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Preface
The Tokamak Fusion Test Reactor (TFTR)
project is in the final stages of preparations for its
long-planned deuterium-tritium (D-T) program,
with the objective to derive the maximum amount
of experimental data on the behavior of tokamak
plasmas containing a significant population of
energetic alpha particles. The programmatic objectives of the D-T experiments are threefold: (1) to
maximize D-T fusion power in the 10-MW range,
(2) to investigate confinement in D-T plasmas, and
(3) to obtain regimes with strong alpha-driven
collective effects. Specific physics topics for nearterm experimental study include: (1) confinement
and heating in D-T plasmas, including isotopic mass
effects; (2) application and evaluation of alpha
diagnostics; (3) production of measurable alpha
heating of electrons; (4) energetic alpha transport;
(5) alpha-driven collective instabilities; (6) alpha ash
accumulation; and (7) radio-frequency-heated D-T
plasmas. An overriding consideration has been the
need to implement the D-T experiments safely and
without impacting the environment.
Preparations are well-advanced for the Operational Readiness Reviews necessary to proceed to
D-T operations. The first shipment of tritium
arrived at PPPL in April, 1993. It is anticipated
that experimental tests using trace tritium (i.e., a
2% mixture of tritium in deuterium gas) will begin
early in the new fiscal year and will provide both
physics information on the behavior of tritium in
deuterium plasmas and operational information on
functioning of the tritium systems. If successfully
implemented, these tests can be followed quite
quickly by experiments with approximately 50-50
mixtures of tritium and deuterium.
The overall programmatic mission of the Tokamak Physics Experiment (TPX) is to develop the
scientific base for a compact, continuously operating
and economical tokamak fusion reactor. It will do
this by d e m o n s t r a t i n g both t h e physics and
technology needed to extend tokamak operation into
the steady-state regime and advances in fundamental tokamak performance parameters on time

scales long compared with current-relaxation and
plasma-wall equilibration times. Favorable results
from TPX are essential to further development of
an attractive tokamak fusion reactor and will also
benefit the operation of the International Thermonuclear Experimental Reactor (ITER).
The TPX program builds on the foundation of a
vigorous tokamak concept improvement program
that is already a primary focus of the U.S. fusion
effort. The scientific elements of this program are
threefold: (1) m a g n e t o h y d r o d y n a m i c (MHD)
stability in regimes with high plasma pressure and
self-generated current, (2) confinement and exhaust
of plasma energy and particles, and (3) control of
steady-state plasmas. The role of TPX will be to
combine these elements and extend them to true
steady-state conditions. This step will be a crucial
transition from pulsed-operating modes that are
strongly influenced by initial conditions to continuous modes fully controlled by the tokamak's
operators.
Consensus has been reached on the physics
parameters and engineering approach for TPX, and
the project team has now completed the conceptual
design. Appropriate roles for industry in the
engineering design and construction of TPX have
been defined. On the basis of a briefing to the
Energy Systems Acquisition Advisory Board in July,
1992, and a subsequent review by the Secretary of
Energy's Advisory Board, approval of Key Decision
0 (mission need) and Key Decision 1-A (start of Title1 design, subject to satisfactory completion of a
Conceptual Design Review) was given by the
Department of Energy (DOE) in November, 1992.
Following a successful Conceptual Design
Review in March, 1993, the TPX Project is preparing
to begin Preliminary (Title I) Design in October,
1993.
The Princeton Beta Experiment-Modification
(PBX-M) device resumed operations in the summer
of 1993 with 2 MW of lower-hybrid current drive
(LHCD) and 2 MW of ion-Bernstein wave heating
(IBWH), as well as its original 6 MW neutral-beam
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injection system. The PBX-M has an extensive set
of programmatically targeted plasma diagnostics.
As well as an array of motional-Stark-effect polarimeters for obtaining the q(r) profile and a tangential
hard-X-ray imaging diagnostic for energeticelectron profile measurements, the PBX-M has now
also been equipped with two electron-cyclotronemission diagnostics for additional suprathermal
electron measurements and with several fluctuation
diagnostics.
The emphasis of the PBX-M 1993 experimental
program was to demonstrate the effectiveness of
the LHCD power for tailoring the current profile
and to determine the distribution and transport of
fast electrons. The major results were: (1) that the
LHCD can be deposited either centrally or at
intermediate radius, (2) that the energetic electrons
are well localized in radius except when MHD
activity is present, and (3) that the current profile
can be modified sufficiently to raise q(0) from 0.9 to
1.1, with the higher q(0) value sustained by LHCD.
The IBWH program has been successful in creating
a local t r a n s p o r t b a r r i e r , thereby enhancing
confinement and achieving increased central density peaking — the latter is of major importance
for TPX and advanced tokamak reactors which rely
on substantial bootstrap current.
The Laboratory's theoretical program continues
to provide leadership in the development and
application of realistic stability and transport codes
for alpha-particle-driven instabilities in D-T tokamaks, including TFTR and ITER. Theoretical efforts
in support of advanced tokamak concepts, including
plasma control and disruption avoidance studies for
PBX-M and steady-state plasma scenarios for TPX,
have been intensified. The theory program has also
continued in its leadership role in the development
of both gyrokinetic and gyrofluid models in support

;/

of the national Numerical Tokamak Project. The
divertor modeling effort has continued to be involved prominently in multi-institutional and
international divertor activities, as well as in the
design studies of TPX and ITER.
In regard to the ITER Engineering Design
Activities, the Laboratory representation on the
Joint Central Team (JCT) is improving, in addition
to substantial involvement in Home Team activities.
Two Laboratory physicists have recently been appointed to the JCT's Physics Integration Unit at
the San Diego Joint Work Site, and one Laboratory
engineer is already at the Naka Joint Work Site.
The Laboratory also provides the Chair of the ITER
Technical Advisory Committee.
The small Current Drive Experiment-Upgrade
(CDX-U) device continues to pursue innovative
current-drive techniques.
The Laboratory's major involvements in international fusion collaborations have continued.
Moreover, discussions with prospective host institutions and with DOE have been initiated with a
view to optimizing the programmatic contributions
from a stepped-up collaborations program to be
implemented following completion of experimental
operations on TFTR. These collaborations will make
use of special TFTR expertise and will focus
primarily on those areas of advanced tokamak
research which will be major components of the
future TPX program.
Other notable events in fiscal year 1993 included the award of the Laboratory's first Cooperative Research and Development Agreements
(CRADAs) for technology transfer activities to Drs.
Russell Hulse and Charles Skinner, and the receipt
by Professor Nathaniel Fisch of the American
Physical Society's 1992 Award for Excellence in
Plasma Physics Research.
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Principal Parameters of Experimental Devices
Fiscal Year 1993
Experimental Devices
TFTR

