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About PPPL

Established in 1951, the Princeton Plasma Physics Laboratory (PPPL) is

dedicated to developing the scientific and technological knowledge base for

magnetic fusion .rr"rgy 
"r 

a safe, economical, and environmentally attractive

.r.igy source for the-world's long-term energy requirements. It has been the

,it. JitheTokamak FusionTest Reactor which recently completed a historic

series of experiments using deuterium-tritium fuel. A new innovative faciliry

the National spherical Torus Experiment, is under construction.

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

Department of E"nergy. The fiscal year 1997 budget was approximately $65

miiiorr. The numbei of full-time regular employees at the end of the fiscal

year was about 390, not including approximately 25 subcontractors, graduate_

,t,rd..rtr, and visiting research siaff. The Laboratory is sited on,72 acres of
princeton Universiryl James Forrestal Campus, about four miles from the

main campus.
Through its efforts to build and operate magnetic fusion devices, PPPL

has gainel extensive capabilities in a host of disciplines including Yacuum

t.ch"nology, mechanics, materials science, electronics, computer technology,

and highlvoltage power systems. In addition, PPPL scientists and engineers

"r. "pilyi.rg 
kiowledge gained in fusion research to other theoretical and

.rp.ri-.rrril areas inciuding plasma processing 
-t-f 

-*:tik and propagation

of irr,.rrr. beams of ions. Th. L"boratory's office of Technology Thansfer

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 ed.ucational opportunities for students and teachers from elementary

school through postgraduate studies'

Onr the eover"

Counter cloclaryise from upper right-hand corner: Magnetic Reconnection Experiment, current Drive Experiment-

Upgrade, schematic of th. N"tiJn"l Spherical Toru, E"periment, artistt conception of the Korea Superconducting

Tokamak Advanced Research device, and the Tokamak Fusion Test Reactor. In the background is the Electron

Diffusion Gauge Experiment.

This publication highlights activities at the Princeton Plasma Physics Laboratory for fiscal year 1997 - 
1 october

1996 through 30 SePtember 1997
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The U. S. Departrnent of Energy's Princeton Plasma Physiu Laboratory is

a Collaboratiue National Centerforplasma andfusion science. Its primary
rnission is to deuelop the scientific understanding and the key innouations
which will lead to dn attractiue fusion energt szurce.

Associated missions include conducting world-class researclt along the broad

frontier of plasma science and prouiding the highest quali4t of scientific
education.

Vttsite>r u Sl'tu.l ueln rrl€mti

To create the innouations which will mahe fusion ltotuer a practical reali4t.



Advantages of Fusion Energy

o \Torldwide 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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2-ff{ he U.S. Deparrment of Energy's

H Princeton Plasma Physics Labo-

Et. ratory (PPPL) is a collaborative

national center for plasma and fusion sci-

ence. Operated by Princeton Universiry
since its founding in 1951, the Labora-

tory has played a critical role in develop-

ing the experimental, theoretical, and
technological advances that have led to the
attainment of plasma conditions suitable
For lusion energy production.

PPPL is the only single-program labo-
ratory funded by the U.S. Department of
Energy for the development of magnetic
confinement fusion as a safe, economi-
cal, sustainable, and environmentally at-

tractive energy source and for research and

development in the underlying discipline
of plasma science. The Laboratory has a

highly skilled workforce and extensive ca-

pabilities for experimental, theoretical,
and computational studies of magnetically
confined fusion plasmas and for the inte-
grated design, fabrication, and operation
of experimental plasma facilities, includ-
ing magnets, power supplies, and piasma

heating and diagnostics systems. Prince-
ton Universiry provides an outstanding in-
stitutional framework for a broad Labo-
ratory-based program of education in
plasma physics and related technology.

The purpose of theAnnual Highlights
Report is to present a brief overview of
the Laboratoryt research and program-
matic accomplishments during Fiscal Year

1997 (October 1,1996 through Septem-
ber 30, 1997). Included are the final ex-
periments on the Tokamak Fusion Test
Reactor (TFTR); design and componenr
fabrication for the National Spherical
Torus Experimenr (NSTX), which is

scheduled to begin operation at PPPL in
April 1999; initial work on rhe concep-
tual development of a compact stellarator
proof-of-principle experiment; contribu-
tions of PPPL to the design of the Inter-
national Thermonuciear Experimental
Reactor (ITER); and our significant
progress in plasma rheory, small-scale ex-

periments, technology transfer, and sci-

ence education.
The highlights in plasma theory fea-

ture a strong coupling to advances in com-
putational simulation and modeling. This
is an area which promises to be a growing
part of the research porfolio of the De-
partment of Energy. PPPL is well quali-
fied to play a leadership role in computa-
tional initiatives both in fusion energy
sciences and in crosscutting collaborations
with other research disciplines.

TFTR produced its final plasma in
ApLil, 1997. Therefore, it is appropriate
to acknowledge the historic progress in
scientific understanding that has been ac-

complished with this device. The "super-

shot" regime of plasma confinement has

convincingly revealed the connection of
edge plasma conditions with core confine-
ment. The discovery of the self-sustain-

ing "bootstrap current" has made possible

the steady-state advanced tokamak con-
cept. The discovery of the enhanced re-

versed shear mode has both deepened our
understanding of toroidal confinement
and opened up new opportunities for im-
proved performance. Finally, the exten-

sive and thorough measurements ofalpha-
particle physics in deuterium-tritium plas-
mas on TFTR has prepared the world for
the step forward to burning plasma phys-
ics. tifhile the completion of experiments
on TFTR marked the end of one very pro-
ductive era for PPPL, we look forward to
a strong, innovative program in piasma
confinement, starting with the interme-
diate-scale NSTX device and expanding
with the proposed addition of a compact
stellarator. \7e also look forward to an
invigorating program ofnational and in-
ternational collaboration on tokamak and
alternate concept experiments. Continued
participation in the ITER process is a high
priority for the Laboratory.

\7hile the 1997 Annual Highlights
Report emphasizes advances in fusion sci-
ence and rechnology, it is importanr ro
recognize that fusion research is the prin-

b'
.-t

Robart J. Goldston

cipal engine that propels the development
of plasma physics as a scientific discipline,
with a very broad range of applications.
The Laboratory's outstanding capabilities

in theoretical and experimental plasma

science, and its strong engineering infra-
structure, position it to make world-class
contributions in a wide variety of appli-
cations beyond fusion science and engi-
neering 

- 
ranging from plasma chemi-

cal synthesis to monitoring the properties
of synthetic fibers, online, during their
fabrication. At the same time, our involve-
ment in these technologies helps provide
the intellectual vitality for innovations in
fusion science. As is fitting for such a cen-

ter of intellectual creativity, the Labora-
tory also has a key educational role. This
mission is reflected in our outstanding
graduate program, our programs for un-
dergraduate students, and our contribu-
tions to the improvement of science edu-

cation at all levels.

As we look to the future, there wili
continue to be major opportunities to
optimize the performance and attractive-
ness of fusion systems as energy sources.

In addition, plasma physics will remain a

vibrant field ofresearch, and non-fusion
applications of plasma science and tech-

nology will continue to grow in impor-
tance.

Robert J. Goldston
Director
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.j heTokamak Fusion Test Re-

actor (TFTR) completed its

last series of experiments on

sion reactivity. The
roles of fueling and

plasma-wall interac-
tions on confinement
were clearly demon-
strated. In the pio-
neering D-T experi-
ments, TFTR investi-

gated the physics of
fusion alpha particles

and the effects of iso-

topic mixture on the

heating and confine-
ment of plasmas in
reactor-like regimes.
More rccently, through
its unparalleled diag-
nostics and opera-
tional flexibility, the
TFTR has furthered
our understanding of
the physics of anoma-

lous transport and the possibilities

for controlling it in advanced toka-
mak regimes.

LLll[ )! ifi',J( i](:r, ill 'l 'llo t'li

The 1997 fiscal year (FY97) be-

gan during a planned opening of the

TFTR vacuum system for installa-

tion of the following upgrades to the

heating, diagnostic and limiter con-

ditioning systems in preparation for

the final series of experiments.

':' The radio-frequency grouP in-
stalled three new antennas to

launch waves in the ion-cyclo-
tron range of frequencies
(ICRF).Two of these antennas

were designed to launch fast

waves, both for plasma heating

and current drive, and one was

designed to launch ion-Bern-
stein waves (IB\7) directly. The
new antennas were configured
and ready for oPeration during
the three monthTFTR exPeri-

mental run.

'' A spectroscopic diagnostic to
measure the poloidal flow of the

, !, ...

'. 'i .&:*':r

Tolcamal< I'tLsion 'lest Reactor

l/'

1i

April 4, 1997 after beginning opera-

tion on December 24, 1982. Dur-
ing nearly fifteen years of operation,
more than 65,000 high-Power dis-

charges were run, including 23,500
discharges with neutral-beam-inj ec-

tion (NBI) heating and 6,300 dis-

charges with radio-frequency (rf)
wave heating. From the start of oP-

eration with deuterium-tritium
(D-T) plasmas in December 1993,
1,031 plasma discharges were run
either with tritium NBI or with tri-
tium gas puffed into the plasma.

Approximately 100 grams of tritium
was processed through the tritium-
handling system. Tiitium operation
in a closed cycle with cryo-purifica-
tion of the exhaust from the plasma

and neutral-beam injectors was suc-

cessfully demonstrated.
In its early years, TFTR made

major contributions to understand-
ing the confinement and stabiliry of
plasmas with intense NBI heating,

particularly in regimes with high fu-
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plasma was installed and then
brought into operation in Feb-
ruary 1997. Considering its
complexity and requirements
for precise alignment, remark-
ably little time was needed to
commission and qualify this
system. Data was acquired for
avarieq, of TFTR plasma sce-

narios. Very exciting results
showing large velocity shear
were obtained.

A major modification to the
motional-Stark-effect (MSE)
diagnostic (installed by Prince-
ton Plasma Physics Laboratory
in collaboration with Fusion
Physics and Technology, Inc.)
added viewing fibers and derec-
tor channels for polarimetric
measurements on the Balmer-
alpha line emission from the
half-energy component in one
of the neutral beams injected to
heat the plasma. By analyzing
the emission fi'om both the full-
energy and half-energy compo-
nents in the beam, it was in-
tended to measllre both the
poloidal magnetic field and the

.1
.i:*---"--l

radial component of the elec-
tric field in the plasma. Com-
missioning and calibration of
this system was completed at
the beginning of March 1997
and data was acquired in sev-

eral critical transport experi-
ments. Combined with po-
loidal rotation measurements,
these data are being used to un-
derstand transport barrier dy-
namics.

A system for introducing lith-
ium into the plasma periphery
to modify the interaction of the
plasma with the limiter was in-
stalled. This appararus, known
as DOLLOP, employed a re-
petitively pulsed Nd:YAG laser
to eject an "aerosol" of lithium
droplets from the surface of a

cauldron of molten lithium at
the bottom ofthe vacuum ves-

sel. The DOLLOP system op-
erated successfully in several
experiments.

The opening of the vacuum ves-
sel, which was internally contami-
nated with tritium from almost three

6tr1 ,f
,!

years of deuterium-tritium opera-
tion, was completed with very low
levels of personnel exposure and tri-
tium release. The success of this ac-
tivity demonstrates the feasibiliry of
maintaining the large and complex
tritium-handling systems which will
be required for eventual fusion re-
actors.

After the vacuum vessel was
closed and pumped down at the end
of October 1996, prepararions for
the experimental run were carried
out in November and December,
including bakeout, glow-discharge
cleaning, pulse-discharge cleaning,
and disruptive-discharge cleaning, as

well as conditioning of the neutral-
beam sources and the new ICRF
antennas. Full experimental opera-
tion resumed in January 1997.

The characterization of the phys-
ics of the transport barrier includ-
ing the effects of flow shear and
magnetic configuration was a major
effort for FY97. Several experiments
were conducted to study the trans-
port barriers which form spontane-
ously during neutral-beam heating
of plasmas with reversed magnetic
shear. The aim was ro measure the
plasma flow characteristics for com-
parison with theories for the stabili-
zation of the microturbulence re-
sponsible for the anomalous cross-
field transport in tokamaks. These
detailed experiments were made
uniquely possible in TFTR by the
combination of the poloidal flow
diagnostic and the upgrade to rhe
MSE diagnostic to measure directly
the equilibrium radial electric field
over part of the plasma. Extraordi-
narily detailed spatial and temporal
data were obtained in plasmas which
underwent transitions to the En-
hanced Reversed Shear (ERS) mode,
showing the occurrence of localized,

r



transient Precursors in the poloidal
flow velocity in the region where

steep gradients in the density, char-

acteristic of the transport barrier,

evolve. An example of the flow tran-

sient attending the ERS transition
is shown in Figure 1. The MSE di-
agnostic detected corresponding per-

turbations which show the develop-

ment of a region of strong radial elec-

tric field. These new diagnostics
supplemented the existing diagnos-

tics for the temperature, density and

toroidal flow profiles to measure for
the first time all terms in the radial

force balance equation for the
plasma equilibrium in a tokamak.

An experiment was also con-
ducted on the scaling of the transi-

tion process with magnetic field to
assess the contributions of different
terms in the expression for the

plasma shearing rate, the quantitY
suggested by theory to be critical for
turbulence suppression. By exploit-

ing the unique capability of TFTR
to vary the NBI momentum inPut,

the role of the shearing rate in the

transition was confirmed at the

lower fields. These, and other experi-

ments using deuterium and tritium
NBI to change the average ion mass,

point to the necessity for develop-

ing and testing self-consistent theo-

retical models for turbulence sup-

pression and have stimulated theo-
retical efforts in this direction. Mea-

surements have also been made in

L-mode, H-mode, and suPershot

plasmas to assess the role of flow
shear in the enhancement of con-

finement occurring in the latter two
regimes. Reports on these exPeri-

ments and their analysis have been

made at several scientific meetings,

including the Tlansport Thsk Force

Meeting (April1997), the European

Physical Sociery Conference (Berch-

tesgaden, Germany, June 1997), the

International Energy Agency tipar-

tite \Torkshop on High-Perfor-
mance Regimes fJoint EuroPean
Torus (JET), U.K., June 1997), the
H-mode \Torkshop (Kloster Seeon,

Germany, September 1997), and the

39th American Physical Society Di-
vision of Plasma Physics Annual
Meeting (Pittsburgh, PA, USA, No-
vember 1997).

Deuterium-tritium Plasmas were

studied in the reversed-shear regime

during FY97. These experiments fo-

cused primarily on the effects of iso-

topic mass on the ERS transition
and ERS confinement. Data on the

confinement of the beam-injected
deuterons and tritons in reversed-

shear plasmas were presented at the

International Atomic Energy Agen-

cyTechnical Meeting on AlPha Par-

ticles in Fusion Research at the JET
Laboratory, U.K., September 1997.

Two different launching schemes

and two antenna phasings were ex-

plored in TFTR, resulting in an in-
creased understanding of the diffi-
culties of IB\7 excitation with loop

antennas. Up to 1.7 M\f of ICRF
powerwas launched into the Plasma
although only a fraction of this was

coupled into the IB\7 mode.'With
a coupled IB\W power of about 0.4

M\7, plasma heating was observed

as well as the first direct measure-

ment of sheared poloidal flow aris-

ing from IB\W absorption. This re-

sult is of fundamental imPortance
since it serves to test the theory of
ICRF generation of sheared poloidal
flow and suggests that, with suitable

antenna development, this tech-

nique may be applicable to internal

transport barrier control in advanced

tokamak regimes.

An alternative method for gener-

ating IB\fl involves mode conversion

of fast waves in a mixed-sPecies

plasma. The abiliry to drive Plasma
current by this mode-conversion
process, Mode Conversion Current
Drive (MCCD), had PreviouslY
been demonstrated in mixed D-'He
plasmas inTFTR, but in D-T Plas-
mas a competing absorPtion of the

waYes on 7Li impurity ions, present

in the plasma as a result of lithium-
pellet injection, had precluded

Experiments to lmProve
Tolcamal< Performanee

Improved tokamak performance

was also an objective of the 1997

experimental run. Run time was de-

voted to the direct launch scheme

for IB\7 heating. These experiments

attempted to produce an internal
transport barrier similar to the "core

H-mode" previously observed with
this heating scheme in the Prince-

ton Beta Experiment-Modifi cation.
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Figure 1. Measured poloiclal flow velocity as a function of time (left) and Epace (right)

in a plasma wlrich undergoes a transition to tlre enhanced reversed shetrr (ERS) regrne,
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MCCD in D-T plasmas. The ex-
periments in FY97 demonstrated
that the damping on 7Li ions had
been eliminated with the changeover
to isotopically pure 6Li pellet injec-
tion and produced localized ion or
electron heating through mode con-
version in D-T plasmas. Initial re-
sults of the rf experiments were re-
ported at the 12th Topical Confer-
ence on Radio-Frequency Power in
Plasmas (Savannah, GA, USA,April
1997).

