab.

pppl receiued $700,000 infiscal year 1998 under a Cooperatiue Research and, Deuelopment

Agreement (CRADA) between the laboratory and. the Princeton Textile Research Institate.

The qgreement ispart of fuetunerican,Texti,le Partnership (AMIEX) 
-a' Soaerttment-ind'astry

consorttum which includ,es many of the nation! lead,ing textile and apparel manufacturers,

Ilnd.er the terms of the CRADA,Iahoratory staff will deaelop state-of-the-art optical teclmiques

for the on-li.ne characterizatton of syntheticfibers dudngprod'uction. PPPI stnff i'naolaedin

the AMTEX project are (from teft) Denni.s Mansfield, Htdeo Okuda, Mark Cropper, Pbil
Efthtmion, and. Stewart Zweben. The laser deui.ce i.s on the table lnfront of Efthtmton.
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The laboratory honored twentJ-two inaentorsfor Fiscal
Year 1997 durlngthe sixtemth annual Patmt Recognition
Dinner on June 16 at Princeton Uniaersity's Prospect
House. Those attendtng the d,inner and receiaing awads
included (from left) Don Weissenbarger, Joseph Cecchi.,

Charles Sklnner, Nathaniel Fisch, Robert Woolley, Samuel
Cohm, Gennady Sbaets, Tobin Mansat,Jan Wionoek, Enoch
Ilurbin, Szymon Suckewer, and Hironori Takahashi.

Constructi.on of the National Spherical Torus
Experiment (NSID progressed, rapidly. The 23,000-
pound oacuum uessel for NSTX arriued at the laboratory
on August 5, marking a major step in the construction
of the new deaice. Earlier in tbe summery the world's
tallest ohmic-heating solenold was deliaered to PPPI
and lowered oaer the tnner toroidalfi.eld coils of NSTX,

tthich were also major milestones in the assembly of
the TroJect.

PPPL Nobel laureate Russell Hulse and. Plainsboro Public
library DlrectorJtnny Baeckler spearheaded a praject called
"Contact Scietwe," whi.ch will create, di.sseminate, and sapport
small-scnle traoeli,ng scierrce exhtbits i.n public lihraries, The

proto@e exhibtt would, be locuted at the Plains$s70),, Neu)

Jersey ltbrary and trauel to other librariesfrom there. Procter
& Gamble, Inc. is fundi.ng the Phase I scoping and' program
deaelopment stud.ies, The Contact Science team includes, from
left, former PPPI Associate Dlrector Di.ck Rossi, consultant
Barbara Graham, Hulse, and Bq.eckler.
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FVg4 Fy95 Fy96 FYYT
Operating Costs

Fusion Energy Sciences
TFTR Physics
TFTR Operations
TFTRDTSystems
TFTR Shutdown/Caretaking

Subtotal TFTR

NSTX
TPX
Advanced Projects/Stellarator
Theory and Computation
ITER
Oflsite Collaborations
Off-site University Research Support
PBX.M
CDX-U
Science Education Programs
Other Fusion
Change in Inventories*

Total Fusion Energy Sciences

Environmental Restoration and Waste Mgt
Computational and Technology Research
Basic Enerry Sciences
High Enerry Physics
Universiry and Science Education
Energy Managemenr Srudies

Total DOE Operating

Work for Others
Korea Basic Science Institute
AII Other

Total Operating Costs

Capital Equipment Costs
TFTR
NSTX Fabrication
All Other Fusion
Environmental Restoration and'Waste Mgt

Total C.apital Equipment Costs

Construction Costs
General Plant Projects - Fusion
General Plant Projects - ER\trM
Safery and Fire Protection Improvements
Radioactive lfaste Handling Facility
Energlr Management Projects

Toal Construction Costs

$t7,331
50,646

1,041

4,503

3,142
2,t46

430

$14,207
46,938

2,047

3,295
2,138
2,279

4,t39
758
429

1,710
(76)

$13,004
33,792

9
699
301

1,232
(eo)

$13,607
13,497

8 12,369

Fr98

$4,955

3,292

$73,521 $63,192 $46,804 $39,472 $8,247

$15,550 43,L45
$1,163
(r,255)
1,973
2,693
2,981
1,253

$1,441
(1,062)

702
2,929
3,546
n'Y

479
440

1,469
(35)

$3,24t
(224)

2,524
4,003
3,677
9,241

985

$98,254

$1,875
3r0

1,014

1l

$3,210

$108,132

$121,008

$5,728
300

$3,581
39t

$4,066
r57

$1,837
l,lgg

802
69t

2,385
(50)

$3,735
101

302
73

3

$t ,rt,

$2,039
2,218

$454

$499

3,913
677
27L

5t9
(t,915)