PBX-M

CDX-U

R(m)

2.6

1.65

0.32

a(m)

0.9

0.3

0.23

l (MA)

3.0

0.6

0.02

B (T)

5.2

2.0

0.15

0.5

0.1

Parameters

p

T

X

AUX (

s e c

a

2.0

)

PAUX(MW)

33(110kV)

NB

11.4 (40-80 MHz)

RF

—

6 (45 kV)
b

2.0 (40-80 MHz)
2.0 (4.6 GHz)

0.01 (2.45 GHz)

e

0.2

5.0 x 1 0

Tj(0) (keV)*

35

5.5

0.04

t

550

80

0.1

E

(msec)*

1 4

1 4

d

f

n(0) (cm" )*
3

1.5 x 1 0

c

5.0 x 1 0

1 2

*These highest values of n, T, and x were not achieved simultaneously.
a

At R = 2.48 m, the design basis.

b

lon Cyclotron Range of Frequencies (ICRF).

°lon-Bemstein Wave Heating (IBWH).
d

Electron Cyclotron Heating (ECH).

e

Lower Hybrid Current Drive (LHCD).

f

DC-Helicity Injection.
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The Tokamak Fusion Test Reactor (TPTR) program was dedicated in FY93 to preparations for operation with deuterium-tritium (D-T) plasma mixtures.
The first part of the year was devoted to installation of new hardware, particularly for the tritium
and safety instrumentation systems, and in preparations for the Operational Readiness Reviews
(ORRs) necessary to proceed to D-T operations. The
second part of the year was largely operational, with
detailed experiments using deuterium-deuterium
(D-D) conducted to define the plasma scenarios to
be used in the D-T experiments. Further checkout
of the new vacuum components connecting the tritium systems to the tokamak and its attachments
also occurred during this period.
By the end of the year, approval for an ORR to
review plans for experiments using trace tritium
(i.e., a 2% mixture of tritium in deuterium gas) was
obtained. This 2% tritium mixture will be used in
initial D-T experiments to study the diffusion of
tritium in deuterium plasmas and to provide operational data about the relative importance of 14MeV neutrons relative to the 2.5-MeV neutrons
produced in D-D reactions. In addition, this mixture will provide an opportunity for leak checking
of the tritium systems.
Achieving readiness to begin the D-T experimental program for TFTR, particularly through the process of regulatory authorization, has been a major
effort for many in the Department of Energy (DOE),
in other fusion Laboratories, and in other areas of
the Princeton Plasma Physics Laboratory (PPPL).
Without everyone's efforts to define the levels of
documentation required for this "first fusion nuclear
facility," it would not have been possible to bring
tritium on site in such a timely fashion.
The high level of support that the TFTR program received from collaborators from other United
States facilities has also been important, particu-

larly in preparing the equipment and performing
the experimental program. Table I is a list of the
organizations which have provided participants to
the TFTR program. Many experimental proposals
have been written by these collaborators, while
others have helped to provide and operate diagnostic instruments.
The format of the TFTR contribution to the
Laboratory's 1993 Annual Report has been changed
this year in order to allow the scientific staff to continue in its preparations for the D-T experiments.
Accordingly, this short introduction will be followed
by reprints of papers prepared for the journals of
the two main U.S. meetings on fusion: the Meeting
of the Plasma Physics Division of the American
Physical Society and the Fusion Engineering Symposium of the Nuclear and Plasma Science Society
(NPSS) of the Institute for Electrical and Electronics Engineers (IEEE). An overview paper is followed
by a section on fluctuations and turbulence studies, two papers on the tritium systems, and one
paper on the decommissioning of TFTR after the
experimental program ends in 1994.
Major activities for the planned outage at the
beginning of the fiscal year centered on bringing
the tritium systems, described in the following papers, up to operational readiness. Other activities
included changing the toroidal-field coils' cooling
system and relocating and shielding some diagnostic instruments to reduce their sensitivity to neutrons. The primary coolant for the toroidal-field
coils was changed from deionized w a t e r to
Fluorinert™. This was done to make certain that
if a leak such as those occurring in the coils in the
past where water seeps into the insulation and lowers the resistance to ground were to recur during
D-T operations, the resistance will stay high.
Hence, TFTR operation can continue after the area
close to the coils becomes activated by the highflux 14-MeV neutrons.
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Table 1. TFTR Collaborations and Industrial Participants In FY93.
Universities
Colorado School of Mines, Golden, CO
Columbia University, New York, NY
Cornell University, Ithaca, NY
Courant Institute, New York University, New York, NY
Georgia Institute of Technology, Atlanta, GA
Massachusetts Institute of Technology, Cambridge, MA
University of California, Irvine, CA

University of California, Los Angeles, CA
University of California, San Diego, CA
University of Illinois, Urbana, 1L
University of Maryland, College Park, MD
University of Texas, Austin, TX
University of Tokyo, Japan
University of Wisconsin, Madison, Wl
Industries

Burns and Roe Company, Oradell, NJ
Canadian Fusion Fuels Technology Project, Canada
Ebasco Services, Inc., New York, NY
Fusion Physics and Technology, Inc., Torrance, CA
General Atomics Technologies, San Diego, CA
General Physics Corporation, Columbia, MD

Grumman Advanced Energy Systems/Fusion Projects,
Bethpage, NY
Lodestar, Boulder, CO
Millitech Corporation, South Deerfield, MA
Radiation Science, Inc., Belmont, MA

Laboratories
Ecole Royal Mil'rtaire, Belgium
ENEA, Frascati, Italy
Environmental Measurement Laboratory, New York, NY
Idaho National Engineering Laboratory, Idaho Falls, ID
loffe Physical-Technical Institute, Russia
I.V. Kurchatov Institute of Atomic Energy, Russia
Japan Atomic Energy Research Institute, Japan
JET Joint Undertaking, United Kingdom
Lawrence Berkeley Laboratory, Berkeley, CA