In earlier experiments on TFTR,
plasmas with highly peaked currenr
profiles (high-01) had demonstrated
improved stabiliry and a technique
of plasma initiation at very low edge

safety factor, q^= 2.3, had been de-
veloped to achieve the high currenr
needed for high fusion power pro-
duction. The experiments in FY97
integrated this high-01 technique
with two other elements ofimproved
operation to demonstrate their com-
patibility for advanced tokamak de-
signs. First, the confinemenr was
improved using new methods of
coating the limiter surface with
lithium. Second, the peakpower flux
to the limiter surface was reduced by
creating a radiating boundary layer,
or mantle, around the plasma
through controlled injection of im-
purities.

The DOLLOP system for limiter
coating contributed to suppressing
the particle influx from the limiter
below the level produced bylithium-
pellet injection alone. Figure 2 shows
a schematic diagram of the system
and data from rwo otherwise simi-
lar discharges with and without
DOLLOP operating. The improve-
ment brought on by the lithium
coating is evident.

The radiative mande was formed
by injecting krypton or xenon gas
into the plasma during neutral-beam
heating. The injection was con-

Molten
Lithium

trolled by feedback to achieve a pre-
determined level of global radiated
power. The fraction of input power
radiated was raised to 90o/o in these
plasmas with no reduction of the
energy confinement time or fusion
rate. \With appropriate control ofthe
radiated power level, these plasmas
did not suffer deleterious thermally
induced influxes from the limiter for
the pulse duration of the NBI (rypi-
cally 1 sec). By combining the high-
{l startup with DOLLOP condition-
ing and the radiative mantle at rhe
highest deuterium-tritium NBI
power, a peak fusion power of 7.7
M\7 was produced in the final dis-
charge on TFTR.

r\etivities Following tha TFTR
[:x6rerimcntal Phase

Following the termination of the
TFTR experiments, the tokamak
and its ancillary systems have been
placed in a safe shutdown condition
in preparation for ultimate removal
and disposal. The tokamak vacuum

vessel has been purged ofall but te-
naciously held tritium by a combi-
nation of techniques including pulse
discharge cleaning, bakeout and re-
peated moist-air purges.

The efforts of the TFTR physics
group have turned to analysis of the
immense body of high quality data
accumulated in fourteen years of op-
eration, particularly that taken dur-
ing the nearly 3-ll2 years of opera-
tion with D-T plasmas. The initial
phase of this data analysis has in-
volved rapid communication of the
results obtained from the final
TFTR experimental run, focusing
on the results from experiments with
systems brought into operation dur-
ing the run and the results from new
diagnostics such as the poloidal ro-
tation and radial electric field mea-
surements. These results have been
widely publicized in the community
through colloquia presented at other
laboratories and presenrations at
conferences and workshops in the
U.S. and abroad.

Edge Line Density (10196-2 ;

Stored E

DD Neutron Rate o16/sec)
2

345
Time (sec)

Figure 2. Left: Schematic diagram of the DOLLOP apparatus for introducing lithium
into the plasma periphery from where it is deposited on the surface of the carbon
limiter. Right: Comparison of two otherwise similar discharges with and without DOLLOP
operating. The effect of the lithium coating is evident in the decreased edge densifi
ancl the increased plasma stored energy and the rate of deuterium-deuterium fusion
reactions.
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,Jhe Current Drive Experi-

ment-Upgrade (CDX-U) is

, the first fusion facility to

The CDX-U plasmas (Figure 1)

rypically have a toroidal magnetic

field B1p = 1 kG, major radius R =
32 cm, and aspect ratio A = R/a 2
1.4, where a is the plasma minor ra-

dius (=22 cm). The plasma current

can be driven inductively with an

ohmic-heating power supply that

routinely provides about 30 milli-
volt-seconds. Typical discharges have

plasma currents of 65 kA and elec-

iron densities in the 1012 cm-3

range.

Akeymission of CDX-U is to test

concepts for future ST devices, such

as the National Spherical Torus Ex-

periment (NSTX) now under con-

struction at the Princeton Plasma

Physics Laboratory. In this capaciry,

the CDX-U group focused on tlvo

important ST-related research activi-

ties in fiscal year tg97 (FY97): (I)
Investigation of plasma heating with
rf "fast Alfvdd' waves at high har-

conduct plasma heating experiments

in a spherical torus (ST) with radio-

frequency (rf) heating. The ST con-

cept represents an alternative ap-

proach to the conventional tokamak

for achieving fusion energy, and the

name "spherical torus" comes from

the shape of the plasma. As the ratio

of the plasma radius (a) to the dis-

tance from the center ofthe torus to

the middle of the discharge (R) be-

comes smaller, the plasma naturally

elongates vertically and takes on a

spherical shape instead ofthe dough-

nut shape of standard tokamaks' The

compact nature of the ST could lead

to a more economical fusion reac-

tot since much of the cost and size

of a tokamak is determined bY the

size of the coils providing the neces-

sary toroidal magnedc field strength.
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The alignment of rhe antenna
straps relative to the local magnetic
field pitch is potentially critical to
good coupling of the rfwaves to the
plasma. The extreme magnetic field
line pitch makes rhe magneric ge-

ometry of spherical torus plasmas

differ from convenrional tokamaks.
The CDX-U device is particularly
well-suited to investigate this depen-
dence, since the magnetic field line
angle is comparable to NSTX
(=35").

These considerations morivated
the installation of an anrenna that is
designed for high-frequency rf op-
eration and is also unique in its ro-
tating capability (Figure 2). The
CDX-U system is designed for 100

k\7 at 12MHz with variable phase

between straps. Diagnostic tech-
niques in support of rf experiments
include magnetic probes and Lang-
muir triple probes to monitor wave

fields and local electron tempera-
tures and densities, interferometry
for observing density modulation,
and spectroscopy for detecting im-
purities.

Perturbations to the edge plasma
were minimalwhen the rfpowerwas
applied, so there was no evidence for
the excitation ofslow rfwaves in this
region. A decrease in the power load-
ing was observed as the antenna
straps became parallel to the mag-

monics of the ion cyclotron fre-
quency. (2) Development ofplasma
diagnostics to address specific ST
measurement needs.

The low-aspecr-ratio ST dis-
charges that are most relevant to fu-
sion reactors are expected to have
high values of B, the ratio of the
plasma pressure ro the pressure of the
confining magneric field. Under
these conditions, the plasma dielec-
tric constant will be much larger
than those in conventional toka-
maks. In this case, rfwaves launched
at high harmonics of the ion cyclo-
tron frequency are effectively ab-
sorbed in plasmas with Bt frcm 5o/o

up to about 50o/o.The use of higher
harmonic fast waves (HHF\W) thus
extends the range of plasma current
drive in the ST.
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netic field. The aPPlication of
HHF\7 resulted in a modulation in

the central plasma density, and its

dependence on the antenna angle

was consistent with the profiles of
the wave field. On the other hand,

the measurements also showed that

a significant angle between the an-

tenna and the magnetic field can be

tolerated, so the careful control of
the antenna orientation may not be

critical in NSTX and other future

ST devices.

Fast wave electron heating was

observed with a Langmuir triPle

probe. Temperature data were taken

on the side of the machine oPPosite

to the antenna at a normalized mi-

nor radius of rla = 0.6, or about two-

thirds of the way out from the center

of the plasma. The measurements

indicate a temperature increase of

about 10 eV which corresPonds to

a30o/o increase in the local electron

temperature. A time trace of elec-

tron temperature and rf power for

this measurement is shown in Fig-

ure 3.

Non-inductive startuP, i.e., the

abiliry to initiate a plasma without
an ohmic-heating transformer to

drive a toroidal current, is a neces-

sity for an ST-based reactor. To take

full advantage of the low aspect ra-

tio in a compact ST, there would be

no room in its center section for the

ohmic-heating coils. For this reason'

discharge initiation with the HHF W'

system is being tested in CDX-U.
Plasma ionization in CDX-U is

usually effected with a separate rf
system for electron cyclotron reso-

nance heating (ECRH). The latest

results demonstrated non-inductive

startup with HHF\X/ alone, and

pl"r-" densities up to =1012 cm-3

were obtained. This is about an or-

der of magnitude higher than the

values obtained previously with
ECRH alone. These exPeriments

will be repeated with additional rf
sources operating near the ion cY-

clotron frequency. Using this lower

frequency, it should be possible to

".hi.rr. 
plasma densities in the 1013

.--3 t"tg..

Flasma Diagnosties
Confi nement improvement in

the ST depends on the successful

coupling of the rf power to the

plasma, and an understanding of the

physical basis for its effectiveness as

reflected in the temperature and

densiry profiles and/or the magni-

tude of the fluctuation spectrum.

Since techniques such as rf induc-

tion of sheared flow layers will re-

sult in radially localized reduction of
transport (i.e., transport barriers),

detailed profile measurements are

needed to observe their local effects

on the gradients and/or fluctuation

levels.

A proof-of-principle test of tan-

gential phase contrast imaging (PCI)

for core fluctuation measurements

was completed on CDX-U in FY97.

Until now, PCI systems integrated

over radial and poloidal structures

due to their vertical views. This

problem was eliminated, however,

by the unique tangential geometry

of the diagnostic on CDX-U (Fig-

we 4).Image recovery and localiza-

tion of spatial structures were dem-

onstrated by the observation of a

clear wavenumber cutoff in a verY

strong broadband signal, and large

scale coherent features in the plasma

core that were well-correlated with
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Figure 3. fime dependence of radio-frequency power and electron temperature during

higher harmonic fast waves heating.
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results using other diagnostic tech-
niques. Improvements ro the PCI
that are under consideration include
a more reliable laser and additional
detectors for two-dimensional imag-
ing of fluctuations.

For edge fluctuarion measure-

ments, standard filtered photodiode
detectors will not be effective be-
cause their signals are dominated by
the emission from the plasma core.
To avoid this problem, arrays of
multi-layer mirror (MLM) derectors
are planned for NSTX. The X-ray
energies are determined from the
angle of the Bragg scattering off of
the MLM, so the derectors avoid a

direct view of the discharge.
A prototype detector for measur-

ing the C V emissio n at 40.5 A was

successfully resred in FY97 on
CDX-U by collaborators from Johns
Hopkins University. A scan of the
mirror angle around the C V line
showed a spectral resolution of 1.3

A, and the time evolution of the sig-

nal matched the data from a photo-
diode detector with a30-90 A fiIt..
(Figure 5). Poloidal MLM arrayswill
also be useful during the start-up
phase, since plasma parameters can

be determined from the ultrasoft X-
rays emitted when the discharge is

still relatively cool.

i,i r', 1 I1'' . l'l],rIr l1r

Several improvements ro the
CDX-U facility are planned during
FY9B to improve plasma perfor-
mance. The toroidal field, yertical

field, shaping field, and ohmic sup-

plies will all be upgraded to permit
longer pulse durations at higher
plasma currents. The capacitor
banks for the toroidal field, vertical
field, and shaping coils will be re-

placed by power supplies, cabled
from units that presently exist
nearby for the Princeton Beta Ex-
periment-Modification (PBX-M).
These changes will not only extend
the plasma duration, but are ex-

pected to enhance greatly the qual-
ity of the discharge "flarrop" for
transport studies.

\7ith the modifications ro rhe ro-
roidal field supply, the field is ex-

pected to increase to 2.3 kG, with a
"flattop" of 100 msec. The new
power supplies for the vertical and
shaping fields should be more than
adequate for a doubling of the ohmic
current, from65 kAto 125 kA. The
ohmic supply will still be based on
capacitor banks, but the upgrades

will allow the discharge duration to
exceed 25 msec at the higher ohmic
current.

The control of impurities is a

critical issue For all magnetic con-
finement devices. For this purpose,
low-Z plasma facing componenrs
and titanium gettering have been

used in CDX-U. In addition, a Bo-
ron Low Velocity Edge Micropellet
Injector is under development, and
studies of its effectiveness are
planned with diagnostics that in-
clude a filtered gated TV camera,

bolometry, visible specrroscopy, and
soft X-ray arrays.

The low toroidal fields and core

plasma densities common to the ST
preclude electron temperature mea-

surements based on standard elec-

tron cyclotron emission techniques.
Theory suggests, however, that to
the electrostatic Electron Bernstein
\Vave, the CDX-U plasma looks like
a blackbody emitter. Studies of the
Electron Bernstein tMave should
then allow proof-of-principle tests of
both electron heating and electron
temperature measurements, and the
latter diagnostic application would
augment the multi-point Thomson
scattering system planned for
CDX-U. Components from the
Tokamak Fusion Test Reactor

,: ..t -\!r

'l

a

:

i{)(.tlr;iitli rrlcajrtcitir,/ ,ttril Llr,:i.t:r.i-Ot ,itt'i:ry ()tI ii Irt()Vrtl)li:: (;i)i.jcitl tirblai,

()



Filtered Diode Only

Bandwidth, 70 A
Emission: >(cV 1s-np)

Mo/Si Mirror + Diode

Resolution' 5 A
Emission: o vt 9p-3s (150 A)

TilCr mirror + Diode

(NSTX ProtoVpe)

Resolution' 1.3 A
Emission: C v 1s-2p (40.5 A)

Brightness: - 2x1g14 ,rr-9 sr sec

(TFTR) will be used to replace the

existing single-point, multi-pass
Thomson scattering diagnostic with
a system capable of ten spatial mea-

Detector current

5.0

2.s

0.0

1400 1500 1600 1700 1800 1900 2000 2100

Time (x 4 psec)

\(/avelength Scan around the 40.5 A C v Line (25" Bragg Angle)

1.0

0.8

0.6

0.4

3

2

1

t,

4

J

2

1

0

-+rcI
f
L'
!
\)
.N
(o
E
oZ 0.2

090 25

erncl ir 1:inre re9[)onse comparable tcl sl.an<];-trd lthototlio<jc cletec,tors.

30 3s 40

\flavelength (A)

45 50

Heating scenarios that involve the

direct launch of Ion Bernstein
\7aves, mode conversion, and mi-

nority ion heating will also be stud-

ied.
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mit investigation of heating and

non-inductive plasma startup in the

ion cyclotron range of frequencies.surements,
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Collaborations
and Graduate Studies

The CDX-U project participated
in ongoing collaborations with the
A. F. Ioffe Physical-Technical Insti-
tute, St. Petersburg, Russian Federa-

tion, the Hebrew Universiry Israel,

and the Johns Hopkins Universiry
Baltimore, Maryland in rf physics

and diagnostic development. In ad-

dition, CDX-U scientists worked
actively with ST researchers from

several institutions, including the
National Institute for Fusion Sci-
ence, Japan, and the Small Tight
Aspect RatioTokamak (START) ex-

periment at the Culham Laboratory
in England.

The CDX-U device continued in
its role as an excellent experimental
plasma physics facility for graduate
student training. Two graduare stu-
dents from the Plasma Physics Pro-
gram of the Princeton University

Department of Astrophysical Sci-
ences are continuing their doctoral
research on CDX-U, and two first-
year graduate students from the
Princeton University Department of
Physics began rf experiments during
FY97. In addition, Ernest Lo de-
fended his Ph.D. thesis in August,
1997. His thesis was entitled "Thn-
gential Phase Contrast Imaging Di-
agnostic for Density Fluctuation
Measurement on CDX-U."
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he Magnetic Reconnec-

tion Experiment (MRX)

was built to study mag-

netic reconnection as a fundamen-

tal plasma process in a controlled
laboratory environment. Magnetic

reconnection - 
the toPological

breaking, annihilation, and recon-

nection of magnetic field lines 
-

occurs in virtually all plasmas, both

in the laboratory and in nature.

Despite its omnipresence, re-

connection is not a well-under-
stood phenomenon. In laboratory
fusion plasmas, reconnection
manifests itself as "sawtooth" oscil-

lations in electron temperature and

ultimately degrades plasma con-

finement. In nature, reconnection

plays an important role in the dy-

namics of solar flares and in the ori-

gins of the aurora borealis. In re-

cent years, the solar satellite
Yohkoh has produced remarkable

pictures of the Sun and has Pro-
vided the best evidence yet that re-

connection is involved in solar flare

energy release. However, the rate

of energy release is a mystery, un-

accountable by current under-
standing of reconnection physics.

The observed "fast reconnection"

has made magnetic reconnection

a Yery active area of research.

Experiments on MRXhave Pro-
vided crucial data with which the

theoretical and observational re-

search communities can comPare

their work. Already, cross-disciplin-

ary interactions have led to fertile

discussions and useful reassess-

ments of the current understand-



ing. Indeed, experimental research

on MRXhas triggered renewed in-
terest in magnetic reconnection
unseen for some decades.

The design and construction of
MRX were completed entirely at

the Princeton Plasma Physics
Laboratory. Vacuum vessel hard-
ware and data acquisition electron-
ics from past experiments were
used. The small size and rich
plasmaphysics ofMRXmake it an

ideal facility on which to study
basic science and to train graduate

students. Because of the strong
impact ofthis experiment on many
fields of research, MRX is jointly
funded by the National Science

Foundation, the National Aero-
nautics and Space Administration,
the Office of Naval Research, and
the United States Department of
Energy.