$56,853 $53,409 $35,522

279
t36

$103,602 $127,49t $61,240 $57,737

92
t3

1l
,:

406
65

$4,8

$104,092 $128,288 $62,ltg $60,773 $43,993

$373 $46e $546 $241
3,412

32
75

12,269
7t

125 (1)

$830 $1,054

7974;

390
67

33t
t24

458
L27

$2,066
r63
8t7

1,066
7l

$4,183

$r33,525

$r86
693

$742 $3,760 $12,267

$2,t58

$3,1 16 $763

$65,296

4>

$473

34
I

255

332
560
66

TOTAIPPPL

*Cbange ofthe inuentory hueb on hand at tbe end of the fucal year compared to tbe preuious fiscal year.

$56,759$65,977

PPPL Financial Summary by Fiscal Year
(Thousands of Dollars)

87





Directorate

Robert J. Goldston
Director

RichardJ. Hawryluk
Deputy Director

\Tilliam M. Tang

Chief Scientist

Nathaniel J. Fisch

Associate Director for Academic Affairs

John \nZ Delooper
Associate Director for F-nternal Affairs

Steven M. Iverson

Head, Human Resources

Susan E. Murphy-LaMarche
Deputy Head, Human Resources

PPPL Director's Cabinet

RobertJ. Goldston
Director

Richard J. 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, Depucy

Off-Site Research

Ned R. Sauthoff

Plasma Science and Technology
Stewart J. Zweben

National Spherical Torus Experiment
Martin Peng, Program Director*
Masayuki Ono, Project Direcror
Michael D. Villiams, Depury

Theory
\filliam M. Tang, Head

Stephen C. Jardin, Depury

Experiment

Joel C. Hosea

Engineering and Technical Infrastructure
Michael D. Villiams

Business Operations
Edward H. \Tinkler

Environment, Safety, and Health
and Infrastructrue Support

John \( Anderson

"from Oak Ridge National Laboratury,

residing at PPPL.

PPPL Organization

Faculty
Physicists

Engineers

Technicians
Administrative
Office and Clerical Support

Total

FYg4

7
97

r56
306
t2L
57

744

Fr95

7
9t

rl8
2L5
9l
37

559

Fr96

7
89

105
198

81

28

508

Fy97

6

88

76
t37
66

19

392

FY98

6

87
74

r36
68
18

389

PPPL Staffing Summary by Fiscal Year
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PPPL Advisory Council
The Princeton Pla.sma Physics Laboratory Aduisory Council aduises Princeton (Jniuersity on the

plans and priorities of the Laboratory. Members of the Aduisory Council are appointed by the Board
ofTrustees and are chosenjiom other uniuersities and organizations, andfiom the Board ofTlustees.
The Council meets annually dnd re?orts to the (Jniuersity President through the Prouost.

PPPI, Llniversity Oversight Committee
The Princeton Plasma Physics Laboratory (Jniuersity Ouersight Cornmittee, chaired by the Pro-

ulst, Przaides general ouersight of the operdtions ofthe Laboratory, prouides guidance and recommen-
dations on Laboratory policies and priorities, and aduises the Princeton Uniuersity President on
Laboratory mdtters.

Dr. Norman R. Augustine
Princeton University

Dr. David E. Baldwin
General Atomics

Dr. Robert -ff Conn
Universiry of California, San Diego

Dr. Andrea Dupree
Harvard University

Professor Jerome Friedman
Massachusetts Institute of Technology

Professor Edward A. Frieman
Scripps Institution of Oceanography

Professor Robert A. Gross

Chapel Hill, North Carolina

Professor Jeremiah P Ostriker (Chair)
Provost

Mr. Raymond J. Clark
Theasurer

Mr. Robert K. Durkee
Vice President for Public A{fairs

Mr. Howard S. Ende
General Counsel

Professor \Tilliam Happer
Chair, University Research Board

Mr. Eugene J. McPartland
Vice President for Facilities

Mr. Allen J. Sinisgalli
Associate Provost for Research

and Project Administration

Professor A.J. Stewart Smith
Chaia Department of Physics

Dr. Richard R. Spies

Mr. Edwin E. Kintner
Norwich, Vermont

Dr. \William L. Kruer
Lawrence Livermore National Laboratory

Dr. Jerry D. Mahlman
Geophysical Fluid Dynamics Laboratory

Dr. Richard A. Meserve
Covington and Burling

Dr. John Nuckolls
Lawrence Livermore National Laboratory

Professor \ilK.H. Panofsky
Stanford Linear Accelerator Center

Dr. Burton fuchter
Stanford Linear Accelerator Center

Professo r Joseph TayIo r
Dean of the Faculry

Professor Sam B. teiman
Department of Physics

Professor James \7ei
Dean, School of Engineering
and Applied Science

Professor John F. \Wilson

Dean of the Graduate School

Professor Robert J. Goldston
Director
Princeton Plasma Physics Laboratory

Dr. Richard J. Hawryluk
Deputy Director
Princeton Plasma Physics Laboratory

Mr. Steven M. Iverson
Head, Human Resources
Princeton Plasma Physics Laboratory
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Publications

Anderson, J.\M, "\)fhat is the Nature of the Fu-
ture Marketplace in which Fusion will Compete?