Maintenance r e q u i r e m e n t s inside TFTR's
vacuum vessel were very limited. Among diagnostic
efforts outside the vacuum vessel, the survey spectrometer, the visible spectrometer systems, and the
alpha-particle charge-exchange analyzer received
new shielding, while the charge-exchange recombination spectrometers, for both the ion temperature
and alpha-particle measurements, and the detectors
for the escaping alpha particles were all moved to
better-shielded locations. Some remote calibration
capabilities were installed, and new looped optical
fibers were added to permit signal correction for fluorescence and absorption induced in the fibers by the
neutrons and gammas from D-T operation.
The neutral beams continued to operate very
reliably. In the scheduled outage, the ion sources
were all refurbished and their gas-handling systems
were modified for tritium operation. The TFTR op2

Lawrence Livermore National Laboratory, Livermore, CA
Los Alamos National Laboratory, Los Alamos, NM
Max Planck Institut fur Plasmaphysik, Garching, Germany
National Institute of Fusion Studies, Japan
Oak Ridge National Laboratory, Oak Ridge, TN
Sandia National Laboratories, Albuquerque, NM
and Livermore, CA
Savannah River Plant, Aiken, SC
TRINIT1, Russia

erational program calls for the capability to operate all twelve ion sources with tritium. The ion cyclotron range of frequencies (ICRF) heating system
was brought up to full operational capability, but,
so far, the antennae have only been commissioned
to a few megawatts, because of the concentration
on preparations for initial D-T plasma studies using neutral-beam-heated plasmas.
The TFTR program continues to provide information to the International Thermonuclear Experimental Reactor (ITER) and the Tokamak Physics
Experiment (TPX) design teams. Most obviously,
the alpha-physics programs on plasma confinement
and instabilities relate to the ITER planning. The
plasma core transport program, with neutral-beam
and ICRF heating, and studies of high-fJp plasmas
and profile modifications are of importance for both
devices.
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The planned schedule for TFTR operation and
decommissioning is shown in Fig. 1. Operation is
almost continuous in FY94, allowing for as complete an alpha-physics program as possible. There
will be a brief interruption early in 1994 for the
installation of a tritium purification system, which
is presently being built. This system will greatly
reduce the requirements for shipping tritium on and
off site, and it will make the experimental operation in tritium much more flexible.

PPPU94X0188

TFTR Research Plan
CY-92

CY-93

i i i i n 11111 i n 11111 i n

D-D

M

D-f'

Prep

D-D

^_J

I

ORR

D-D

1

G.R. Walton, A. Brooks, D.A. Harnsberger, H.
Murray, and J. Satkofskyt, "Design of the TFTR
TF Coil Alternate Coolant System," in Fusion Engineering (Proc. 15th IEEE/NPSS Symp., Hyannis, Massachusetts, 1993) Vol. 1 (Institute of Electrical and Electronic Engineers, New Jersey,
1994) 325-328].

II

Complete transport initiative
issues with new diagnostics
Study beam-driven alpha effects
Develop D-T experimental
run sequences

CY-96

11 i n 11 it i i n 11111 n

, Decontamination and;
: Decommissioning ,

D-T

experimental
run sequences

Reference

CY-95

CY-94
nun

A
D-T (-1000 shots)
Maximize tuslon power (-10 MW) and
alpha-driven effects
Confinement and heating In D-T plasmas
Alpha heating ol electrons
Study energetic alpha transport
Document alpha-collective Instabilities
Alpha-ash accumulation
Evaluate rf-heated D-T plasmas
Evaluate alpha diagnostics

D-T (-200 shots)
5 MW of fusion power
Continemenl and heating of D-T plasmas
Measure escaping alphas
Evaluate diagnostic performance
with 14-MeV neutrons

Figure 1. TFTR Research Plan.

Preparations for D-T Experiments on TFTR
This paper was an invited talk at the meeting of the American Physical Society's
Division of Plasma Physics in November 1993. It was published
in "Physics of Plasma B," Vol. 1, No. 5, Part 2 (May 1994) 1560-1567.

Abstract
The Tokamak Fusion Test Reactor (TFTR) has
completed the final hardware modifications for tritium operation. These activities include preparation of the tritium gas handling system, installation of additional neutron shielding, conversion of
the toroidal field coil cooling system from water to
a Fluorinert™ system, modification of the vacuum
system to handle tritium, preparation and testing
of the neutral beam system for tritium operation
and a final deuterium (D-D) run to simulate expected deuterium-tritium (D-T) operation. Testing
of the tritium system with low concentration tritium has successfully begun. Simulation of trace
and high power D-T experiments using D-D have
been performed. The physics objectives of D-T operation are production of=10 MW of fusion power,
evaluation of confinement and heating in deuterium-tritium plasmas, evaluation of oc-particle physics and testing of diagnostics for confined oc-par-

ticles. Experimental results and theoretical modeling in support of the D-T experiments will be reviewed.

Introduction
The design of the International Thermonuclear
Experimental Reactor (ITER) is based upon the experimental results from a large number of tokamak
experiments conducted principally with hydrogen
and deuterium as the fuel. In the world tokamak
fusion program, two major facilities the Tokamak
Fusion Test Reactor (TFTR) and the Joint European Torus (JET) plan to study the burning plasma
physics associated with the use of deuterium-tritium fuel in support of ITER. A limited scope, "Preliminary Tritium Experiment (PTE)" has been performed on JET in 1 9 9 1 with a more extensive
program planned to begin in 1996. TFTR has been
modified for tritium operation and will begin an
extensive series of experiments shortly.
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The principal goals of the TFTR deuterium-tritium experiments are:
1. Safe operation of the tritium handling and
processing systems, and successful machine
and diagnostic operation in a high radiation
environment with 14 MeV neutrons;
2. Documenting changes in confinement and
heating going from deuterium to tritium plasmas;
3. Evaluating the confinement of a-particles, including the effect of oc-induced instabilities,
and obtain initial indications of a-heating,
and helium ash accumulation;
4. Demonstrating the production of=10 MW of
fusion power.
These goals not only individually support the
technical and physics research and development
objectives of ITER but their integration does as well.
The achievement of =10 MW of fusion power entails not only successful technical performance but
more importantly the development and extension
of reliable operating regimes which address plasma
stability issues associated with the increase in the
stored plasma energy going from deuterium to tritium. In present plasma experiments, these effects
are predicted to be relatively modest. However, in
future ignited or near-ignited experiments, these
effects are large and impact fundamental design
considerations. Thus confirmation of our understanding in present tokamaks by performing experiments which integrate all of the goals is an important objective.
In this paper, a brief description will be given
of the principal modifications to the TFTR device
for D-T operations and the status of the facility. A
more extensive discussion will be given of the
planned experiments on TFTR and how they will
address key design considerations of a tokamak
reactor utilizing deuterium-tritium fuel.