[Researeh Objeetives
The primary objective ofexperi-

ments on MRX is the comprehen-

sive analysis of magnetic reconnec-

tion which is crucial for under-
standing fusion plasmas, as well as

solar and magnetospheric plasmas.

The analysis focuses on the cou-
pling between microscale features

of the reconnection layer and glo-
bal properties such as driving force,
MHD (magnetohydrodynamic)
flows, and the third component of
the magnetic field.

In particular MI{X has the fol-
lowing research goals:

3 Experimentally evaluate two-
dimensional theoretical mod-
els.

c Determine the circumstances

under which three-dimen-
sional efltcts will dominate.

o Study global MHD issues in-
cluding evolution of magnetic
helicity.

n Identify the mechanisms by
which magnetic energy is con-
verted to plasma kinetic and
thermal energy.

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

Answers to these questions will
contribute to the advancement of
fusion energy research and directly
impact theories of reconnection in
the solar atmosphere and the
Eartht magnetosphere. Informa-
tion pertaining to how the mag-
netic energy, initially released as

hydrodynamic flows, is trans-
formed into heat will lead directly
to improved understanding of the
physics of solar flares.

Experimental Setup
Two plasma toroids with iden-

tical toroidal currents are formed
using inductive electric fields gen-
erated from two sets of coil wind-
ings. The two plasma toroids are

then merged together via their mu-
tually aftractive force and an ap-
plied external magnetic field. MRX
was designed to achieve a variery
of merging geometries and mag-

Equilibrium Field Coils

Movable

Field Coils

Flux
Movable
Flux Cor€s

l:i3r-trc 1. Cross-sectional view of MRX, illustratirrg the vacuum vessel, internal coils, and external coils. Plasma merging experiments
Ltsin'{ spheromal<s (right) or annular plasmas (left) can be utilized to str-rdy local reconnection in the boxad regions.
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netic field topologies as shown in
Figure 1.

A set of carefully chosen diag-

nostics provides insight into the

physics of magnetic reconnection

and real-time monitoring of MRX
plasmas. These include Langmuir
probes (electron density and tem-

perature), electrostatic energy ana-

lyzers and spectroscopy (ion tem-

perature and flows), and arrays of
magnetic probes (spatial profiles of
local magnetic field vector). Instal-

lation of a laser-induced fluores-

cence diagnostic for nonpertur-
bative measurements of local ion
energy distribution is being con-

sidered.

Results
In nature, as well as in most

laboratory experiments, magnetic

reconnection occurs in inherently
three-dimensional geometries.
However, theoretical models of
magnetic reconnection are largely
two-dimensional and therefore
unable to capture the complete
physics of a three-dimensional pro-

cess. One of the first issues ad-

dressed in this experiment was the

effect of the third magnetic field
component on the reconnection

speed and on the local features of
the reconnection layer.

It was found that the presence

of a strong toroidal field reduced

the reconnection speed by a factor

of three. As shown in Figure 2, a

double-Y shape was observed in re-

connection layers in which the to-
roidal field was very small or non-
existent (null-helicity), and an

O-shaped region was observed in
reconnection layers in which the
toroidal field was substantial and

on the order of the poloidal mag-

netic field (co-helicity). The cur-

rent sheet thickness was verified
with a high-resolution (5 mm)
magnetic probe array andfound in
the null-helicity case to be as thin
as 1 cm, which is approximately
equal to the ion gyroradius and

much less than the machine size.

These findings may play an im-
portant role in interpreting obser-

vational data from the solar surface

and the magnetosphere.

The well-known Sweet-Parker

model of magnetic reconnection
predicts reconnection rates faster

than that of resistive decay but
much slower than those observed

in solar flares. The model is a re-

sistive magnetohydrodynamic
model and assumes a two-dimen-
sional, incompressible, and steady-

state plasma. Despite these con-

straints, however, the model cap-

tures many of the essential local

features of the magnetic reconnec-

tion layer. For forry years, the mer-

its and shortcomings of this and

other more elaborate models have

been debated. Recently, the first
laboratory experiments on the
Sweet-Parker model were per-
formed on MRX.

The experimentd data indicated

a reconnection speed consistent
with a generalized Sweet-Parker

60
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Figure 2. Experimental me dsurements of poloidal magnetic flux contours, inclicatitrg a

"double-Y" shapeci reconnection ragion for no toroidal field (left) anci an "O-shaped"

reconnection region for strong toroidal field (right).
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model including the effects of
plasma compressibiliry finite pres-
sure in the downstream region of
the field lines, and "anomalous"

plasma resistivity.
Compressibiliry allows more in-

coming 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
outgoing plasma, leading to a re-

duction in plasma outflow speed

and hence reconnection speed. The

measured plasma resistivity was
found to be enhanced over the clas-

sical Coulomb-collision value by
up to a factor of ten; this enhance-
ment is thought to play a crucial
role in determining the reconnec-
tion rate.

Testing of the Sweet-Parker
model in a laboratory experiment
is an important first step in sort-
ing out the essential physics behind
"fast reconnection." However,
much research must be performed
before any definitive answers can
be obtained.

Future Work
Future work will address the

source of the enhanced resistiviry
including the role played bywaves,
instabilities, and turbulence. Con-
currently, studies are planned to in-
vestigate the detailed mechanisms
by which magnetic energy is con-
verted to plasma kinetic and ther-
mal energy. The results from these
efforts should bring us closer to un-
derstanding magnetic reconnec-
tion, a fundamental process behind
many spectacular natural displays
such as the aurora borealis.
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he fusion energy sciences

mission of the Theory De-

partment at the Princeton
Plasma Physics Laboratory (PPPL)

is to help provide the scientific foun-
dations for establishing magnetic
confinement as an attractive, tech-

nically feasible energy option. The
Department generates the theoreti-
cal physics knowledge required for
realistic extrapolation of present ex-

perimental results and suggests new

approaches to improve performance.
This involves the innovative devel-

opment of better calculation capa-

bilities, together with applications of
the best theoretical tools to interpret
and design experiments.

Important contributions to un-

derstanding the physics of plasma

transport, MHD, and energetic pat'-

ticle behavior are reminders of the

role theory can play in the fusion sci-

ences program. These achievements

underscore the fact that many of the

advances in the field have resulted

from an improved understanding of
the basic mechanisms involved in
toroidal confinement and not just

from the development of empirical
rules for scaling. Continuing im-
prov€ments in operating regimes in
magnetically confined plasmas and

in diagnostic techniques should en-

able even more realistic comparisons

of experimental results with theoreti-
cal models. As more reliable phys-

ics-based models emerge, it is

expected that the pace of break-

throughs will be accelerated by more

efficient harvesting of key results

from experimental facilities and

from identification of attractive new

approaches and the associated de-

signs for new facilities.

Endorsements and requests for
enhanced collaborations in both

tokamak and alternate concept re-

search areas by the national and in-
ternational fusion research commu-
niry have been stimulated not only
by the PPPL Theory Department's
record for generating key seminal
concepts, but also by its develop-

ment and maintenance of the most

comprehensive system of toroidal
design and analysis codes. Examples

of progress in rhe fusion program

enabled by scientific results from the

Department include:

The powerful 3-D nonlinear
MHD anaiysis capabilities in
the M3D multi-level code
package have been effectively
utilized to test new ideas rel-

evant to advanced tokamak
scenarios (see Figure 1). The
multi-level capabilities include
resistive MHD, two-fluid, and

hybrid (MHD background
with gyrokinetic energetic par-
ticles) models.

Progress has been made in the

stellarator area during the past

year with the identification of
favorable neoclassical transport
properties oF highly symmetric
configurations and with the
provision of guidance on the
level of allowable ripple. Con-
figurations have been found
which are stable at a beta of 7o/o

with the wall at twice the
plasma radius (effectively ab-

sent). Equilibrium studies of
the MHH2 configuration have

determined the dependence of
the equilibrium beta limit on

the pressure profile and indicate

that for appropriate profiles the

equilibrium beta limit can ex-

ceed 4o/o.

A definitive paper in the axi-

symmetric MHD area was
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F$ure 1. Numerical simulation of pellet injection using the M3D multi-level code pacl<-
age. The cqnter of lhe darl< mass in the left-hand figure represenls a pellet injected on
the inboard side of a tokamak plasma. The right-hand figure shows that the pellet is

moving closer to the plasma center - due to a three-dimensional Shafranov-type
shift which is supplemented by fast mdgnetic reconnection. This effect has explained
the results of pellet-injection experiments: inboard-side injection is more favorable
than outboard-side injection.

completed on vacuum calcula-
tions in an azimuthally sym-
metric geometry. Applications
of these calculations included
important collaborative design
efforts on the role of external
MHD modes and possible pas-

sive or active feedback stabiliz-
ing schemes (see Figure 2) for
the proposed Korean Supercon-
ducting Tokamak Advanced
Research (KSTAR) machine.

o Contributions in the area of
disruption modeling were made
with the completion of a sim-
plified analytic halo current
model which is supported by
results from 3-D numerical
simulations using the MH3D
code. Initial applications are

promising in that the observed
dependence of the toroidal
peaking on halo current frac-

tion correlates well with trends
from the International Ther-
monuclear Experimental Reac-

tor (ITER) disruption database.

' Comprehensive linear microin-
stabiliry calculations for high-n
modes (via the FULL code)
have been extended to include
an improved model for sheared
rotation and applied ro repre-
sentatiye cases from the TFTR
(Tokamak Fusion Test Reac-
tor). The results are consistent
with, and help to justify, the
heuristic criterion for complete
stabilization: that the shearing
rate be comparable to or larger
than the linear growth rate.

e Realistic assessments ofthe neo-
classical transporr properries in
magnetically confi ned plasmas
have been enabled by the de-
velopment of the 3-D gyro-

kinetic code GNC which prop-
erly represents the finite-orbit
excursion of the ions.

' The state-of-the-art NOVA-K
code, which analyzes stabiliry
properties oflow- to medium-n
Toroidicity-induced Alfvdn
Eigenmodes (TAE), has now
been improved to include full
drift-orbit width and finite
Larmor radius effects. Collabo-
rative applications to JT:60U
have been very productive. For
higher-n TAE relevant to large

systems such as the ITER, a

new stability code, HINST, has

been developed. A quasi-linear
(ORBIT:Q) and a full nonlin-
ear kinetic-MHD (MH3D-K)
simulation code that analyze
energetic particle interaction
with TAE's and associated par-
ticle transport have also been

developed. Single-particle-orbit
studies utilizing the ORBIT
code have been productively
applied in planning for research

on the National SphericalTorus
Experiment (NSTX) and for
the analysis of TFTR deute-
ri um-tritium experiments.

' Development of a hybrid fluid,
Monte Carlo treatment of the
plasma neutrals now permits ef-

ficient simulation of the full
range of neutral transport re-
gimes anticipated for reactor-
relevant divertors. The coupling
between DEGAS 2 and the
fluid neutral transport model is

a natural extension of the cou-
pling with the fluid plasma
codes, is designed to be adap-
tive, and is nearly optimal for
both halves ofthe computation.
DEGAS 2 simulations of H-al-
pha detectors in the Alcator
C-Mod machine at the Massa-
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chusetts Institute ofTechnology
(MIT) incorporated the effects

of Doppler and Stark broaden-
ing on the spectrum and of re-

flection on the total H-alpha
signals. Future workwill incor-
porate polarization and Zee-

man splifting into the spectrum

simulations. The feasibiliry of
using DEGAS 2 to deduce the
ion temperature in recombin-
ing regions from the observed

H-alpha spectrum will also be

considered. The mechanisms
for compiling and normalizing
the output data from DEGAS 2

("scoring") have been general-
ized and are managed entirely
during preprocessing. An im-
mediate consequence is that a

single artay can be used to
transfer the DEGAS 2 data to
the 82 and UEDGE plasma
codes, providing a simple inter-
face for a subroutine-based cou-
pling.

L:>siirzrr ir,a il t(jo[[ak x rra't:[< ir rt;

Collaborations between the PPPL

Theory Department and other na-

tional and international institutions,
such as General Atomics (GA) in
San Diego, theJapanAtomic Energy
Research Institute in Japan, and the
Institute for Fusion Studies at the

University of Texas, as well as be-

tween individuals from university
programs, such as MIT and the
Universiry of California-San Diego,
have continued to be highly produc-
tive. This is evident from refereed
journal publications, International
Atomic Energy Agency and Ameri-
can Physical Society oral presenta-

tions, and experimental proposals,
completed as well as planned, on de-

vices such as the Doublet DIII-D at

GA, theJoint EuropeanTorus in En-
gland, and JT-60U in Japan.

The PPPLTheory Department is

participating in the ITER Project by
helping to provide the tools and con-
cepts for ITER research and devel-
opment. For example, PPPL played
a lead role in the Fusion Energy Sci-
ences Advisory Committee assess-

ment of the physics basis for ITER
and PPPL theoreticians were mem-
bers of the ITER expert teams. In
addition, frequent requests are re-

ceived for enhanced activity on the
ITER project.

\With the broader focus on inno-
vative confinement concepts, stron-
ger collaborative linkages are ex-
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pected to be developed with the in-
ternational stellarator community
(e.g., the Large Helical Device inJa-
pan and the\Tendelstein 7-Xin Ger-
many) and with numerous national
initiatives on stellarators, reversed-

field pinches, and other innovative
concepts.

Furtrrre !nrpaet
The potential is excellent for the

PPPLTheory Department to impact
the scientifically focused, restruc-
tured Office of Fusion Energy Sci-

ences Program. "Site credits" in-
clude: (i) the Departmentt strong
coupling to PPPLs experimental
program with its record of past suc-

cesses, such as TFTR, and scientifi-
cally exciting initiatives, including
NSTX; (ii) the Departmentt inte-
gral relationship to Princeton's pre-
mier graduate academic program in

plasma sciences; and (iii) the De-
partmentb array of computational
and analytic talent.

Key topics of continuing and fu-
ture focus include: (i) development
of methods needed to interpret and
possibly control or avoid MHD dis-
ruptions; (ii) cross validation of
state-of-the-art gyrokinetic and
gyrofluid capabilities for realistic
turbulent transport simulations
needed to provide understanding
essendal for reliable confinement
projections; (iii) analysis of energetic

particle dynamics and its relevance

to alpha-particle physics issues in
present and future deuterium-tri-
tium plasmas.

In addition to providing the semi-
nal ideas responsible for the gyro-
kinetic and gyrofluid initiatives
which drive the national computa-
tional grand challenge Numerical

Tokamak Project, the PPPLTheory
Department has been an essential
element in the much needed efforts
to further improve the associated

transport models. Plasma theory re-
search at PPPL has also played a

prominent role in developing tools
for treating three-dimensional con-
figurations such as stellarators and
will enhance this activity in the near
future.

In general, resources and concepts

valuable not only to fusion but to
other areas of physics and applied
mathematics have been produced.
Overall planning and execution of
the research activities discussed here
will be carried out in coordination
with the Laboratory's Off-Site Re-
search Program (see section on Off-
Site Research in this report) wirh
guidance from the newly formulated
PPPL Science Focus Groups.

't9



he Earth's magnetosphere
and the solar atmosphere
have been the principal ar-

eas of research in space plasma phys-
ics at the Princeton Plasma Physics

Laboratory (PPPL). The primary goal
is to understand solar activity, such

as the solar wind, corona mass ejec-

tion, and prominence eruption, and
how these solar activities couple to
the magnetosphere. Coupling be-
tween solar activity and magneto-
sphere determines how energy,
momentum, and mass are trans-
ported into the magnetosphere. Sr-rch

coupling problems typically involve
disparate scales and, in order to ad-

equately treat the coupling, a kinetic-
MHD (magnetohydrodynamic)
model has been developed which in-
corporates kinetic effects into the
MHD model. The model has been

successfully applied to study several

fundamental magnetospheric physics
problems.

This report focuses on two topics:
(1) MHD waves and associated
plasma transport at the magnetopause

where plasma gradient scales are on
the order ofseveral ion gyroradii and
(2) the formation of current sheets

and prominences in the solar atmo-
sphere.

The magnetopause is the bound-
ary that prevents solar activity from
penetrating directly into the Eartht
magnetosphere. This boundary is

characterized by substantial MHD
activity which can lead to large
plasma transport into the magneto-
sphere. The nature of MHD waves

and associated transport have been

studied by investigating quasilinear
theory, as well as stochastic transport
which results in large fluctuations.
These results suggest that diffusive
transport may be as important as

magnetic reconnection for plasma
entry into the magnetosphere.

Study of MHD wave activity in
the magnetosheath has been based on
a global mirror mode which takes into
account profiles of plasma (flow, pres-

sure and its anisotropy) and magnetic
field, as well as wave-particle interac-
tion. As the MHD waves propagate
from the magnetosheath to the mag-
netopause, they mode convert into ki-
neticAlfvdn waves which can explain
the major features of the MHD wave
observations.