The Potential Marketplace for Fusion," J. Fusion
Energy 17 (March 1998) 1l-15.

Arunasalem, V., "Pauli Nonrelativistic versus Dirac
Relativistic Theory of the Electron," Physics Es-

says 11 (March 1998) I37-I43.

Ashkenazy, J., Fruchtman, Y. Raitses, and Fisch,

N., "Modeling the Behavior of a Hall Current
Plasma Thruster." Presented of the 1998 ICPP/
25th European Physical Society Combined Con-
ference (Prague, Czech Republic, June 29 -July 3,
1998) and to be published in a Special Issue of
Plasma Physics and Controlled Fusion.

Barnes, C.\fl., Bosch, H.S., Hendel, H.W.,
Huibers, A.G.A., Jassby, D.L., Motley, R.\fl,
Nieschmidt, E.B., Saito, T., Strachan, J.D., Bitter,
M., Budny, R.V, Hill, K.'\?., Mansfield, D.K.,
McCune, D.C., Nazikian, R., Park, H.K., Ramsey,

A.T., Scott, S.D., Taylor, G., and Zarnstorff, M.C.,
"Tiiton Burnup Measurements and Calculations
on TFTR," Nucl. Fusion 38 (April 1998) 597-
618.

Bashore, D., Oliaro, G., Roney, P, Sichta, P, and

Tindall, K., "Conceptual Design for the NSTX
Central Instrumentation and Control System," in
proceedings of the 17th IEEE/NPSS Symposium on

Fusion Engineering (San Diego, CA, October
1997),YoL.1 (Institute of Electrical and Electron-
ics Engineers, Piscataway, NJ,July 1998) 535-538.

Bell, M.B., Bell, R.E., Efthimion, P.C., Ernst,
D.R., Fredrickson, E.D., Levinton, F.M., Man-
ickam, J., Mazzucato, E., Schmidt, G.L., Syn-

akowski, E.1., Zarnsrorf[ U.C., and the TFTR
Group. "Core Tiansport Reduction in Tokamak
Plasmas with Modified Magnetic Shear." Presented

of the 1998 ICPPl25th European Physical Soci-

ery Combined Conference (Prague, Czech Repub-

lic, June 29 - Jr:Jy 3, 1998) and to be published in
a Special Issue of Plasma Physics and Controlled
Fusion.

Bell, R.E., Levinton, F.M., Batha, S.H., Syn-
akowski, 8.J., andZarnstorff, M.C., "Core Poloidal

Rotation and Internal Tlansport Barrier Forma-
tion in TFTR," Plasma Phys. Contr. Fusion 40
(May 1998) 609-613; Princeton Plasma Physics

Laboratoqy Report PPPL-3280 $anuary I 998) I 0

pp.

Bell, R.E., Levinton, F.M., Batha, S.H., Syn-
akowski, E.J., and Zarnstorff, M.C., "Poloidal
Rotation in TFTR Reversed Shear Plasmas," Phys.

Rev. Lett.81 (August 1998) 1429-1432.

Blanchard, \(4, Camp, R., Carnevale, H., Casey,

M., Collins,J., Gentile, C.A., Gibson, M., Hosea,

J.C., Kalish, M., Langford, J., Langish, S., Miller,
D., Nagy, A., Pearson, G.G., Raucci, R., Rule, K.,
and \7inston, J., "Thitium Reduction and Con-
trol in the Vacuum Vessel during TFTR Outage
and Decommissioning," in proceedings of rhe 17th
IEEE/NPS S Symp osium on Fusion Engineering (San

Diego, CA, October 1997),Yol. 1 (Institute of
Electrical and Electronics Engineers, Piscataway,

NJ, July 1998) 297-300; Princeton Plasma Phys-

ics Laboratory Report PPPL-3275 (November
1997) 4 pp.

Boldyrerr S., "Nonlinear Magnetosonic'Waves in
a Multi-ion-species Plasma," Special Issue Phys.

Plasmas 5, Part I (May 1998) 1315-1320.

Boldyrev, S.A., "Burgers Turbulence, Intermittency
and Nonuniversaliry Special Issue Phys. Plasmas

5, Part 2 (May 1998) 1681-1587.
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