Machine Configuration
TFTR has completed the hardware modifications for tritium operation. These activities include
preparation of the tritium gas handling system
(shown in Fig. 1) which has been successfully tested
with low concentrations of tritium (=0.5%) and is
capable of handling up to 5 g of tritium (50 kCi).
3

4
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Figure 1. Schematic of the tritium processing system.

The tritium gas is brought on-site in an approved
shipping canister and transferred to a uranium bed
where it is stored. The uranium bed is heated to
transfer the gas to the neutral beam or torus injection system. The gas is then injected into the torus
or neutral beams and pumped by the cryo-panels
in the beam box. During plasma operation, some of
the gas will be retained in the graphite vacuum
vessel. The quantity of tritium in the vacuum vessel is restricted by regulatory requirements to 20
kCi. The gas on the cryo-panels is transferred to
the Gas Holding Tank. During initial operation, the
gas in the Gas Holding Tank will be oxidized by the
Torus Cleanup System and absorbed onto molecular sieve beds. These beds will be shipped off-site
for reprocessing or burial prior to the receipt of a
replacement canister of tritium gas. Next year, a
cryo-distillation system will be commissioned to repurify the tritium on-site and decrease the number
of off-site shipments.
Modifications to the tokamak include: supplemental diagnostic and personnel shielding, tritium
stack and area monitoring, remote control for components in high radiation fields, and upgrades to
the vacuum and neutral beam pumping system for
tritium operation. For components and systems in
high radiation fields, modifications have been made
to increase reliability. The toroidal field coil cooling system has been converted from water to
Fluorinert™ (a fully fluorinated compound), bolts
on the TF coil casings have been tightened using
remotely operated tools for bolts in areas difficult
to access, and graphite tiles in high heat flux regions on the bumper limiter have been replaced by
carbon/carbon-fiber composite tiles.
4
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Changing the fuel from deuterium to tritium
engenders a change in the rigor and formality of
operation as the TFTR device becomes, according
to DOE regulations, a Category 3 (low hazard)
nuclear facility. The site boundary dose due to normal operation will be limited to <10 mrem/year.
Safety analysis has been performed which demonstrate that the maximum design basis accident
would result in a 140 mrem dose at the site boundary. An Environmental Assessment has been conducted which resulted in a "finding of no significant impact" to the environment due to the low
inventory of tritium on-site. The Laboratory and the
Department of Energy recognize the importance of
demonstrating safe operation with tritium and have
implemented detailed procedures used to process
tritium, rigorous qualification and training programs for operators and engineers, extensive safety
reviews by internal and outside experts, and a formal program for control of operations. At the present
time, a final review of the operations and test procedures used for tritium processing is occurring
prior to continued testing with low concentrations
of tritium.
5

a fusion power, P;DD> °f 65 kW and Q s PDDAPNBI
+ POH) of 2.1 x 10" . One dimensional transport code
simulations of a 50/50 D-T plasma using the same
electron and ion temperature and density profiles
predict that P = 1 1 MW and a Q of 0.38 would
have been achieved. At modest powers, P ^ B I = 15
MW, the energy confinement time has increased
transiently to 240 ms (corresponding to T /Tg
•*
= 3) with the injection of two pellets prior to NBI
and one pellet in the post-NBI phase of the previous shot. The D-D fusion performance of NBI supershots is shown in Fig. 2 as a function of the total
heating power.
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Upon the completion of the outage to modify the
machine for deuterium-tritium experiments, operations resumed in deuterium. Besides qualifying the
machine for tritium experiments, the focus of these
deuterium experiments was to simulate the initial
planned deuterium-tritium experiments utilizing
deuterium. The objective of the initial high-power
deuterium-tritium experiments will be to achieve 5
MW of fusion power. With further operational experience and the resolution of the physics issues
identified above, it is projected that =10 MW will be
produced.
Previous experiments in the supershot regime
with deuterium neutral-beam injection (NBI) have
identified the conditions under which >5 MW of fusion power can be produced in D-T plasmas in TFTR.
Wall coating, using lithium pellet injection, has significantly improved supershot performance and reliability. - With this technique, n^^
= 5.8 x 1 0
m- -s-keV, n (0) = 1.0 x 1 0 m" , T = 29 keV, x =
205 ms and a D-D fusion neutron rate S rj = 5.6 x
1 0 n/sec have been achieved. This corresponds to
6
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Figure 2. Fusion power in deuterium supershot neutral
beam heated discharges as a function of total heating power.

At low power TFTR supershots smoothly approach an asymptotic stored energy, but at high
power they often reach a peak in stored energy after 300-500 ms into beam injection, then suffer a
deterioration of as much as a factor of two (the socalled "beta collapse") over the subsequent several
hundred milliseconds. At R = 2.45 m, the beta collapses are coincident with or follow the growth of
internal MHD (m/n = 3/2, 2/1, 4/3,...) modes as recorded by Mirnov loops. In some cases a flattening
of the T (R) profile is observed in the vicinity of the
rational q-surfaces at which the MHD modes are
observed. Analysis indicates that the decrease in
plasma energy content is consistent with a model
for which transport is increased only within the islands.
e