For small wave fluctuation levels,

the quasilinear diffusion mechanism
is applicable and the diffusion coeffi-
cients have been obtained using the

gyrokinetic formalism, including full
Larmor radius effects. Our work on
quasilinear transport has clarified the
most important physical processes in-
volved in plasma transport at the
magnetopause.

Quasilinear diffusion can be due
to (i) the parallel electric field, (2)

transverse magnetic field fluctuations
coupling to the particle magnetic
drifts, and (3) compressional mag-
netic field fluctuations. Dif[usion due
to the parallel electric field results

when the wavelength is the order of
the Larmor radius. Diffusion due to
magnetic drifts tends to be significant
over most of the range of wave-
lengths. Diffusion due to compres-

sional magnetic field can be larger
than that due to the parallel electric
field in high-B plasmas.

For magnetopause parameters, dif-
fusion due to magnetic drifts is at least

an order ofmagnitude larger than dif-
fusion due to the parallel electric field
and compressional magnetic field
fluctuations. This primarily results

from the large magnetic field gradi-
ents at the magnetopause and is con-
trary to the previous thought that the
parallel electric field is most relevant
to the magnetopause. Based on the
observed MHD wave amplitude, the



diffusion coefficient is D = 109

^2lrrr, 
which is consistent with the

measured rate of particle entry.
For large wave fluctuation levels,

the stochastic diffusion mechanism
becomes important. The stochastic

particle motion occurs because of
nonlinear coupling that results in
overlapping of phase space particle
orbit islands. For small wave ampli-
tudes, particle motion is regular and
remains on well-defined KAM sur-
faces in phase space. But, above a

threshold value of 68/8 = 0.1 (for
southward IMF cases), particle mo-
tion becomes stochasdc and particles
rapidly diffuse throughout the phase

space. Both diffusion and heating will
occur and the diffusion can be as

large D = 1010 -2lr.. for typical
wave amplitudes. For small magnetic
shear such as in northward IMF
cases, the threshold is significantly
increased so that stochastic transport
is not realized even for large fluctua-
tion levels.
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Mechanisms of current sheet for-
mation have been studied. If mag-
netic field lines in opposite directions
expand toward each other to squeeze

out the field between them, they
come into contact to form an abrupt
field reversal (tangential discontinu-
ity) which supports a currenr sheet.
Field line expansion can be caused by
the combined pressure gradient and
gravity force, the magnetic field pres-
sure gradient force, magnetic fields
merging toward each other, or a com-
bination ofthese effects. In a quadru-
polar magnetic field geometry,
magnetohydrostatic (MHS) equilib-
ria without nullpoint can be de-
formed into equilibrium field con-
figurations containing current sheets

by changes in forces associated with
thermodynamic properties or field
line footpoint displacement. The

shape of current sheets depends on
the pressure distributions and foot-
point displacement profiles.

Current sheets can be related to
solar prominence in two aspects.
First, the slabJike appearance and the
high mass density of prominences re-

quire highly bent field lines in the
prominence vicinity. Second, solar
prominences are often observed be-
tween the opposing fields of two ac-

tive regions, and the cancellation of
magnetic patches of opposite polari-
ties is regarded as one ofthe observa-
tional conditions in prominence-
forming regions. This suggests that
solar prominences are often formed
in a current sheet. PPPL researchers

have demonstrated that the evolution
of current sheets can lead to promi-
nence magnetic field configurations
via resistive magnetic reconnection
processes to support a higher plasma
density at the reconnection site than
in the surrounding region.

For a current sheet along a separa-

trix line berween two bipolar arcades,

the field configuration is deformed

12

into a configuration with an X-point
through resistive magnetic reconnec-
tion. An inverse polariry prominence
can stably reside above the X-point.
A new current sheet configuration
with a sharp downward-pointing tip
hanging at a distance above the bot-
tom boundary has also been ob-
tained. Resistive magnetic reconnec-
tion in this type of current sheet
results in a Malville-rype field con-
figuration with a magnetic island
wrapped in dipped field lines (see Fig-
ure). An inverse polarity prominence
can stably reside within the magnetic
island. Results suggest that the for-
mation of magnetohydrostatic equi-
libria containing current sheets and
their evolution into prominence mag-
netic field configurations must be a
general process in the solar armo-
sphere.
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,J he National Spherical
Torus Experiment

" (NSTX) is a new device

radius, making the overall plasma
nearly spherical in shape. This
configuration may have several

advantageous features, a major
one being the abiliry to confine a

high plasma pressure for a given
magnetic field. Since the amount
of fusion power produced is pro-
portional to the square of the
plasma pressure, this alternative
approach could play an impor-
tant role in the development of
smaller and more economical fu-
sion reactors.

The NSTX device is being
built jointly by Princeton Plasma
Physics Laboratory, Oak Ridge

designed to prove the physics
principles of a spherical torus
(ST) plasma. The NSTX is un-
der construction at the Princeton
Plasma Physics Laboratory
(PPPL), with first plasma sched-

uled for April, 1999.
The cross-section ofthe NSTX

device is shown in the schematic

above. Spherical tori produce
plasmas that are shaped differ-
ently from tokamak plasmas; the
minor radius of the plasma is

close in magnitude to the major



National Laboratory (ORNL),
the Universiry of \Mashington at
Seattle, and Columbia University.
PPPL has lead responsibiliry for
the NSTX Project and coordi-
nates the design and construction
effort. ORNL provides the Pro-
gram Director for NSTX, phyr-
ics support in plasma modeling,
and the engineering of plasma
facing components. The Univer-
siry of tVashington provides the
conceptual design of the coaxial
helicity injector, and Columbia
University provides physics sup-
port for high-beta plasma stabili-
zatton.In addition, PPPL in part-
nership with ORNL is construct-
ing the high harmonic fast wave
system. The NSTXproject is tak-
ing advantage of the equipment
and infrastructure already avail-
able at PPPL, saving time and
money.

During FY97, the NSTX de-
sign team completed a series of
reviews of critical path compo-
nents. Incremental changes in
project cost and schedule for lo-
cating NSTX at D-site instead of
C-site, as originallyplanned, were
also reviewed. A top view of the
NSTX in itsTest Cell at D-site is
shown in Figure 1. The NSTX
Project Definition Statement was

approved by the U.S. Depart-
ment ofEnergy (DOE) Office of
Fusion Energy Sciences in March,
1997 . Theprocurement and fab-
rication of critical path items,
such as the center-stack compo-
nents, were well underway. The
poloidal-field coils, taken from
PPPk old S-1 device, will be used
for NSTX.

h{STX Mission
The mission of NSTX is to

prove the scientific principles of
an ST plasma including:

€ noninducdve start-up, cuf-
rent sustainment, and profile
control;

e global confinement and lo-
cal transport physics;

o pressure limits and self-
driven currents;

o scrape-off-layer and divertor
physics; and

" stabiliry and resilience to dis-
ruptions.

NSTX researchers will investi-
gate plasma regimes that prom-
ise small fusion cores for near-
term applications such as volume
neutron sources and long-term
applications such as electric
power production. These plasma
regimes are charact erized by

o simultaneously high toroidal
beta (25 -450lo), self-driven
current fraction (40-80o/o),

Neutral
Beam

Diagnostics

\(ave

Platform

TFTR

Test Cell

Figure 1. The NSTX device in the new D-Site Test Cell, formerly the TFTR Hot Cell
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and confinement in steady

state;

* noninductive start-up of full
current not relying on induc-
tion from the ohmic sole-

noid;

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

o dispersed particle and power
exhausts on high heat flux
components facing the plas-

ma.

Successful proof of these de-

sired properties will make possible

cost-effective designs achieving
several times the plasma current
and toroidal field of conventional
tokamaks without increasing
plasma size. These designs would
enable smaller, less expensive, fu-
sion power reactors.

N!;TX llrr"ctSgrar nr Ac't0v0ties
The NSTX Program Advisory

Committee, formed by the PPPL
Director, is composed of senior
fusion scientists from U.S. and

foreign fusion laboratories. The
Committee reviews the progress

of the NSTX Research Program
and advises the PPPL Director
on:

" NSTX physics design re-

quirements where they affect

the experimental research;

o major proposals for new re-

search initiatives on NSTX
which are to be proposed to
DOE;

@ the overall NSTX experi-
mental research plan, includ-

ing key priorities and mile-
stones consistent with the
DOE-approved work scope;

6 adjustments to program pri-
orities, taking into account
the mission ofNSTXand the

overall direction of the U.S.
and world fusion programs.

The Program Advisory Com-
mittee met November 27-22,
1995; May 15-I5, 1997 and
September 17-I8, 7997. The
group endorsed the general ob-
jectives and overall process pro-
posed for the formation of the
NSTX national research program
and team participation. The
Committee offered many useful
suggestions for improvement.

The first annual (by fiscal year)

NSTX Research Forum was held
February 5-7, L997. Eighry sci-

entists from 16 fusion institutions
participated, with about half of
the participants from PPPL. This
was the first step in efforts to share

the excitement and "ownership"

of the research program being
planned for NSTX. The presen-

tations and discussions at the Fo-
rum were broad and informative,
including the Plenary Informa-
tion Session as well as the tW.ork-

ing Group Sessions. Summaries

of these sessions are available on
the internet at http llwww-
local. pppl. gov/nstxhome/ nstx/
meetings/. These documents pro-
vide up-to-date information on
the broad and exciting elements

of scientific investigation of the
high-temperature ST plasmas
planned for the NSTX facility.
This information will be of inter-

est to fusion scientists consider-
ing collaborative research on
NSTX.

!dSTX $)hysflcs Activities
NSTX physicists are working

with project engineers to further
define and refine the physics re-

quirements for device design and
construction. Recent work has

shown that high loop voltages
(over 6 volts) are available during
plasma initiation, taking into ac-

count additional volt-seconds
from the poloidal-field coils. This
voltage makes it possible to with-
stand finite stray fields for dura-
tions long enough for the plasma

to form in an inductive-only fash-

ion. Simulations of coil currents
needed for plasma control during
coaxial helicity injector start-up
were also carried out, indicating
only modest requirements.

The stabiliry of plasma profiles
during the fast current ramp-up
period was assessed, and the plas-

mas were determined to be stable

to low and high-n modes at all
times, except for the time at the
end of the current ramp, where
the plasma was unstable to n=3
modes. \7ith only minor adjust-
ments to the pressure profile (spe-

cifically, a flattening of the pro-
file in the center), stabiliry could
be achieved.

Columbia Universiry collabo-
rators have been working with
PPPL personnel to develop the
EFIT code as a tool for calculat-
ing NSTX equilibria for subse-

quent stability analysis. Results of
this work have shown the sensi-

tivity of mode stability to the cur-
vature of the outer boundary.

AAL.?



This helps refine operating sce-

narios to optimize NSTXperfor-
mance. EFIT will be used to as-

sess operational space, assuming
awider range ofpressure and cur-
rent profiles than examined pre-
viously.

Two-dimensional modeling of
the NSTX edge and divertor
plasmawas carried out by ORNL
personnel using theb2.5 code to
estimate the range of peak heat
fluxes that might be observed in
the worst-case scenarios. The
peak heat fluxes are quite sensi-

tive to the amount of divertor ra-
diation, and, to a lesser extent, the
recycling coefficient. The worst-
case heat flux estimate indicates
the need for cooling both the in-
board and outboard divertor
plates.

Radio-frequency (rf) modeling
ofNSTXplasmas is being carried
out primarily by the ORNL
group as part of the rf antenna
design task, using the full wave
code PICES. Additionally, scien-
tists at the Universiry of Califor-
nia at San Diego are using the ray-
tracing code CURRAY. An rf
code benchmarking exercise us-
ing standard NSTX equilibria
was initiatedwith an aim towards
idendf ing the rf code that will
be integrated into the various dis-
charge analysis tools presently be-
ing developed.

In preparation for initial opera-
tions, simulations of ohmic-heat-
ing-only discharge scenarios were
carried out using the Tokamak
Simulation Code to determine
possible current flattop durations
for fully double-swung ohmic
heating. The duration of the cur-

rent flattop depends on both the
current level and the plasma con-
finement (the plasma tempera-
ture). Figure 2 shows the range
of possible current flattop dura-
tion for a range of these assump-
tions, where the confinement
time is based on that given by the
Lackner-Gottardi-Connor low-
confinement mode scaling. \While

1-MA targets are achievable with-
out auxiliary heating, the current
flattop duration is negligible. At
lower target currents, however,
significant current flattop dura-
tions are realizable. Furthermore,
current flattop durations of up to
one-half second are possible at I
MA with auxiliary heating.

NSTX Project Activities
Project activities significantly

increased inFYST.The efforts in
first half of the year focused on
the design and fabrication of the
center stack and shifted to other
torus components during the sec-

ond half.
The Final Design Review of

the center stack was held in Feb-
ruary. Contracts were awarded for
the conductor and insulation ma-
terial for the center-stack magnets
and assembly and testing of the
inner toroidal-field bundle and
ohmic-heating coils. All of the
center-stack conductor and insu-
lation has been delivered. The
inner toroidal-field copper bars
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were machined at PPPL and sent

to the contractor for assembly and

testing. The completed toroidal-
field bundle is scheduled for de-

livery in February, 1998. The
contractor for the ohmic-heating
coils is setting up tooling in
preparation for coil manufactur-
ing during February, 1998. Other
center-stack components such as

the casing, poloidal-field coils
(PF#1), thermal insulation, mag-

netic diagnostics, hub assembly (a

mechanical restraining structure
in the toroidal-field joints), flags

(radial extension pieces for the
inner toroidal-field bundle), and

flanges are being fabricated on
schedule.

In April, 1997, design efforts
shifted to the outer toroidal-field
and poloidal-field coils, ceramic

insulators, vacuum vessel, and

plasma facing components. The
final vacuum vessel configuration
was decided at the May NSTX
Program Advisory Committee
meeting. The high harmonic fast

wave antenna system configura-
tion was changed from two six-

element antennas (placed on op-
posite sides of torus) to a single
twelve-element antenna. Accord-
ing to the calculations performed
by the ORNL team, the twelve-

element antenna has a betterwave

spectrumwhich is needed for cur-

rent drive. This new configura-
tion has an added advantage of
requiring only three sectors (out

of twelve total) instead of four.

The extra sector can be used, for
example, for diagnostics. Addi-
tional tangential ports and di-
vertor viewing ports were added

to the vacuum vessel based on in-

put from the FebruaryNSTXRe-
search Forum. Two neutral-beam
injection ports and ports for
poloidal charge-exchange recom-

bination spectroscopy were also

added. In July, a final design re-

view was held at PPPL during
which the ORNL team presented

the plasma facing component de-

sign. Pull out tests on the carbon-
fiber-composite material for the
center stack indicated that the
mechanical strength is more than
adequate to withstand halo-cur-
rent loads. The procurement pro-
cesses for those components have

started. The outer toroidal-field
coil copper and insulation mate-
rial has been purchased and a
manufacturing contract has been

awarded. The vacuum vessel cy-

lindrical section drawings have

been completed and the section

is being procured. The poloidal-
field coils 2, 3, and 4 fromPPPtl's
old S-1 device will be reused for
NSTX. They have been disas-

sembled and transported to the
RESA building for modifi cations

and refurbishing.

li lll,l'l)( 'Ii: 
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The NSTX Project will make

use of the nation's largest mag-

netic fusion asset, PPPLs D-site
faciliry. The D-Site Hot Cell was

completely cleared by the Toka-
mak Fusion Test Reactor staff and

officially transferred to the NSTX
Project in October 1997,becom-
ing the NSTXTest Cell.This lo-
cation offers a number of impor-
tant advantages when compared
to the C-site option, previously
considered. These include better
power systems, the availabiliry of

a neutral-beam injection system,

a well-shielded test cell, and a spa-

cious control room. By the end
of FY97 , the NSTX platform was

being installed in the NSTXTest
Cell.

li JJ 5r5 gri'u a,r1 e lD fr 6il$ iI r o:.r iilcsi

The NSTX Research Forum
and the Program Advisory Com-
mittee have strongly recom-
mended the early use of plasma

profile diagnostics.
The highest priority diagnos-

tic is the multi-pulse Thomson
scattering system which measures

both the plasma temperature and
densiry as functions of position
and time. Due to low toroidal-
field and high density, conven-
tional electron cyclotron emission

will not work for NSTX. A multi-
pulse Thomson scattering system

feasibility study was initiated.
Rather than reuse a single-time-
point ruby laser system as pro-
posed in the project baseline, a

modular multi-pulse Nd:YAG-
based laser system will be avail-
able within the first year of op-
eration. This system can be
enhanced to provide increased
spatial and temporal resolution as

resources allow.

Because of the importance and
special challenges of a current
densiry diagnostic for NSTX, a
special study group met in July,
1997 at PPPL. Promising ideas

including Faraday rotation, heavy

ion beam probe, improved mo-
tional Stark effect techniques, and
a soft X-ray pinhole camera were

presented. The study group's
summary was distributed. Some

of the most promising current

9),6



t
density diagnostics were recom-
mended for funding in FY9B.
The Program Advisory Commit-
tee recommended the Day-1
implementation of plasma start-
up diagnostics such as ultra-soft

X-ray tomography and a fast vis-
ible camera. A study group for the
fluctuation diagnostic will meet
in FY98.

\7ith the arrival of manufac-
tured components in February,

1998, the center-stack assembly
will begin in the RESA building
at PPPL. Assembly of the NSTX
device in the Test Cell is sched-
uled to begin in the summer of
1998.
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'14 n FY97, the lnternationalTher-

t1 monuclear Experimental Reac-

,I I ,ot (rTER) project focused on

completion of the Detailed Design

Report and preparation of the Final

Design Report, as well as document-

ing the ITER physics basis. The

Princeton Plasma Physics Labora-

tory (PPPL) continued its role in
ITER physics and engineering work

with PPPL staff assignments to the

Joint Central Team (now three

physicists in San Diego; one engi-

neer in Garching, Germany; and one

engineer in Naka, Japan), increased

support to the U.S. HomeTeam De-

sign activities (both physics and en-

gineering), and increased participa-

lnternational 
-l'hernronuclear lix;"rerimental lleactor

tion and coordination of ITER
physics R&D. PPPL continued its

leadership roles in the positions of
the Head of the ITERJoint Central

Team Physics Integration lJnit, the

Physics Manager for the U'S. Home

Team, the Chair of the ITERTech-
nical Advisory Committee, and

three U.S. Home Team Thsk Area

Leaders in physics design.

The ITER Project reached the
"five-year point" in its six-year En-

gineering Design Activities phase in

Ju,ly, 1997. Design tasks were fo-

cused on delivery of the Final De-

sign Report in November, 1997.
This report will be reviewed bY the

Technical Advisory Committee in
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January,l99B, and by the four ITER
Parties (European lJnion, Japan, the
Russian Federation, and the United
States) in 1998, leading to consid-
eration by the ITER Council in July,
1998.

PPPL work as part of the U.S.
Home Team focused on physics de-

sign, diagnostics design, and engi-
neering design.
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Discharge simulations and plas-
ma control simulations are two pri,
mary areas that have been addressed

with PPPLs Tokamak Simulation
Code. The discharge simulations
included a full simulation of the ig-
nited reference discharge from cur-
rent rampup through current ramp-
down. These simulations deter-
mined that the poloidal-field (PF)

coils are adequate for achieving the
scenario: that is, the coils staywithin
their prescribed limits and the
plasma position, shape, and current
remain within their allowables. The
flattop burn is actually longer than
the required 1,000 sec by about 200
sec, allowing for some recovery of
volt-seconds. The plasma reaches all
design parameters, indicating a fully
ignited state in the presence of a

sawtooth instability, accumulated
heli um, 2o/o b eryllitm imp urity, and

radiation losses. The bootstrap cur-
rent contribued 20o/o of the total
plasma current. In both the current
rampup and rampdown phases, the

plasma remains within the stable
opefating zone of the 0;-e95 space.

It was also found that volt-seconds
could be recovered by shortening the

current rampup phase with little
impact on the plasma evolution or
the PF coil power consumption.

Studies of heating during the
plasma current rampup phase with
powers ranging from 40 to 100 MW

and with various assumptions on the

confinement [ow (L) or high (H)
mode] and the density trajectory
were done. Since auxiliary power
would be required during the cur-
rent rampup when the PF coil power
is typically its highest, the plasma
current trajectory was modified to
accommodate this heating power.
Cases assuming L-mode used 23
volt-seconds less and those assum-

ing H-mode used 46 volt-seconds
less than the reference discharge.
H-mode cases with sufficient den-
sity increase during the current
rampup could produce significant
alpha heating. The various heating
scenarios generated different trajec-
tories for li.,gg1, beta-poloidal, saw'
tooth radius, and the bootstrap cur-
rent, although no difficulties were
apparent. These scenarios also gen-
erated different trajectories for the
PF coil currents, all of which re-
mained within their maximum al-
lowable currents, except for PFB in
the highest heating cases. These dif-
ferences are driven by the balancing
of ohmic and equilibrium currenrs,
which depend on the flux state and
how fast it advances during the cur-
rent rampup.

An examination of soft plasma
termination was done to determine
the shortest time required to shut-
down the plasma without inducing
a disruption, until the current was

low enough. This involves both the
burn termination and current ramp,
down phases. It was found that the
burn termination could be short-
ened by taking credit for shorter
particle confinement times after the
plasma exited the H-mode, leading
to a minimum burn termination
time of 50 sec, half the reference
value. The current rampdown phase
was shortened by ramping the PF
coils faster, which was limited by the

stability in the 0;-Q95 space, vertical
stability, the final plasma current
before disruption, control of the
plasma shape, and the PF coil power.
These lead to a minimum currenr
rampdown time of 100 sec, half the
reference value. This determined a

minimum soft plasma termination
time of about 150 sec. Shorter times
for plasma shutdown would neces-

sarily involve disruptive behavior.
A full simulation of the (Reversed

Shear) Steady-State Operational
Mode from plasma current rampup
through flattop was developed. This
involved an inductive current ramp-
up to 6 MAwith low heating; a rran-
sition to 100 M\7 of heating to pro-
duce 2 MA lower-hybrid currenr
drive and 4 MA bootstrap currenr
and to begin the transition to a hol-
low current profile; and a transition
to 12 MA plasma current from in-
creased densiry and the formation of
an internal transport barrier with 2
MA of lower-hybrid current drive
and 10 MA of bootstrap currenr.
The alpha power reaches 350 M\7,
and the plasma is driven with a Q
(P6r,r/P".r") of 17.5. The simulation
showed that the plasma could be
produced with PF coil power not
exceeding 150 M\f combined with
a total auxiliary power of 100 M\7,
and that the PF coils were well
within their allowables. In addition,
the plasma position, shape, and cur-
rent could be controlled during the
strong changes in the plasma param-
eters (0i, beta-poloidal).

Simulations of the plasma posi-
tion, shape, and current control were

done for minor disruption-type dis-
turbances, such as beta-poloidal
changing from 0.9 to 0.7 and 01

changing from 0.9 to 0.8. Modern
optimal controllers utilizing linear-
ized plasma models were shown to
be successful for the ignited refer-
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ence plasma, maintaining the gap

deviations within 15 cm of nomi-
nal, the total PF coil power below
100 M\q and the settling time un-
der 25 sec. Control of the Reversed

Shear Steady-State plasma was also

done, with a modern optimal con-

troller and a minor disruption dis-

turbance. The deviations in the gaps

can be as high as 30 cm, since the

plasma is strongly deformable. This
is due to a very low 0i and high beta-

poloidal. In fact, the strong coupling
between the plasma boundary shape

and 01 caused {; to oscillate in the

early phases of the control simula-

tion, which caused the large devia-
tions in the gaps to oscillate. The PF

coil power was shown to be on the

high end of acceptability, and all PF

coils remained within their allow-
ables.

PFPt Diag'nostias Design
Aetivities

ITER diagnostics design and
R&D in the U.S. are being carried
out at a number of institutions un-
der the leadership of the Task Area
Leader from PPPL. The designs have

progressed signifi cantly and resulted

in papers presented at a \Torkshop
on Diagnostics for Experimental
Fusion Reactors held in Varenna in
September 1997. The descriptions
of the designs presented there were

followed up by formal reports to the
ITER Joint Central Team for the

appropriate level of design. The
PPPL contribution consisted of ex-

tending the design level achieved by
the end of FY96 to (i) a conceptual

design of a system for measuring es-

caping alpha-particles, (ii) prelimi-
nary design of a Thomson scatter-

ing system for edge density and
temperature measurements, shown
in Figure 1, (iii) preliminary design

of an array for measurement of the
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visible bremsstrahlung emission
from the plasma, (iv) preliminary
design, with Fusion Physics and
Technology, of a motional Stark ef-
fect spectrometer system for measur-

ing the current density profile, and
(v) engineering design of a micro-
wave reflectometer for measurement
of the density profile to determine
the plasma position. \With Los
Alamos National Laboratory, PPPL
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Steering Mtrrors
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also provided the preliminary designs

of the (vi) neutron-flux monitoring
system and of the (vii) neutron acti-
vation system for determining the in-
tegrated neutron fluence.
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PPPLs engineering support for
ITER focused mostly on electromag-

netic analyses of the in-vessel com-

Figure 1 . Concept <jesign of tlre ITER e dge lhotnson scflttering syste m showir)g tha top
port alrrangeme nt.
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ponents. These analyses derive the
forces on the in-vessel components
due the current flows driven by the
plasma behavior. The in-vessel com-
ponents include the blanketishield
modules, the backplate which is the
structure on which the modules are

mounted, and the divertor cassettes.

The plasma behavior was deter-
mined in a collaboration with Oak
Ridge National Laboratory using the

Tokamak Simulation Code devel-
oped by PPPL. Current distributions
due to plasma motions are deter-
mined by using a PPPl-developed
code called SPARK or a commercial
code "EMAS" by ANSOFT. The
forces are then used in finite element
analysis codes to calculate the stresses

and deflections due to these currents
crossing the magnetic fields in which
they are immersed. The design de-

velopment is an iterative process,

with the engineering details such as

material type or thickness being re-

fined until acceptable stresses and/
or deflections are obtained.

PPPL also provided engineering
expertise in a number of other ar-

eas. The Laboratory was a major
contributor to the segmented sole-
noid study that concluded in the first
quarter of FY97.The vacuum vessel

field-welded joints were analyzed,

taking into consideration fabrication
tolerances and design code consid-
erations. A feasibiliry study offerro-
magnetic inserts for ripple reduction

was performed. Two-dimensional
and three-dimensional finite ele-
ment analyses were performed to
assess the thermal stresses resulting
from thermal processing of the blan-
ket modules. PPPL engineers con-
tributed to the magnet design
criteria. A cooling scheme for the
metrology laser sensor was designed
and analyzed. Reference discharge
simulations were completed using
the Tokamak Simulations Code.
Reverse shear discharge simulations
were completed. Laboratory engi-
neers designed the power supply
control system and played a signifi-
cant role in the writing of the power
Systemk Design Description Docu-
ment.

i
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( \ tellarators, a family of plasma

\ confinement concepts charac-

U/ terired by three-dimensional
magnetic fields, are the most devel-

oped magnetic fusion concept after

the tokamak. The concept has ad-

vanced greatly since its invention by

the Princeton Plasma Physics Lab-

oratoryt (PPPL) founding Director,

Lyman Spitzer, Jr., in the 1950s. Now,

two large superconducting stellarator

experiments in the billion-dollar class

- 
the Large Helical Device (LHD)

in Japan and the rWendelstein 7-X
(\f7-X) in Germany 

- 
are under

construction, with the LHD sched-

uled to begin operation in 1998. The
world-wide interest in the stellarator

concept stems from its potential for
use as a steady-state fusion reactor fea-

turing interruption-free plasma opera-

tion, Iow recirculating power, and

good plasma performance. However,

projections based on current stel-
larator knowledge indicate these reac-

tors will be relatively large.

Scientists at PPPL, in collaboration
with colleagues from the U.S. and

abroad, are studying design concepts

that would make stellarators more

compact. In 1997 , they completed the

development of a capability that com-
putes compact-stellarator plasma con-
figurations that are optimized to have

low plasma transport and high plasma

pressure limits. This was made pos-

sible through some innovative stel-

larator design strategies, some of
which were developed at PPPL. The
prospects for significantly improving
stellarator reactor designs have been

gready enhanced as a result. Experi-
mental tests are now needed to con-
firm the predicted favorable proper-
ties of the new configurations. A me-

dium-scale, "proof-of-principle"
device, based on a promising stel-
larator plasma concept, would meet

the facility requirements for these ex-

periments. In 1997, the Laboratory
began a national concept design study

to develop the plasma configuration,
machine concept, and cost and sched-

ule targets for such an experiment,
which could be sited at the Princeton
Plasma Physics Laboratory.

Con u'lpac t-SteI larol tor
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A major challenge in the design of
three-dimensional magnetic-field con-

figurations is to reduce the energetic

alpha-particle losses due to magnetic-
field ripple. In recentyears, stellarator

theorists have developed some inno-
vative solutions to this problem. One
is to make use of quasi-symmetry, in
which a magnetic-field structure that
is three-dimensional in physical space

possesses an underlying symmetry as

seen by energetic particles in the sys-

tem. This property makes it possible

to have particle drift trajectories that
are just as good as those in exact sym-

metry, e.g., in tokamaks, and hence

have low alpha-particle losses and low
neoclassical transport.

In quasi-axisymmetric devices, the

plasmat self-generated bootstrap cur-
rent is comparable to that in a toka-

mak and flows in the direction to add

to the helical twist, or rotational trans-

form, of the magnetic-field structure.
Rotational transform is favorable for
plasma energy confinement in the

stellarator. To the extent that some of
the rotational transform is provided
by the bootstrap current, the design

of the stellarator coils is eased, allow-

ing them to be less twisted and far-

ther from the plasma than in other de-

signs. The bootstrap current allows the

toroidal plasma to have a lower aspect

ratio (ratio of major radius to minor
radius), making it more compact. It
is also predicted to suppress the un-
stable growth of magnetic islands,

which could rapidly destroy the
plasma configuration and disrupt op-
eration, if the shear in the rotational

transform is arranged to be in the ap-

propriate direction.
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Another recenr innovation in con-
figuration design, developed at PPPL,
is the developmenr of a strategy to
ensure stability against ballooning
modes at high beta. Stellarators typi,
cally have ballooning beta limits lower
than that of tokamaks (an exception
is the German \77-X device, now
under construction). However, it was

found that high ballooning beta lim-
its can be obtained in quasi-axisym-
metric stellarators by introducing a

strong axisymmetric component of
the shaping, as is done in advanced

tokamak configurations. Configura-
tions with these properties are con-
structed by combining high-bootstrap
advanced-tokamak plasma confi gura-
tions (e.g., ARIES II) with quasi-
axisymmetric helical fields to produce
stellarator-tokamak hybrids. An ex-

ample of the plasma configuration
that results is shown in Figure 1.

A further challenge is to eliminate
a design feature that in advanced toka-
maks represents a major complication

- the need for a conducting wall close

to the plasma for stabilizing external
kink modes, i.e., helical deformations
of the plasma surface that can be un-

stable at high beta. It
would be most advanta-

geous, if tokamak-like
beta values could be

achieved in a stellarator
without such a wall. A
suggested solution is to
introduce magnetic y

"shear," a steepening in

the rotational transform
profile near the edge of
the plasma. Using the
newly developed optimi-
zation capabilities, bal-
looning-stable high-beta
configurations with this
characteristic were gener-

ated; subsequent analysis

confirmed that theywere
stable to external kink
modes at a beta of 7o/o

without a close-fitting wall. If further
analyses confirm that favorable trans-
port properties also can be realized,
this will be a very exciting advance.

These innovations combine to
open up a new path toward compacr
stellarator reactors with high beta and
good confinement. In comparison
with tokamaks they offer the advan-
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Figure 2, Quasi-axisymmetric plasma superimposed on
the Princeton Beta Experiment-Modification (PBX-M)

tol<amal< vacuum vessel, with space resewed for coils.
Modification of the PBX-M may provide a low-cost
stellarator experiment.
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tages that they are potentially disrup-
tion-free and provide better control
over the magnetic configuration prop-
erties important for high-beta stabil-
ity. The use of externally produced
transform has the advantage relative
to tokamaks that it reduces or elimi-
nates the requirement for current
drive, with its attendant recirculating
power in a reactor.

The NeNt Step:
Experimental Tests

A cost-effective experimental test of
compact stellarator plasma concepts
may be possible using a modification
of the existing Princeton Beta Experi-
ment-Modification (PBX-M) toka-
mak facility. Figure 2 shows how a

quasi-axisymmetric stellarator plasma
could fit in the PBX-M vacuum ves-

sel, leaving space available for inter-
nal coils to provide the required heli-
cal fields. The existing external magnet
system and vacuum vessel would serve

as the basic structure for the new ma-
chine. Operation of such a faciliry,
which would support a national ex-

perimental program centered at PPPL,
could begin as early as 2003.