8
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Reliable operation entails reproducible wall conditions along with disruption avoidance and minimization of adverse MHD effects. To achieve P T >
5 MW in TFTR supershots requires I = 2.0 MA,
NBI =
> composed of a 50:50 D:T mix, and
T = 140 ms which produces a Troyon-normalized
beta, p E= p (%)-a(m)-B (T)/I (MA) of 1.5. The modest value of P allows for increased stored energy
due to the injection of energetic tritons (which have
a longer slowing-down time than deuterons), the
fusion a-particles and the heating of the electrons
by the a's. The parameter of relevance for fusion
yield, p ^ = 2u -«p»-a(m)/B (T)-I (MA), where «p» is
the root-mean-square plasma pressure, reaches 2.4
in prototypical plasmas as a result of the highly
peaked pressure profile. To achieve the required
confinement reliably, Li pellet injection will be used
to condition the walls and improve reproducibility.
The reproducibility of confinement achievable with
Li-pellet conditioning is illustrated in Fig. 3. During a dry-run of the planned 5 MW D-T experiment,
13 of 16 simulated D-T discharges with Li pellets
would have achieved >5 MW of fusion power.
An operating strategy for achieving higher fusion power has been developed using multiple Li
pellets to condition the walls, high power neutral
beam injection of about 35 MW, and high plasma
current (-2.5 MA). In deuterium operation, 34 MW
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a-Confinement
The confinement of a-particles is very important in a reactor for two reasons. First, if a small
unanticipated fraction (a few percent) of the a-particles is lost, and the resulting heat flux is localized, damage to first wall components could result.
Second, if a significant fraction of the a-particles
are not confined then the nTx requirements for ignition would increase.
The loss of fusion products during deuterium
experiments has been extensively studied and is
reported on in a companion paper by S. Zweben.
An array of detectors in the TFTR vacuum vessel
has been used to measure the energy and pitch
angle of the escaping alphas. The conclusions of
these studies are as follows:
9

1. Good agreement has been obtained as a function of plasma current with the prediction of
the losses due to unconfined "first orbits." For
the fusion products, an upper bound of D < 0.1
m /s has been deduced for their radial transport coefficient in MHD-quiescent plasma.
2. The predictions of stochastic ripple diffusion
are in good qualitative agreement with experimental observations near t h e outer
midplane.
3. MHD instabilities, in particular low m/n
modes, are observed to be responsible for increased loss of fusion products. A theoretical
model based on magnetic perturbations affecting a drift orbits is in qualitative agreement with the observations.

I

4.0

Time (sec)

Figure 3. Comparison of five high power neutral beam
heated discharges which employed Li pellets to condition
the walls. Good reproducibility is achieved.
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of neutral injection has been achieved and the power
is projected to increase in tritium due to improved
equilibration in the neutralizer cell. During recent
experiments, as a result of aggressive wall conditioning with Li pellets, supershots have been produced at Ip = 2.5 MA corresponding to q = 3.8 which
represents a significant extension of the operating
regime.

4. ICRF waves can interact with fusion products and result in increased loss. The mechanism is not fully understood but may be related to velocity space diffusion across the
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passing-trapped boundary for particles due
to resonances with fusion product ions.
5. Loss of fusion particles which is delayed in
time and is not associated with first-orbit loss
has been observed. Qualitatively, it appears
as a collisional and/or TF-ripple induced loss
process; however, it is larger than predicted
and not fully understood.
The results from fusion product experiments in
present deuterium experiments show that the particles can interact with MHD instabilities and
plasma waves. The theoretical calculations indicate
that when the values of P and n are sufficiently
high, a-particles themselves can induce instabilities which can, in turn, eject the a-particles from
the plasma. The present theoretical understanding
of the role of a-collective effects in TFTR is that ocparticles will not stabilize sawteeth and are not
expected to cause oc-driven fishbones, but will drive
Toroidal Alfven Eigenmodes (TAE) unstable in some
conditions, are not expected to reduce the P-limits
due to Kinetic Ballooning Modes (KBM) and may
drive the Beta Alfven Eigenmodes (BAE) unstable
at high-p. One of the instabilities with the lowest
predicted threshold is the Toroidal Alfven Eigenmode (TAE). Experiments in deuterium plasmas
have been conducted on T F T R and DIII-D using neutral beams and on TFTR with I C R F to
simulate these instabilities. The threshold for instability is in good agreement (within a factor of 2)
with the predicted threshold. The frequency of the
mode scales with the Alfven frequency and the mode
can be destabilized either by passing particles from
neutral beam injection or by trapped particles due
to ICRF heating as shown in Fig. 4. Very recent
experiments have shown that the TAE instability
is observed in some high field (5 T) neutral beam
heated discharges in which V / V > 0.2. Detailed
analysis for these new experiments is in progress.
Measurements of the mode structure using Beam
Emission Spectroscopy in low-field (1-1.5 T) neutral beam simulations indicate the presence of a
large global mode. Very sensitive reflectometry
measurements determined the mode number in
ICRF simulations. Up to about 50% of the fast beam
ions in low toroidal field neutral beam heated experiments are observed to be lost due to these instabilities in TFTR. In ICRF experiments, signifia
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Figure 4. The predicted frequency of the toroidal Alfven
eigenmodes is compared with the measured frequency for
a wide variety of plasma conditions. The low field neutral
beam experiments were reported by Wong et al. and the
ICRF experiments by Wilson et al. The recent high field
experiments are shown for comparison.
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cant loss (~10%) of the energetic tail has been measured in high power L-mode experiments: The fractional loss increases with the mode amplitude of
the instability (shown in Fig. 5).
Projected a-parameters on TFTR are close to
those on ITER because the electron temperature is
similar and the non-thermal ion distribution inPPPIH94X0252
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creases the plasma reactivity. The theoretical models predict the operating regimes in which the instability should occur. Furthermore, they provide
predictions regarding how the threshold should vary
with ion temperature, shear length, and density
profile shape. Experiments are planned during the
D-T phase of TFTR to test these predictions. Recent theoretical work has developed the techniques
to predict the mode amplitude and the effect of
these instabilities on the oc-particle loss r a t e . Comparison of theory and experiment will improve the
estimates of heat flux to first wall components in
the ITER due to oc-particles.
In support of the a-particle experiments, a
comprehensive set of diagnostics has been implemented. The oc-birth profile will be measured using
a 10-channel neutron collimator, and the oc-loss rate
by detectors mounted on the wall and a moveable
probe. Four new techniques will be used to determine the a-distribution function and radial profile.
Charge-exchange recombination spectroscopy using
a high throughput optical system will be used to
measure the energy distribution to ~1 MeV at 10
radial points. Injected Li pellets will be used to increase the charge-exchange rate and enable chargeexchange measurements from 0.2 keV to 4.0 MeV.
Both of these techniques have been tested in deuterium experiments using ICRF to produce a H e
tail. In addition, spectroscopic measurements of the
Doppler spectrum of H e light emitted from the
pellet cloud will be used to measure the distribution function. Another approach entailing collective
scattering of a 60 GHz wave will be used to characterize the a-distribution function. Increased scattering associated with the lower hybrid resonance
will be employed to reduce the power requirements
for the gyrotron. The onset of the instabilities and
their mode structure will be measured using a 4chamiel reflectometer, beam emission spectroscopy,
ECE grating polychromator, Mirnov coils and microwave scattering. The a-particle diagnostics will
provide measurements of the instability itself and
in addition, but also of its effect on the a-distribution function and, together with the standard profile diagnostics, on the background plasma.
13