-B-6
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Figrrre 1, Plasme configuration for quasi-axisymmetric stellarator in which 25% of the
rotational transform is proviclerJ by external coils.
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((' 'i ince mid-1995, a team of
t . ., Unit.d States scientists has

[ ! been providing support for
the design of the Korea Supercon-

ducting Tokamak Advanced Re-

search (KSTAR) fusion experiment

to be constructed in Taejon, South
Korea. Members of the group, led

by the Princeton Plasma Physics

Laboratory (PPPL), include person-

nel from General Atomics, the
Lawrence Livermore National Labo-

ratory, the NorthroP-Grumman
Corporation, the Massachusetts In-
stitute of Technology, and the 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 superconduct-

ing tokamak to establish the scien-

tific and technological bases for an

attractive fusion reactor as a future
energy source. The primary research

objectives are to:

o Extend stability and perfor-
mance boundaries of tokamak
operation through active con-

trol of plasma profiles and

transport.

o Explore methods to achieve

steady-state operation for toka-

mak fusion reactors using non-
inductive current drive.

o Integrate optimized plasma per-

formance and continuous op-

eration as a step toward an at-

tractive 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 pro-
vide the foundations for an advanced

tokamak facility in the United States.

The KSTAR tokamak will fea-

tures: fully superconducting mag-

nets, long-pulse operation, flexible

pressure and current profile control,
flexible plasma shape and position
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corltrol, and advanced plasma pro-
file and control diagnostics.

KSTAR will play an impoltant
role in world-wide fusion research.

Its contributions will include:

Extending advanced tokamak
research to high-performance
and steady-state operaring re-

gimes;

Developing techniques for suc-

cessful steady-state physics op-
eration of the International
Thermonuclear Experimental
Reactor (ITER);

Providing advanced tokamak
physics which can be compared
with that of superconducting
stellarators and spherical toka-
maks;

Providing experience in large-

scale superconducting magnet
design, manufacture, and op-
eration;

Providing experience in high-
power neutlal-beam, micro-
wave and radio-frequency tech-

nologies;

Providing experience in state-

of-the-art plasma diagnostics
and controls and advanced
computational methods.

KSTARis a long-pulse (300 sec),

superconducting tokamak which
will be constructed in a new facility
at the Korea Basic Science Institute
and is scheduled For operation in
2003.

The machine configuration in-
cludes sixteen superconducting tor-
oidal-field coils and thirteen super-

conducting poloidal-field coils,
symmetrically located about the
plasma midplane. The seven inner
poloidal-field coils form the central

solenoid assembly. A cryostat en-

closes all of the superconducting

coils. The cryostat and vacuum ves-

sel form the vacuum boundary for
the superconducting toroidal-field
and poloidal-field coils. KSTAR is
not being designed for deuterium-
rritium operarion. Deuterium opera-

tion will be limited, eliminating the
need for remote maintenance. The
KSTAR machine parameters are pre-

sented in the accompanying table.

During FY97, the U.S. team was

responsible for a major part of the

tokamak design, including the train-
ing and mentoring of Korean scien-

tists and engineers. These Korean
personnel are forming the core of a

Kolean design and construction
group that will carry the primary
responsibility for the next phase of
the project.

During 1997 ,U.5. scientists par-
ticipated in two highly successful

international KSTAR meetings: the
Physics Validation Review in June
7997 and the Tokamak Systems

Engineering Review in early Decem-
ber 1997, both held inThejon, South
Korea. The team for the Physics Vali-
dation Review found, "that the
KSTAR machine rightly focuses on

areas which are crucial for develop-
ment of fusion reactors." The Toka-
mak Systems Engineering Review
team was equally positive, finding,
"the design presented provides an
adequate basis for proceeding with
a more detailed engineering design.
The design is sound in that it has

defi ned adequate spatial boundaries
for the major tokamak system com-
ponents, while satis$ring engineer-
ing design criteria appropriate for
this stage of design." In addition to
these rwo major reviews, rwo other
important project workshops were
held: the Design Definition'Work-
shop, held at PPPL in February
1997, and the Engineering \Work-

shop held in Thejon following the
completion of the Physics Validation
Review.

An Ancillary Systems Engineer-
ing Review will be held in the sum-
mer of 1 998. The U.S. team will play
a supporting role for this review, as-

sisting in the development of the
project cost and schedule estimates

and examining rhe documentation
developed by the Korean team for
the Review.

Toriodal Field (81)

Plasma Cunent (lo)

Major Radius (Ro)

Minor Radius (a)

Elongation (r)
Triangulority (6)

Poloidal Divertor Nulls

Pulse Length

Plasma Heating

Neutral Beam

lon Cyclotron
Lower Hybrid
Electron Cyclotron

Deuterium Operation

Number of Pulses

3.5 T

9.0 MA

1.8 m

0.5 m

2.0

0.8

I
20 sec

8MW
6MW

1.5 M\(
0.5 MW

20,000 seclyear

50,000

300 sec

94 MW
19 MW
4.5 M\)(/



he Princeton Plasma PhYs-

ics Laboratory's (PPPL) off-
site collaborations have

been targeted at addressing the high-

est-impact scientific issues by an in-
tegrated program of experimental
and theoretical work, utilizing the

remote facilities as resources for
multi-device studies. PPPL uses its

access to the leading remote facili-

ties to propose and conduct coordi-

nated experiments to acquire data

over a range of plasma sizes and con-

figurations. PPPL utilizes integrated

data analysis and theory codes to

process the combined data to in-
crease understanding beyond that
available on a single facility.

The PPPL collaborative off-site

tokamak research program takes as

its primary focus the development

of attractive reactor-prototypical
physics operating regimes. Comple-
mentarily, the collaborative pro-
grams on spherical tori and stel-

lrators focus on improved under-

standing of the physics of those

configurations, to provide a knowl-
edge base for developing attractive

plasma configurations.

The Alcator C-MOD tokamak at

the Massachusetts Institute ofTech-
nology (MIT) is the onlyhigh-mag-
netic-field compact tokamak in the

U.S. The C-MOD program is de-

voted to the study of the physics of
high-density, high-magnetic-field
fusion devices. In recent years, the

effort has concentrated on divertor

physics and experiments in suppol't

of the International Thermonuclear
Experimental Reactor (ITER) pro-

gram, especially the scaling of con-

finement and high-confinement
mode (H-mode) behavior.

PPPL is collaborating with MIT
to extend and exploit the physics

opportunities presented by C-
MOD. In FY97, principal areas of
activity included support for the ra-

dio-frequency (rf) heating and

divertor diagnostics. Unlike most

other tokamaks, ion-cyclotron ra-

dio-rrequency (ICRF) heating is the

sole auxiliary heating method used

on C-MOD.
A major effort in the rf area was

the transfer to MIT of two high-
power (2 M\7) variable-frequency
(40-80 MHz) rf amplifiers. Engi-

neering personnel from PPPL dis-

assembled units previously used on
the Tokamak Fusion Test Reactor
(TFTR) and assisted in the installa-

tion and check-out of the units at

MIT. The units were subsequently

operated on C-MOD in the Spring

of 1997. In addition, PPPL engi-

neering staff provided assistance to

MIT on the optimization and op-

eration of their original two rf am-

plifiers.
To exploit the higher power lev-

eis available on C-MOD, an addi-

tional ICRF antenna is being con-

structed by PPPL for installation on

C-MOD in the Spring of i998.
During FY97, the design of this an-

tenna was completed and construc-

tion begun.
Understanding the physics of the

divertor is a major goal of the C-

MOD program, both for full exploi-

tation of C-MODt capabilities and

for the crucial role a divertor plays

in a tokamak fusion reactor, such as

ITER. Princeton Plasma Physics

Laboratory personnel worked on

two divertor diagnostics in 1997 -
Fabry-Perot measurements of recy-

cling hydrogen and X-pointThom-
son scattering to measure the elec-

tron temperature in the divertor
region. The Fabry-Perot interferom-
eter was transferred from TFTR
while the Thomson scattering device



f.

I

was a new sysrem. The X-point sys-

tem is expected to become fully op-
erational in FY9B.
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PPPL staff participated in the
Doublet-Ill-D (DIII-D) tokamak
program at General Atomics (GA)
in research, operations, technical
support, and upgrades.

PPPL scientists participated in an
evaluation of proposed ICRF trans-
mission line reconfigurarions on
DIII-D. Each of these proposed con,
figurations is a "robust" system in the
sense that large transients in antenna
loading do not result in significant
amounts of reflected power at rhe
transmitter. After evaluating the con-
figurations, it was found that a

change in rhe arc detection sysrem
may make the configurarion nearly
optimum.

Because of the renewed interest in
arc detection, PPPL staff have inves-
tigated non-voltage standing wave
ratio based methods. Second har-
monic signals could have been used

as a reliable arc derection indicator
on TFTR as they were found only
during arcs, but earlier tests indicated
that this approach might not be as

reliable on DIII-D because of false

signals in the presence of edge local-
ized modes. New measurements of
both second harmonic and low-fre-
quency noise that could be generated
by an arc were made; it was discov-
ered that second harmonic signals

did indicate arcs on the antenna dur-
ing vacuum conditioning, but no
second harmonic signal was observed

during arcs in the pressurized trans-
mission line. The low-frequency sig-

nals were observed in both cases (5-

15 MHz band), however, similar
amplitude signals were also measured

during plasma operation. Narrower
band filters have been placed on volt-

age probes closer to the antenna to
continue these studies.

Parts have been machined for the
Asea Brown Boveri/EIMAC tube
adapter. The parts will be delivered
to PPPL in early FY9B, where they
will be fit checked to an EIMAC
tube. Then, they will be sent out ro
be plated. After the water circuits are

fabricated, the kits will be ready for
GA. Parts have been ordered and
received to finish the grid regulator
upgrade for the 30-50 MHz FMIT
(an arc source originally built for the
Fusion Materials Irradiation Test fa-
cility). These parts will be shipped
to GA for installation in early FY9B.

PPPL continues ro provide sup-
port for DIII-D data analysis codes.

The 4D code was upgraded for im-
proved printing. A new version of
the Doppler shift widget was in-
stalled and the EFIT code widget's
abiliry to read files was upgraded,
along with other improyemenrs.
PPPL also continues to provide sup-
port for the Shot Logger Program,

including instruction, problem solv-
ing, and development work on the
Time Series Analysis code.

The SPARRO\W code was im-
ported from PPPL for the visualiza-
tion and time series analysis of
magnetohydrodymanic (MHD) in-
stabilities and the study ofsawtooth
or modulated electron-cyclotron
heating pulses using electron-cyclo-
tron emission, soft X,ray or Mirnov
data. The code has been converted
to run on the UNIX-based Hewlett
Packard computers and to access

DIII-D raw data files. SPARRO\X/
has been upgraded to access raw
beam emission spectroscopy data,
and DIII-D time-series analysis has

been upgraded with a peak tracker
and the facility for graphing 3-D
perturbation profiles. SPARRO\7
can now be used on the X-terminals
in the DIII-D control room.

The SPARRO\7 code was used
to analyze a variery of electron-cy-
clotron emission and soft X-ray data
from modulated electron-cyclotron

)
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heating discharges for power depo-

sition and heat transport coeffi-
cients. The data suggests that the

power deposition is not strongly lo-

calized.

SPARRO\7 was also used to start

cataloging betalimit disruption pre-

cursors. The preliminary conclusion

is that L-mode (low-confinement
mode) edge negative central shear

beta-limit disruptions have similar
precursors to those seen in TFTR
enhanced-reverse-shear beta-limit
disruptions.

PPPL continues to provide engi-

neering support for the DIII-D
nonaxisymmetric feedback coil
project. A variery of options for feed-

back coil power supplies have been

investigated and design of the saddle

coil sensor loops to complement the
"C" coil has begun.

|i, ,lt, i.i, t,li .,i',li r ,:,1,,,t:

The international component of
PPPLs collaboration program grew

and changed inFYST,with a strong
growth expected in FY9B. The end-

ing of experiments on TFTR oc-

curred as the Joint European Torus

flET) in England was preparing for
its series of full deuterium-tritium
experiments. It became very clear

that the tokamaks with the most
high-power physics capability, JET
andJT:60U (inJapan), were abroad.

Managers of these devices welcomed

the opportunity to have PPPL staff
work on their physics programs.

Money and manpower availabil-

ity limited participation in smaller

tokamak programs in Europe. How-
ever, PPPL is now building the Na-
tional Spherical Torus Experiment
(NSTX) whose physics basis has

been greatly strengthened by results

from the SmallTight Aspect Ratio

Tokamak (START) device in En-
gland. Therefore, PPPL began col-
laboration on START experiments

at the end of the fiscal year. PPPL is

assisting in theory and diagnostic
development for the Large Helical
Device (LHD), a Japanese stellarator

which will begin operation in early

I 9 9 B. Princeton's involvement
comes as the result of the develop-

ing interest in building an innova-
tive compact stellarator at PPPL.

At the end of the yeaq the U.S.

Department of Energy appointed a

\Working Group on International
Collaborations which will hopefully
result in clear goals for international
collaborations and a cohesive pro-
gram involving people from various

U.S. facilities.
In the area of burning plasma and

fast-ion physics, the major informa-
tion comes from experiments on

JET.IET's series of full deuterium-
tritium experiments lasted longer
than planned and was beginning to
achieve high-power performance at

the end of the fiscal year. PPPL
physicists, using TFTR's 14-MeV
neutron generator, contributed sig-

nificantly to the calibration of JET
neutron diagnostics and helped pre-

pare them for the experimental run.

JETt neutron activation system is

similar to TFTR's and key to assur-

ing that the calibration of other de-

tectors is maintained. The system

was operated through the experi-

mental run period.
PPPL physicists studied JET's

fast-ion and alpha-particle-induced
instabilities (TAE modes), both
theoretically and experimentally.
Laboratory research staff also partici-
pated in the first determination of
TAE instabilities caused by the nega-

tive-ion neutral beam on JT-60U.

Proposed
(40 kA-turns)

C-coil
(20 kA-turns)

Proposed
(40 kA-turns)

Flux Sensor Loops
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The plasma conditions were delib-
erately set, making use of PPPL
theoretical projections and experi-
ence in driving and damping such
modes in TFTR. During FY97,IT-
60U's high-energy negative-ion neu-

tral beam underwent commission-
ing, and PPPL staff worked with
JT-60U scientists to understand the

ion optics to insure specified perfor-
mance.

The recent exciting results that
indicate substantially improved
plasma performance in reversed
shear discharges, detailed measure-

ments of transport barriers, and the

influence of E x B shear on TFTR
led to PPPLs interest in supporting
the core confinement programs of
JET and JT:60U, including a mo-
tional Stark effect system for mea-

suring the poloidal magnetic field
inside the plasma forJET and a cor-
relation reflectometer for the mea-

surement of density fluctuations in
the plasma core for JT-50U. IPPPL
has also assisted Tore Supra (in
France) in preparing their new mo-
tional Stark effect system.] These
diagnostics will come on-line in
FY9B, but there has already been

participation in physics studies of
JT-60U's high-beta operation. The
interpretation of performance has

been greatly helped by the use of the
transport code, TRANSf; developed

at PPPL and being applied now to

JET plasmas as well. The most im-
portant aspect in the development
of the code this year has been the

incorporation of modules to handle
rf-accelerated ions, an activity in
which PPPL has been assisted by the
TEXTOR group in Germany.

A novel X-ray crystal spectrom-
eter system has been used on the
TEXTOR device; other diagnostics
have been developed as part ofPPPL

participation on experiments. PPPL
staff have built interface hardware
for the electron-cyclotron emission
diagnostics for the LHD. One physi-
cist is making measurements of es-

caping fast ions on the Compact
Helical System (CHS) stellarator in

Japan, while developing designs for
similar detectors for LHD. There has

been a continued collaboration on
MHD codes and application with
the LHD team.

There has been some PPPL par-
ticipation in experiments and con-
siderable analysis ofphysics issues for
spherical tokamaks with the START
team in England. It is hoped that this
collaboration will evolve as both the
larger devices, NSTX and Mega
Amp Spherical Tokamak or MAST
(at Culham), become operational.

An important aspect of making
these collaborations more effective
has been the setting up of a modest
off-site control room at PPPL with
computers and video-link systems to
relate with the operating devices and
their experimental teams. \fhile this
is presently most effective for col-
laborations within the U.S., it is in-
tended to provide experience rel-
evant to a future ITER-like interna-
tional device.

Discussions were initiated with
the tritium group of the Japan
Atomic Energy Research Institute.
PPPL is offering to provide them
with expertise required for work in
the deuterium-tritium operational
environment. This collaboration is

expected to start in FY9B.

(itre ut'tit of the tnotiorri:rl fli.orl< ctflc<:i: array cliagnostic systr:rl for rneasuring the poloidal
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41he Engineering and Techni-

I cal lnfrastructure DePart-

I ment is responsible ibr man-

aging the Princeton Plasma Physics

Laboratoryt (PPPL) engineering re-

sources. The Department is organized

functionally and includes the Me-

chanical Engineering Division; the

Electrical Engineering Division; the

Computer Engineering Division; and

the Fabrication, Operation and Main-

tenance Division. In addition to pro-

viding engineering resources and sup-

pora ,o the LaboratorY's research

endeavors, the Department is respon-

sible for the technological infrastruc-

ture that supports the experiments, as

well as the caretaking of PPPLs D-Site

and lfuture] decontamination and de-

commissioning of the Tokamak Fu-

sion Test Reactor (TFTR).