14

15

with time, it is planned to evaluate a-heating of
the electrons. This can be accomplished by decreasing the power and the value of (3 . In TFTR, a-heating is a relatively small fraction of the heating
power ( P « 2 MW when P J ^ J = 30 MW) however,
the heating is well localized in the plasma core as
shown in Fig. 6(a). The predicted increase in electron temperature is shown in Fig. 6(b), assuming
that the thermal conductivity of the bulk plasma
does not change with isotope mix and does not
change with the heat deposition profile. Experiments are planned to vary the isotope mix to evaluate the effects on plasma confinement. Low power
ICRF experiments at 1.6 MW combined with high
power neutral beam heating have simulated a-heating resulting in a measurable increase in the electron temperature of ~1 keV indicating that one electron heating with modest power is measurable.
N

16

a

3

+

a-Heating
By operating in a reliable quiescent regime with
a minimum of plasma performance degradation
8

20
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Figure 6. (a) The electron heating from cc-particles in a 50/
50 deuterium-tritium plasma is projected to be significant
in the plasma core, (b) The variation in electron temperature for a projected deuterium-tritium as well as tritium
plasma is shown. In these conditions, the heat conductivity is assumed not to vary with species mix or heat deposition profile.

c/.-Ash Accumulation
The production, transport, and removal of helium ash is an issue that has a large impact in determining the size and cost of ITER. The experiments on TFTR will provide the first opportunity
to measure helium ash buildup, assess helium
transport coefficients, and examine the effects of
edge helium pumping on central ash densities in
D-T plasmas. In addition, the importance of the
central helium source in determining the helium
profile shape and amplitude will be examined. Ash
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concentrations are expected to reach 1-2% of the
electron density in high-performance supershots.
Using the oc-CHERS, and CHERS diagnostics, central ash concentrations greater than 0.1% should
be measurable. Helium ash density profiles, measured as a function of time, will be compared to predictions based on the helium diffusivity D
and
convective pinch V inferred from helium gas
puffs and central helium source measurements
made by oc-CHERS and the neutron collimator. The
influence of edge pumping will be explored by comparing ash buildup with a low-recycling limiter in
a Supershot to that in a high-current, high-recycling L-Mode plasma.
H e

H e

17

ICRF Heating
ICRF heating is one of the primary techniques
under consideration for ITER. ICRF heating utilizing either hydrogen or H e minorities has been successfully demonstrated at high power on J E T and
TFTR. In addition, low power experiments on
DIII-D have shown evidence for fast wave current
drive. ICRF wave physics in deuterium-tritium
plasmas is complicated by the presence of additional
resonances and by oc-damping which, due to the
large kj_pj, can compete with electron absorption in
the fast wave current drive regime. A promising
scenario for D-T plasmas is heating at the second
harmonic of the tritium cyclotron frequency, which
is degenerate with the H e fundamental. By selectively heating a majority ion species rather than a
minority ion species, potential difficulties with fast
ion excitation of instabilities such as TAE modes
may be avoided. Though the core damping is predicted to be acceptable, off-axis absorption at the
deuterium fundamental can compete with the second harmonic tritium core damping in tokamaks
with moderate aspect ratio. Modeling indicates that
deuterium fundamental heating occurs off the
midplane in regions where the shear Alfven resonance layer (n | = S resonance) approaches the deuterium fundamental layer. In TFTR supershot plasmas with t h e 2 Q layer coincident with t h e
Shafranov-shifted axis at 2.82 m (assuming an 0.2
m shift), the 2 Q layer is out of the plasma on the
low field side, but the Q layer is in the plasma on
the high field side at 5.66 T, or R = 2.1 m. For the
present range of TFTR magnetic fields and ICRF
frequencies, the n? = S resonance can be positioned
3

1 8

19

20
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2

T

D

D

in the core region only by adding a relatively high
concentration of H e minority to the D-T plasma.
Under these conditions, significant mode conversion of the launched fast waves to slow Alfven waves
is predicted to occur, resulting in significant direct
electron heating. Experiments planned on TFTR
will be able to document the effectiveness of second
harmonic tritium heating and to explore the regimes
in which damping associated with the n | = S resonance is expected to be important.
3

Future Directions
Several new and novel concepts have been suggested which, though speculative, could improve the
tokamak concept. These concepts require deuterium-tritium fuel to evaluate their feasibility.
Recently R. Majeski et al have suggested that
the mode-converted slow wave excited at the n | =
S mode conversion layer in a D-T plasma could be
used to drive localized electron currents. This is an
attractive alternative to fast-wave damping because
the effective single-pass absorption on electrons can
approach 80% in TFTR, well in excess of fast-wave
single-pass absorption. Furthermore, the driven
current is localized to the mode conversion layer,
which may be placed on or off axis in order to modify
the current profile.
Experiments on TFTR as well as on DIII-D and
JET have shown that it is possible to achieve high
values of Pp (eBp ~ 1.5) with improved energy confinement ( T / i ^ "
~ 3) by modifying the plasma
current profile. Recent experiments, discussed in a
companion paper by S. Sabbagh et al. have shown
that in some TFTR discharges, the core has direct
access to the second stable region. The question then
arises whether this altered magnetic configuration
affects the threshold for oc-collective effects. Zonca
and C h e n and Cowley and F u r t h have suggested
that the second stability region will also make the
a-driven modes stable by reducing the fraction of
trapped oc-particles and inducing drift reversal for
sufficiently high p.
Fisch and R a x have proposed coupling the
energy in the fast oc-particles to RF waves which in
turn could either drive currents or heat the ion channel. It is possible that such coupling of the oc-particles to thermal fuel ions could increase the fusion
power density by up to 50% and reduce the nTt product required for ignition by 10-30 %. If, furthermore,
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an appropriate non-thermal distribution of fuel ions
can be produced by selective coupling, additional
gains in fusion power density and reductions in nTt
could be achieved. Both the high-Pp regime and the
interaction of energetic a-particles with plasma
waves could be of great physics interest in a D-T
plasma.
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The modification to the TFTR facility have been
completed. The final checkout and testing is in
progress prior to performing the D-T experiments
safely. The deuterium-tritium experiments on
TFTR will not only enable confirming some of the
key design assumptions in ITER but also explore
new and novel physics operating regimes which
could improve the tokamak concept.
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Fluctuations and Turbulence Studies in TFTR
Prepared especially for the Fiscal Year 1993 Annual Report.

Introduction
During the past year, the Tokamak Fusion Test
Reactor (TFTR) experimental team continued an
aggressive experimental effort in the studies of
plasma fluctuations and turbulence in the hot core
of TFTR plasmas. The goals of this effort are: (1)
Characterize the local density microturbulence in
high-temperature fusion-grade plasmas; (2) Explore
the relation, if any, between the observed fluctuations and both local and global transport properties of the plasma; (3) Compare the observed turbulence behavior and its relation to plasma transport
and to any theoretical models available; and (4) Explore means of manipulating and reducing this turbulence in the hope of improving the confinement
characteristics of the tokamak plasma.
12

The program developed in pursuit of these goals
has concentrated on the measurement of long wavelength density fluctuations in the plasma core region. In particular, the emphasis has been on the
study of fluctuations with wavelengths perpendicular to the local magnetic field much larger than the
local ion gyroradius (i.e., k ^ p j « 1). The interest in
this wavelength region arises from earlier studies
with microwave scattering measurements of turbulence in TFTR plasmas, where it was found that
the power in the fluctuation spectrum scaled as k"
for k > 2 cm" . While these results indicated that
the majority of the power in the fluctuations was in
the long wavelength region of k < 2 cm" (note: pj =
0.1-0.3 cm in typical TFTR plasma conditions), loss
of spatial resolution at low k precluded the ability
3

1

1
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to access the peak in the spectrum and possibly the
bulk of the fluctuation power. In addition, the experimental suggestion of Bohm-like scaling for the
local thermal transport in TFTR plasmas and theoretical interest in long-wavelength ion drift modes
and MHD (magnetohydrodynamic) turbulence all
indicated a pressing need to study the long wavelength features of the local density fluctuations in
tokamak plasmas.
Two new diagnostic systems were developed and
deployed on TFTR last year to access the long wavelength (k < 2 cm" ) regime of the density turbulence: the beam emission spectroscopy (BES) diagnostic, which uses fluctuations in the collisionally
induced fluorescence of the heating neutral beams
to deduce the local density fluctuations, and correlation reflectometry, which employs multichannel
microwave reflectometer channels to measure local fluctuation characteristics. The experimental
program in the last year has concentrated on developing a working understanding of these new diagnostics and performing cross-checks, as much as
possible, between these systems and the microwave
scattering system.
After a sufficiently detailed understanding of
the measurements from these fluctuation diagnostics was obtained, experimental efforts pursued
studies of the local turbulence characteristics and
their relations to the local thermal and particle
transport. In addition, new details of the difference
of plasma turbulence in the hot core region and the
cooler plasma edge region were uncovered and studied. These studies provide a better understanding
of the features of turbulence in TFTR plasmas compared to cooler plasmas in smaller tokamak devices.
1

±

Diagnostic Developments for
Long Wavelength Turbulence
Measurements
Development efforts for the multichannel BES
diagnostic concentrated on providing a means of
accounting for two sources of systematic errors in
the determination of the local spatial wavelength
(or wavenumber) spectra of plasma density fluctuations. First, a multipair correlation analysis method
was developed to eliminate the fluctuations in the
local neutral-beam emissivity arising from neutralbeam density fluctuations induced by large plasma

turbulence levels at the edge of the tokamak
plasma. These beam fluctuations manifest themselves as common-mode fluctuations across the
many spatial channels in BES and can give rise to
false readings of long wavelength turbulence in
the true plasma fluctuations. Second, extensive
optical and particle ray-tracing modeling was used
to accurately model the effects of the finite spatial
size of the sampling volume (AR, Z = 2 cm) from
which the BES measures a local intensity fluctuation. This allows an accurate model of the spatial
transfer function of the BES diagnostic to be calculated and applied to the derivation of the local
wavenumber spectrum. Finally, a forward-modeling spectral analysis technique, based on a maximum-likelihood model of the turbulence spectrum,
was developed and applied to derive the best estimates of the low-k spectrum from BES measurements of the multipoint correlation function. With
these developments, the BES system could be applied to detailed studies of the characteristics of
the local turbulence in TFTR plasmas.
In a similar manner, several developments in
the understanding and analysis of data from the
correlation reflectometry diagnostic on TFTR have
resulted in the ability to derive significant information on the radial wavenumber spectra of the
local turbulence. By far the most important development has been the recognition and experimental
demonstration that the local turbulence is large
enough in neutral-beam-heated discharges to give
rise to two-dimensional multiscattering effects
which, if ignored, would give a distorted picture of
the local turbulence. An example of the effects of
this strong-turbulence higher-order scattering on
the measured frequency spectrum from the reflectometer is shown in Fig. 1. Here, the spectrum during ohmic heating on TFTR with n/n « 1% is relatively narrow (on the order of the diamagnetic
frequency) with a well-defined zero-order reflection
peak. Under these conditions, one can take the
measured spectrum and the associated correlation
functions to reflect the actual plasma turbulence
characteristics with little correction. In the neutralbeam case, however, n/n = 1% and multiscattering
effects cannot be ignored, as evidenced by the very
broad frequency spectrum seen in Fig. 1. Under
these conditions, a multiphase reflection model has
been developed and used to extract the true spatial
correlation function of the local density turbulence.
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Figure 1. Frequency power spectra from correlation reflecu
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tometry measurements of the local density fluctuation. In
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ohmic plasmas (left), the density fluctuation amplitude h/n
A P. (cm)
« 1 % and the power spectrum closely resembles the
plasma fluctuation spectrum. When h/n ~ 1% or higher, such
Figure 2. Comparison of the reconstructed spatial coheras in neutral-beam-heated discharges (right), the power
spectrum is increased in amplitude and shows strong broad- ence function from correlation reflectometry with correction
for multiscattering effects (top) and the reconstructed raening, indicative of multiscattering effects.
dial correlation function from the BES (bottom). Both diagnostics give a radial decay length of approximately 1.5 cm
for the turbulence in a 9.4-MW TFTR supershot plasma.
The validity of these improved understandings
c

i...'

and analyses for the BES and correlation reflectometry diagnostics is demonstrated by comparing
the local spatial correlation function from the two
independent diagnostics under the same conditions.
Such a comparison is shown in Fig. 2, where the
raw data and subsequently derived local radial correlation function of the turbulence in a TFTR
supershot plasma is shown for both diagnostic systems. With the appropriate analyses, the derived
correlation lengths from the two diagnostics agree
well, substantially enhancing the confidence in our
ability to measure the long wavelength characteristics with either or both systems on TFTR.