Tol<amak Fusion Test Reactor
In April 1997, the TFTR com-

pleted its final operating period brfng-

irrg to .lot. a highly successful phase

of ,.r."r.h in Plasma science. The

TFTR produced more than 65,000

high-power plasmas during its nearly

1i-y"ar lifetime, acquiring and

archiving about 4 terabytes ofdata for

scientific analysis' At maximum lev-

els of instrumentation, more than 200

megabytes of data were acquired in a

12-minute period for a single pulse'

More than 1,000 deuterium-tritium

experimental discharges and more

than 23,000 deuterium-deuterium
discharges were carried out in the last

four years of oPeration, Producing
record breaking plasmas of more than

10 M\7 of fusion Power, During this

time, TFTR technical systems rou-

tinely operated at or beyond the origi-

nal design criteria, maintaining an

impressive machine availability of
g.."t.t than 85o/o. On the final night

of op.ratiotts, a plasma with a record

7 .7 MJ of stored energy was attained'

The TFTR systems safelY Processed

more than 950 kci of tritium within

the constraints of a 50 kci site limit
anda25 kCi machine limit. TheTri-

tium Purification System processed

more than 50 kci of recovered tritium

at greater than 98% purity, sending it
b"ck to the Tiritium Storage and De-

livery System U-Beds for reuse in

TFTR experiments.

For the final oPerating camPaign,

an antenna designed to direct launch

ion-Bernstein waves for control of the

plasma density profile was installed

and fed by wo of the existing radio-

frequency sources redesigned to op-

etate at both 76 and 50.7 MHz at

power levels of uP to 3 M\(4 Two new

iorlr-r,r*p antennas were installed to

provide the capability of launching

toroidally directed waves for current

drive and for studying the possibiliry

of "channeling" alpha-particle energy

to the fuel ions in deuterium-tritium

plasmas. A Poloidal Rotation Diag-

nostic was installed and the existing

Motional Stark Effect Diagnostic was

upgraded with enhanced in-vessel

opii.t,o improve the signal-to-back-

ground ratio. The DOLLOP (DePo-

sition of Lithium byLaser Outside the

Plasma) was installed to Provide, a

method of aggressively depositing

lithium on the limiter.
Upon conclusion of the exPerimen-

tal program, TFTR equiPment was

,htrido*tt and safed in preparation for

caretaking and/or removal'

National SPherical
Torus Experiment

Engineering analyses, manufactur-

ing R&D, and design drafting of the

key hardware comPonents of the Na-

tional Spherical Torus Experiment
(NSTX) were Performed in PrePara-

tion for the final design reviews. These

components included the magnet sys-

tems, vacuum vessel, and plasma-fac-

ing components. The reviews were

completed on schedule, Permitting
the placement of long lead-time con-

tracts for the magnets' copper, and the



insulation materials. The first receipt
of copper and insulation was in mid-
summer 1997 . Delivery of the cenrer
stack magnets and the beginning of
assembly operations are scheduled for
the first quarter of calendar year I 998.

The U.S. HomeTeam engineering
activities for the Korean Supercon-
ducting Tokamak Advanced Research
(KSTAR) Project centered around
experimental device cor-rfiguration,
engir-reering of superconducring mag-
nets, and plasma facing components
and vacuum vessel design. This work
provided input to a Design Point
Definition \Torkshop held at PPPL in
Febluary 1997 atwhich time the mis-
sion, research objectives, machine pa-
rameters, and machine configuration
were fixed. A Physics Validation Re-
view was held in June to esrablish the
physics design and general require-
ments; these were then tlanslated into
engineering requiremenrs in a Gen-
eral Requirements Document.

The Department contributed to
the International Thermonuclear Ex-
perimental Reactor (ITER) seg-
mented solenoid study which con-
cluded in the first quarter of FY97.
Electromagnetic analyses were per-
formed in support of the first wali and
divertor designs using borh the PPPL-
developed SPARK program and com-
mercial finite element codes. The
vacuum vessel field welded joints were

analyzed, taking into considerarion
fabrication tolerances and design code

considerations. A feasibility study of
ferromagnetic inserts for ripple reduc-
tion was performed. A cooling scheme
for the metroiogy laser sensor was de-
signed and anaiyzed. Reference dis-
charge simulations were completed
using the Tokamak Simulations Code.

Reversed shear discharge simulations
were completed and modern control-
ler simulations were performed.

PPPL participated in the develop-
ment of a design poinr for a steliarator.
An in-house compurer code for gen-
erating quasi-axisymmetric confi gura-
tions was developed, and optimization
and stability codes were employed.
These codes were used to evaluate con-
figurations that have a high stability
beta limit and a desirable rotational
transform profi le. Quasi-axisymmerric
configurations have been developed
with varying amounts of external ro-
tational transform that show the bal-
looning mode stable to beta values in
excess of 5%o.

Five workstations utilizing Digital
Equipment Corporationk 5 00-lvlHz
Alpha processors and high-end video
cards running under\Tindows NT, as

well as three packages of Parametric

Technologyt "Pro Engineer" sofrware,
were installed. These provide a com-
mon computer-aided design platform
with many of our collaborators and
improve our ability to do concurrenr
engineering which will increase the
efficiency of the design and analysis
process.

In an effort to enhance PPPL re-
mote collaboration capabilities, a Re-
mote Collaborarion Center was con-
figured with severai x-terminals and
workstations and fixed graphics units
for displaying data from remore ex-
periments. The room is capable of
videoconferencing using several types
of network-based tools (MBONE,
Cu-SeeMe, Quicktirne conferencing),
as well as an iSDN-based system. The
room has been used ro follow the
Doublet III-D, Alcator Mod-C, and

Japanese Tokamak-60U experiments.
To provide researchers with better
quality access to remore meerings,
MBONE capability was made avail-
able on most PPPL nerworks.
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radiation generation by energetic

electrons interacting with applied

magnetic field structures, including
free electron lasers, cyclotron masers,

and magnetrons; intense nonneutral

electron and ion flow in high-volt-
age diodes; investigation of nonlin-

ear collective processes and chaotic

particle dynamics in high intensity

charged particle beams proPagating

in periodic-focusing accelerators,

such as those envisioned for heavY

ion fusion, tritium production, and

spallation neutron sources; and the

measurement of background neutral

pressure and electron collision cross

sections with neutral atoms and

molecules.
Experimental research on non-

neutral plasmas at the Princeton
Plasma Physics Laboratory is carried

out in a Malmberg-Penning traP.

The experimental apparatus in
shown in Figure 1. The Pure elec-

tron plasma is contained in cylindri-
cal geometry, with a uniform, static

axial magnetic field providing radial

confinement, and applied potentials

on the electrically isolated end cyl-

inders providing axial confinement.

The source of electrons is a directly

heated spiral of tungsten wire. BY

varying the bias on the filament,the

size and density of the plasma can

be controlled. The plasma column

rotates because the radial electric

field due to space-charge effects gives

an E x B drift in the azimuthal di-
rection.

Single-species nonneutral plasmas

have very robust confinement proP-

erties because the conservation of
total canonical angular momentum

provides a powerful constraint con-

dition on the allowed radial Posi-
tions of the particles. If no external

torques act on the plasma, the

plasma cannot expand radially to the

nonneutral plasma is a

many-body collection of
charged particles in which

there is not overall charge neutral-

iry. Such systems are characterized

by intense self-electric fields and, in

high-current configurations, by in-

tense self-magnetic fields' Non-
neutral plasmas, like electrically neu-

tral plasmas, exhibit a broad range

of collective properties, such as

plasma waves, instabilities, and

Debye shielding. Moreover, the in-

tense self fields in a nonneutral
plasma can have a large influence on

detailed plasma equilibrium, stabil-

ity, and confinement properties, as

well as on the nonlinear dynamics

of the system.

The many practical applications

of nonneutral plasmas include: im-

proved atomic clocks; the develoP-

ment of positron and antiproton ion

sources; coherent electromagnetic



wall. Internal interactions among the
particles will then drive the plasma
toward a confined thermal equilib-
rium state.

However, a background neutral
gas will exert a torque on the rotat-
ing electron plasma thus allowing
the plasma to expand radially. This
forms the basis of current thesis re-

search by a Princeton graduate stu-
dent who is investigating the use of
pure electron plasma as a pressure-

sensing medium due to electron-
neutral collisional transport and
collective excitations. Typical experi-
mental data is illustrated in Figure 2
where the increase in mean-square

radius <r2> of the plasma column is

plotted versus time t for confining
magnetic field B = 108 G and elec-

tron line density N" = 2.8 x 107

cm-l, and a background neutral
pressure of 5 x 10-9 Torr.
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This research was supported by
an Office of Naval Research grant.
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o insure the transfer oftech-
nology to the Private sector'

the Princeton Plasma PhYs-

ics Laboratory (PPPL) continually

seeks industrial and academic part-

ners for research and develoPment

projects. These collaborations, pri-

-"iity Cooperative Research and

Development Agreements or

CRADAs, involve aPPlications of
technologies relating to fusion and

plasma sciences and their support-

ing disciplines.
CRADAs enable LaboratorY re-

searchers and their partners to work

on projects of mutual interest' Costs

"r-td 
,.r.rlt, maY be shared bY the

participants. Since PPPL is funded

ty the U.S. DePartment of E'nergY,

the LaboratorY may oniY enter into

CRADAs relating to DOE-funded
research.

In addition to CRADAs' other

technology transfer mechanisms are

available to PPPL researchers, in-

cluding \Work-for-Others, Employee

Exchanges, and Licensing ofInven-

tions and Technologies. In \Work-

for-Others, industrY PaYs for work

performed at PPPL, while in the
'E-ploy.. 

Exchanges, researchers

from industry assume a work assign--

ment at the Laboratory or PPPL staff

work in the industrial setting'

The following Projects were un-

derway during FY97.

The American Textile PartnershiP

(AMTEX) is a multi-laboratorY
Master CRADA that sPans the en-

tire U.S. textile industrY. AMTE'X

has a number of subtasks, including

the On-line Process Control Project

(OPCon). PPPL is collaborating
with Dupont, BASF, Camac Cook-

son, \7eilman, and Hoechst-Cela-

nese, through the Princeton Textile

Research Institute, to develoP a

noncontact diagnostic instrument

for use by U.S. synthetic fiber manu-

facturers to assure that their fibers

conform to the required sPecifica-

tions. Noncontact measurements

must be made on the Production
line, in real time. PPPL had com-

pleted the second year ofthis effort

with demonstration measulements

made at the facilities of several in-

dustrial partners' when the Program
*a, ,urp.nded because of funding

limitations. in FY97, PPPL restarted

the project. During FY9B, a com-

-...i"i prototyPe of the On-line
Process Control System will be con-

structed.

This CRADA, with Drexel Uni-

versity's Center for the Plasma Pro-

cessing of Materials (Philadelphia'

PA) and PlasmaTechnologY, Inc', a

small business in Santa Fe, NM,
addressed the technical feasibiliry of
using an induction-coupled plasma

torch to synthesize ozone at atmo-

spheric pressure. Ozone concentra-

tions up to about 250 PPm were

prodtt..d using a thermal Plasma
,.".ro, system based on an induc-

tion-coupled plasma torch operating

at 2,5 MHz and aPProximatelY 11

kVA, with an argon/oxYgen mixture

as the plasma-forming gas' The

ozone concentration in the reaction

chamber was measured bY Fourier

transform infrared spectroscopy for

a variety of experimental configura-

tions. A gaseous oxygen quench

formed the ozone bY raPid mixing

of molecular oxygen with atomic

oxygen produced bY the Plasma' The

q.oil.rry olthe qtrench gas flow the

!u"n.h flow velocitY, and the

qn.ttch flow rate PlaY dominant
roles in determining the ozone con-

centration. It was shown that the

ozone concentration is sensitive to

the radio-frequency power' but in-

sensitive to the torch gas flow rates'



These observations are interpreted
within the framework of a simple
model for ozone production synthe-
sis.

Radiation Seiences, lnc.
The objective of this Small Busi-

ness Innovative Research CRADA
was to develop the technology for
bending large crystals for use in
double focusing X-ray spectrometers
and similar instruments requiring
high spectral and spatial resolution
simultaneously. To do this, PPPL
researchers and Radiation Sciences

personnel built a protorype of a new
class of radiation resistant X-ray
spectrometers for use on fusion ex-
periments having high plasma tem-
peratures and large fluxes of neu-
trons.

The first phase of the program
used engineering analysis tech-
niques, including finite element
analysis ofthe crystal stresses, ro as-

certain that the scientific require-
ments of the spectrometer could be
achieved. In the second phase, an
accurately scaled down "breadboard"
crystal bending fixture was con-
structed to bend the crystal. The
optical properties ofthe crystal sur-
face using visible-light interferomet-
ric techniques were evaluated. In
FY9B, this will be followed by mea-
suring the focusing properries of the
bent crystal at X-ray wavelengths. If
Radiation Sciences wins a Phase II
Small Business Innovative Research
grant, the plan is to build a full-scale
crystal X-ray spectrometer using a

quartz crystal.

Korean Basic
Sciences lnstitute

InFY97, PPPL entered into a li-
censing agreement with the Korean

Basic Sciences Institute for the use

of the SPARK engineering analysis
code, developed by PPPL for use on
tokamak design. In return for the use

of the code, the Korean Basic Sci-
ences Institute supported the devel-
opment of increased capabilities and
enhancements of the code. PPPL
technology is licensed through
Princeton University's Office of Re-
search and Project Administration.

Work- For-Others Projects
The following \Work-For-Others

project was underway inFY97.
Scaling Lauts for Hall Thrusters:

This project, performed for the Air
Force Office of Scientific Research,
involves the development of a theo-
retical basis for the operation of
plasma thrusters which could be
used to stabilize and orient rockets
and for long distance propulsion.

The following \7ork-For-Others
projects are larger programs warrant-
ing their own sections in the Annual
Highlights Report.

The Magnetic Reconnection Ex-
perimenr (MRX) is a basic plasma
physics research facility used to
study the physics of magnetic
reconnectisn-1hs topological
breaking and reconnection ofmag-
netic field lines in plasmas. Scien-
tists hope to understand the gov-
erning principles of this important
plasma physics process and gain a

basic understanding of how it af-
fects plasma characteristics such as

confinement and heating. The re-
sults of these experiments will have
relevance to solar physics, astro-
physics, magnetospheric physics,
and fusion energy research. This
project receiyes support from the
National Science Foundation, the
National Aeronautics and Space

Administration, the Office ofNaval
Research, as well as the U.S. DOE.

For the Korean Superconducting
Tbkamak Aduanced Research project
(KSTAR), PPPL is coordinating a
U.S. team to support the design of
the KSTAR device. KSTAR is the
flagship project of the Korean Na-
tional Fusion Program that was
launched officially in January,
1996. The KSTAR device will be
built at the National Fusion R&D
Center at the Korean Basic Science
Institute in Taejon, Republic oF
Korea.

For Space Plasma Physics research,

PPPL has two grants from the Na-
tional Science Foundation. The
study of Kinetic Effects on MHD
Phenomena in the Magnetosphere
deals with theory and data analysis
related to kinetic effects on MHD
phenomena in the magnetosphere.
'When MHD activities are strongly
affected by particle kinetic effects,
they are referred to as kinetic-MHD
phenomena. These studies are being
performed with realistic anisotropic
plasma pressure, magnetospheric
equilibria, and realistic particle dis-
tribution functions. Simulation
Study of the Formation of Solar
Prominences and the Eruption of
Solar Magnetic Fields includes the
study ofthe physical processes asso-

ciated with solar prominences and
eruption of solar magnetic fields on
the basis of computer simulations
and mathematical theories.

In the study of Nonneutral Plas-
mds, the Experimental and Theoreti-
cal Studies of Nonneutral Plasmas

project, funded by the Office ofNa-
val Research, researches critical prob-
lem areas related to the equilibrium,
stabiliry and nonlinear properties of
nonneutral plasmas.
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. he Princeton Plasrna Phys-

ics l.aboratory, (PPPL) suP-

ports grac{uate education

through the Progran-r in Plasma

Physics ir"r rhe Departrnent ofAstro-
physical Sciences of Priucetotr Uni-
versity,. Students are admitted di-
rectly to the Program and are granted

degi'ees through the Departmeut ol
Astrophvsical Sciences. With rnole

rhan 181 graduates since 1959, the

Prograin has had a significant im-
pact on the field of plasma physics,

providing many of todayt leaclers ir"r

the fiele1 of plasma resc:trch and tech-

nologv in acadernic, it-rdustrial, ancl

government instittttions.
Both basic physl.t and applica-

tions are emphasizecl in the Proglam.

There are oppoltllnities for research

projects in the physics of the verl'

hot pl:rsmas Irecessary ltol controlled
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fusion, as well as for projects in so-

lar, nagnetospheric and iorrospheric

physics, plasma ptocessing, plasma

devices, nonnelrtl'al prlasmas, lasers,

n-raterials research, and in othel
ernerging areas of plasma physics.

At the beginning o{: FY97, there

were 42 graduate students in resi-

dence in the Plogram in Plasma

Physics, holding arnon€i them one

Department of Energy Magnetic
Fusion Scieirce Feilorvship, one

Princeton/Hertz Feilowship, tu'o

National Science Foundation Fel-

lowships, one l)epartr-nent of De-

fense Natior-ral l)eftr'rse Science and

Engincering (lraduate Feliowship,

one Natiot'url Aeronautics :lnd Space

Acln-rinistration (lraduate Student

Resealchers Prograrn Feliorvship,

and one Princeton UniversiD, L{on-

orific Felloi,vship.

Daniel Clark

Ronold Stowell

Susan Sujono

Sorin Zaharia

Dartmouth College

Cal rfornio Institute of Technology

Massachusatts Institute of Technology

University of Bucharest

Physics and Enginearing Science

Physics and APPIied Math

Physics

Physics



Four new students were admitted
in FY97, one from lndonesia, one
frorn Romania, and two fi'om the
U.S. Four students graduated in
FY97. Two received postdoctoral
positions, one at the University of
Califomia at Los Angeles and the
other at the Los Alarnos National
Labor:atory. One of these graduates
won a prestigiolls postdoctofal re-
search fellowship from the Depart-
ment of Energy. Two gradr-rates took
positions in private indusrry, one at
Comrnunicarions and Power Indr-rs-

tries in Califolnia and the other at
Sanwa Securities in New York.

Three awards were given ollt rhis
year, one to Mr:. Yang Chen, a fifth-
year graduate student, who r,von the
Princeton University Ray Gr:imm
Mernorial Prize in Cornputational
Physics given to a graduate srudent
of outst:rnding research achieve-
rrrents, academic merit, and creativ-
ity in the area of computational
physics. Mr. Dmitri Uzdensky, aiso
a fifth-year gracluate srudent, won
tire Princeron University Charlotte
Elizabedr Proctor Honorifi c Fellow-
ship for scholarly excellence, and Mr.
Hong Qin, a fifrh year srudenr, won
a \Tolfram Corporation Mathe-
matica Visiting Scholar Grant.

Stei.ihem it. Celuffnlan
Thesls'

Advisor'
Employment:

[ien.f alllim l].{-,;. CIian{!nt0t

Thesis,

Advisor:
Employment:

trl,l'l- ii, ir,l(:litlltlilt Li

Thesis,

Advisor,
Employment,

Flrst-ycar gra<Ju-

ate students in
the Program in
Plasrno Physics in
1997, From left-
to-right are Sorin
Zaharia, Ronald
Stowell, Daniel
Clarl<. Susan 5u-
jono also a mem-
be r of the first-
year class is not
picture d.

. i i iLlr,

lon Cyclotron Emission from Fusion Plasmas

Richord Majeski
Communications and Power lndustries, CA

Nonlinear Turbulent Dynomos and the Origin
of the Galactic Magnetic Field

Russell Kulsrud

University of California, Los Angeles, CA

Anomalous Loss of DT Alpha Particles in the TFTR

Stewart Zwelxn
Los Alamos Notional Laboratory NM

lnteraction befween Energetic Particles and SaMooth
lnstabilities in Tokamak Plasmas

Roscoe White
Sanwa Securities, NY

Thesis,

Advisor,
Employment:

llong i-iin (lefl), o fifth-yaar gradLretta stuclcnl., received a Wolfrarn
Corproration Mothe rlatica Visiting Scholar Cirant; Dmitri uzclensl<y
(tnidclle), fi1'th-year Sracluote student, was awercJecJ the Princeton
l..lnive rsity Charlotl.e Elizabeth l)roctc-:r Grardueta Schc,rol l=lonorij'ic t:al-
lcrwshi6r; ancJ Yang Chen, ;rlso a fi1'tlr-ye<rr llracJrrale :;tuclent rer:e.ivec)
thc l)rin..relon Llniversit.y Ray Grirnrn Mernorial Prize- it Computational
l)lrysir-s.
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he Princeton Plasma Phys-

ics Laboratoryt (PPPL) Sci-

ence Education Program

continued to build on its past suc-

cesses during fiscal year 1997 .lnad'
dition to continuing the Programt

history of offering long-term pro-

grams to teachers, students, and the

community at-large, a number of
new and creative initiatives were

launched.

The PPPL Science Education
Program continued the Princeton

Research Enrichment Program
(PREP), a residential scientific en-

richment experience for talented

-

high school students started in1995.
The goals of the six-week Princeton

Research Er-rrichment Program are to

build seliesteern, sharpen academic

skills, and expose talented students

to a scientific work environment.
The main features of PREP include

career explorations in science and

engineering, scientific enrichment

using real-world problems to teach

scientific content, and hands-on re-

search as part ofa team ofscientists,

engineers, and technicians. PREP is

part of PPPLs enhanced outreach

efforts.
In 1997, PREP focused on stu-

dents in the Union City (New Jer-
sey) Summer Scholars Program'

Seven students were selected to

,,li,ji tr'iijlj r.iiitt,l i,,lr ':i ,t'illi r;ir t, ll)'r,,'titiitrrl rl, :,rl',ri',rilL i "irilirlr'l)r l'r'i' iirrl;L
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participate, including one student
from Tlenton Central High School.
(See the Thble below for a listing of
the participants and their projects.)
The PPPL Science Education Pro-
gram and individual menrors re-
ceived a City Citation by the Mayor
and Board of Commissioners of
Union City for their contributions
and support of the Summer Schol-
ars Program.

PPPL also participated in the Lib-
erry Science Center's Partners in Sci-
ence Program. The program pro-
vides scientific internships to high
school students. One student, Mark
Ferraris of $7est Orange High
School, worked at PPPL during the
summer with Charles Neumeyer.

PPPL continued its commitment
to provide volunteer internships to
students attending local area high
schools. In 1997, volunteer intern-
ships were awarded to studenrs ar-
tending the Hun School of Prince-
ton and Hopewell Valley Central
High School.

1997 marked the first year the
Science Education Office ar PPPL
sponsored a team to participate in
FIRST (For Inspiration and Recog-
nition of Science and Technology),
a national creative engineering con-

iri'1i1lii,1i9

test. The program gives students the
opportuniry to discover the impor-
tant connection between the class-

room and real world applications.
The 1997 team, comprised of
Hopewell Valley Central High
School students and PPPL engi-
neers, designed, constructed, and
tested a championship robot. The
Team competed in the Johnson &
Johnson Regional Competition held
at Rutgers University.

(icx 
ir ntiir lrr I nlfr i.y Par ii:ne";rshi 6l

It )<rvr,: llcl ll.r I rl et llt
PPPL Science Education is col-

laborating with colleges and univer-
sities as well as communiry and in-
dustry-based programs, such as the
National Science Research Council,
the Invention Factory, Bristol Myers
Squibb, the Science Alliance, Bridges

to the Future, and others in science
education reform efforts.

In 7997, PPPL received an award
from the New Jersey Association of
Partners in Education and the New

Jersey Association of School Admin-
istrators. The award acknowledges
the the Laboratoryt outstanding ef-
forts in the area of School Partner-
ship Programs through the project
"Building Bridges to the Furure."

Through programs such as the
Sigma-X Science Advisors program,
PPPL scientists are continuing to
work with teachers and students to
enrich science curriculum and en-

gage students in inquiry-based sci-
ence experiments.

[rr.rsielrr Or r"[r'eaa:['l ['{"foriis
The Science Education Program

was responsible for planning the
1997 Science Teachers Day and the
Plasma Sciences Expo activities held
in conjunction with the annual
meeting of the American Physical
Socieryt Division of Plasma Phys-
ics. In addition to workshops and
presentations, several PPPL scientists

took the opportuniry to share their
work and ideas with teachers and
students.

I lrtel'aletive Plasrria f]hysies
Eejucational [:xg:erienee

The Interactive Plasma Physics

Educational Experience (IPPEX)
(http://ippex.pppl.gov/ippex/) was

designed by a PPPL team from the
Physics, Computer, and Science
Education divisions to provide
internet-based physics curriculum
modules for middle and high school
students on the \forld \fide \feb.

l{anrte:

.iuan Calles

Jazlyn Caruajal

Eliezer Gewacio

Sachin Patel

Adrinne Vassell

Adalberto Yazquez

f.flrgi'r Sahool

Emerson High School

Emerson High School

Emerson High School

Emerson High School

Trenton Central
High School

Union Hill High School

AAentor

Andrew Post-Zwicker

Carl Szathmary

George Labik

Charles Gentile

Robert Ellis

Carol Phillips/
Patti Wieser

Andrew Post-Zwicker

Projeet

Global Climate Model ing Development

Tritium Testing at REML

Magnetic Reconnection Experiment

Data Analysis on TFTR Tritium Usage

and Design of the Tritium Monitor

Thermal Anolysis of ITER Metrology
Probe Mast

Editorial and lnformation Services

Da Jin \(ang Union Hill High School IPPEX Development
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Nathanial Hick

Christopher Holland

Kenji Kadota

Yeong S. Loh

Theng H, Lok

MihailM. Milkov

David J. Strozzi

Kolo Wamba

Kim-Ee Yeoh

Vitaliy Ziskin

Hamilton College

Swarthmore College

CiV College of the CiV
University of New York

\(ash ington State Universify

Johns Hopkins University

Ohio State University

Harvard University

University of Texas at Austin

Angelo State University

Princeton University

Columbia University

Hamilton College

SUNY at Stony Brook

UniversiV of \?isconsin

Massachusetts lnstitute of Technology

Lawrence Livermore Nationa I

Laboratory

General Atomics

General Atomics

General Atomics

General Atomics

Princeton Plasma Physics Laboratory

University of California at Los Angeles

University of Texas at Austin

Caltech

Massachusetts lnstitute of Technology

Princeton Plasma Physics Laboratory

Dr. Robert Pinsker

Dr. Rajesh Manji

Professor C. Craig Petty

ProfessorTodd Evans

Dr. Masaaki Yamada

Dr. Francis F. Chen

Dr, \Tendell Horton

Professor Paul M. Bellan

Professor Peter J. Catto

Dr. Hantao Ji

MentorSchool Research LocationName

Mary B. Dias

James A. Gill

AtulGupta

Professor Daniel J. Den Hartog

P r of essor J eff r ey F r ei db er g

Dr.FredV. Hart€mann

Participants in the 1997 National Undergraduate Fellowship Program
in Plasma Physics and Fusion Engineering.

In the fall of 1997,IPPEXwas cited

for its excellence on five web sites,

including those of New Scientist
magazine and the Exploratorium
museum.

The "Virtual Tokamak," an

IPPEX section created by PPPLs

Daren Stoder, was chosen as one of
the top 25 percent web applets by

JARS, the JAVA Review Service.

W\nf Associates, an Internet de-

velopment company, voted IPPEX
one of the top ten science sites on

the web. Finally, the Yahooligans
Directory on the Internet cited
IPPEX as its only "cool" physics site

under "Top Science and Oddities:
Physics."

In addition to being noted at vari-

ous web sites, IPPEX was featured

in the \X/NET (Channel 13, New
York) program, "The Internet in
Action-Real Time and Remote

Visits," where tenth graders at the
Bronx High School of Science used

it in their physics classes.

NationalTeacher
Enhancement Project

Fiscal year 1997 marked the final
year of the three-year teacher insti-
tute funded by the National Science

Foundation and the U.S. Depart-
ment of Energy. The institute is de-

signed for science and mathematics

teachers of grades 6-8 and features

an integrated mathematics, science,

and technology curriculum, as well
as assessment techniques and lead-

ership skills.
The third year concentrated on

energy and its effects on the envi-
ronment. Teachers were introduced
to systems dynamics for use in the
classroom. They used the mini-Cli-
mate Assessment Model to investi-

gate different global energy con-
sumption scenarios and their envi-
ronmental implications. To better

understand fossil fuels, teachers
studied historical geology and fossil

formation, and visited a coal mine
in Scranton, Pennsylvania.

As a result of research experience

gained in the project, teachers are

better able to design experiments,

analyze data, and draw meaningful
conclusions, and are engaging their
students in these activities more ef-

fectively and more frequently. Par-

ticipants are demonstrating in-
creased leadership in their schools

and districts by conducting work-
shops for other teachers, serving on

district curriculum committees, or-
ganizing science-related events for
smdents and parents, and serving as

a science resources for other teach-

ers and administrators.
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The Trenton Partnership was be-

gun in November 1990, when it
became apparent that a "band-aid"

approach to working with students
in the districtwould not be sufficient
to foster true improvement in their
performance in math and science.
Since that time, the Science Educa-
tion Program at PPPL has worked
closely with the district, focusing on
key elements of systemic reform.
During fiscal year 1997, the focus
of the Partnership was on the imple-
mentation of inquiry-based curricu-
Ium using science kits in grades K-8.
By the end of 1997, more than 500
teachers had been trained in the use

of the kits. Through the efforts of
PPPL, funding was secured from
Bristol Myers Squibb to maintain
and refurbish the kits.

Other regional and community
stakeholders have become involved
in the effort to improve math and
science performance in the District.

In addition to Bristol Myers Squibb,
the participating organizations are

Princeton Universiry, The College of
New Jersey, Mercer County Com-
muniry College, the Invention Fac-

tory Science Center, Sigma Xi Sci-
ence Advisors Program, the Bridges
to the Future Partnership, The Edu-
cation Fund ofThenton, Inc., Com-
munity Partners for Thenton Youth,
Princeton Center for Leadership
Tiaining, and the IASA (Improving
America's Schools Act) Advisory
Council of the Trenton Public
Schools.

Through the Partnership, the
work of these organizations has

evolved into a web of coherent,
mutually supportive efforts with a

common vision that provide signifi-
cant leveraging of resources.

ll ll m t,ilr:rr'f I irrI ei ul cl te: [Qe:;ea r"c I I

Prolgl'onlls
The U.S. Department of Energy

Office of Fusion Energyk Sciences

National Undergraduate Fellowship
Program in Plasma Physics and Fu-
sion Engineering was held again
during the summer of 1997. The
program offered additional topics
and new lecturers in its highly re-
garded week-long introductory
course in plasma physics. This year's

program hosted thirteen under-
graduates from rwelve different col-
leges and universities throughout the
United States (see Ta6le page 52).

PPPL also hosted seven srudenrs
from Historically Black Colleges and
Universities, \7omen's Colleges, and
Hispanic Serving institutions as part
of an undergraduate research oppor-
tunity program started in 1995.

Undergraduate students from
both programs had an opportunity
to join members of the American
Physical Sociery Division of Plasma
Physics in presenting the results of
their summer research at the Annual
Meeting held in Pittsburgh, Penn-
sylvania in November, L997.
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lndividual Honors

\X/ilbert Barlow
Civility Month Honoree

Princeton University

Peter Bonanos
Distinguished Engineering Fellow

Princeton Plasma Physics Laboratory

Mary Ann Brown
Spirit of Caring Award

United \Way

Charles Bush
Civility Month Honoree

Princeton University

Yang Chen
Ray Grimm Memorial Prize

in Computational Physics

Princeton University

John Clark
Civility Month Honoree

Princeton University

Steve Green
Civility Month Honoree

Princeton Universiry

Linda Harmon
Civiliry Month Honoree

Princeton University

Richard Hawryluk
Kaul Foundation Prize

for Excellence in Plasma Physics

and Technology Development
Princeton Plasma Physics Laboratory

Charles Kessel

Certificate of Merit
U.S. International Thermonuclear
Experimental Reactor Home Team

Fred Levirrton
Award for Excellence

in Plasma Physics Research

American Physical Society

Joellyn Lumberger
Civiliry Month Honoree

Princeton University

Lewis Meixler
Representative of the Year

Federal Laboratory Consortium

Harry Mynick
Fellow

American Physical Society
Division of Plasma Physics

Martin Peng
Fellow

American Physical Society
Division of Plasma Physics

Carl Potensky
HammerAward

Vice President Al Gore

Hong Qin
Mathematica Visiting Scholar Grant

The Mathematica Corporation

\Westley Reese

Civility Month Honoree
Princeton University

Gregory Rewoldt
Fellow

American Physical Society
Division of Computational Physics

Chris Ritter
Civiliry Month Honoree

Princeton University



l{obe ri' [-'Lrr: lcr:r.

Civility Month Honoree
Princeton Universiry

Ilmitr"i IJzr lcir:[iy
Charlotte Elizabeth Procrer Fellowship

Princeton Universiry

h4ir:hael Willianrs
Executive of the Year

Professional Secretaries International
Mercer County Chapter

lyrirre Yagcr'

Civility Month Honoree
Princeton University

Lrl rr;:lrr l<i \';rr rr a,rla

Distinguished Research Fellow
Princeton Plasma Physics Laboratory
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