Fluctuation Characteristics
at Low k in TFTR
The maturation of the BES and correlation reflectometry diagnostics plus the continued availability of the microwave scattering system diagnostic
has allowed a deeper understanding of the nature
of the local density turbulence in TFTR plasmas
during the past year. In this section, we describe
the characteristics of the plasma fluctuations in
TFTR are described.
14

Since BES and correlation reflectometry provide access to the low-k region of the spectrum and
since this region contains the bulk of the fluctuation power, a reasonably accurate radial profile of
the total density fluctuation amplitude h/n has been
obtained from these two diagnostic systems. As
shown for a 9.4-MW supershot plasma in Fig. 3,
the values of n/n are seen to peak sharply in the
outer edge plasma region, rising to levels of 30% in
the scrape-off region, but drop rapidly inside the
core region to values of 1% or so. This general behavior was found to be common to both the supershot and low-confinement mode (L-mode) regimes
for TFTR. In addition, no large structures are evident in the h/n radial profile in the core region, r/a
< 0.9. This indicates that the turbulence is not
driven by large long-lived MHD structures.
As discussed above, the wavenumber spectra
of the turbulence is obtained from spectral analysis of the local correlation function. Representative
correlation functions and their corresponding spectra are shown in Fig. 4. Here, low-k turbulence has
been found to have an anisotropic spectrum between
the radial and poloidal directions. The poloidal cor-
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relation function is seen to be wavelike, with a
peaked poloidal k-spectrum showing a maximum
at kg = 1 cm" typically. In contrast, the radial correlation function is peaked at zero displacement,
indicating a single hump-like structure in the radial direction, with a corresponding wavenumber
spectrum peaked at k = 0 (cm" ). In general, the
average value of k pj is about 0.1-0.3, confirming
the dominance of low-k features in the total fluctuation power.
These results have been found to be quite general; the radial and poloidal correlation lengths, and
hence the average width of the k-spectra, vary only
slowly in radius. The general picture of the anisotropic spectra is very robust, and it is found under
almost all operation conditions in the core plasma
region. In fact, this behavior is very similar to that
given by many nonlinear turbulence models based
on drift wave instability theory. An example is
shown in Fig. 5. Here, a qualitative comparison is
given between the measured S(kj.), S(k ) spectra
and those calculated by a nonlinear gyrokinetic
simulation of turbulence driven by ion-temperaturegradient modes in a TFTR supershot plasma similar to that for which the BES spectra were obtained.
Most drift-wave theories are expected to give similar spectral structure and hence these results do
±
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Figure 3. Radial profile of the amplitude of the density fluctuations in a TFTR supershot plasma.
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not yet confirm that a particular mode is responsible for the observed turbulence, but the remarkable similarity of the experimental results and the
theoretical models suggest that such identifications
of the causative factor of tokamak plasma turbulence may be forthcoming in future experiments.
In addition to these studies of the wavenumber
spectra of the local turbulence, substantial effort
has been expended towards understanding the
measurements of the frequency spectra of the
plasma fluctuations as measured by the three main
fluctuation diagnostics on TFTR. As mentioned
above, the correlation reflectometry spectra were
severely influenced by higher-order multiscattering
events during most neutral-beam operation, so detailed studies were made mainly with the BES and
microwave scattering systems.
A series of experiments were performed to compare the spectra obtained with the BES and microwave scattering systems; representative results are
shown in Fig. 6, where measured spectra for different values of the plasma toroidal rotation speed are
shown. It can be seen that both the BES and the
microwave scattering spectra are very sensitive to
the local plasma rotation speed, and detailed analysis indicates that the spectra are determined almost exclusively by rotation-induced Doppler shifts
of the local S(k) spectrum, as observed by the diagnostic system which is stationary in the laboratory
frame, but not in the plasma frame. Comparison of
the measured frequency spectrum with the inferred
spectrum [obtained by multiplying the measured
S(k ) spectrum by the measured vertical group velocity from BES measurements] confirm that the
lab-frame frequency spectrum is very much dominated by rotational effects, and that the width of
the frequency spectrum in the plasma frame is on
the order of the local diamagnetic drift frequency
or less. This again is consistent with several ion
drift wave models, but to date the experimental
results cannot rule out spectral and propagation
characteristics consistent also with local MHD turbulence models.
e
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Figure 6. Frequency spectra measured with microwave
scattering and BES for different toroidal rotation speeds in
the plasma. The local phase velocities inferred from the
peak of the microwave spectra agree well with the measured vertical group velocities from BES, indicating that both
measurements are dominated by rotation-induced Doppler
shifts and do not reflect the spectrum in the plasma rest
frame.

cently, a question that remains is whether the observed low-k fluctuations are related to the plasma
confinement and transport characteristics. Accordingly, validation of the new BES and correlation
reflectometer diagnostics, experimental efforts in
FY93 turned to studies of the relation between the
observed turbulence and the plasma transport and
confinement properties.
In agreement with trends seen earlier with the
microwave scattering technique, the local density
fluctuation amplitude, n/n, from BES was found to
scale inversely with the global plasma confinement
time (T ), as indicated in Fig. 7, which shows n/n at
r/a = 0.75 versus T for both supershot and L-mode
plasmas. The value of n/n was found to scale with
T , and not the heating power Pj -, suggesting the
observed fluctuations were related to the confinement characteristics of the plasma. This correlation between n/n and t held only for core interior
plasma locations (r/a < 0.9), and not for the edge
E

E

Relations to Confinement
and Transport

E

Given that the local density fluctuation spectral characteristics can now be determined on TFTR
using the suite of new diagnostics developed re16
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Figure 7. Scaling of local density fluctuation amplitude (n/n)
in the plasma core region with global confinement time (XE)
for supershot and L-mode plasmas.

density fluctuations, which were found to be uncorrelated with the plasma confinement.
While such global scaling suggests a relation
between the observed turbulence and the plasma
transport, more detailed studies were pursued to
determine if the measured turbulence levels were
indeed adequate to account for the observed turbulence. Figure 8 shows a comparison of the plasma
thermal diffusivities (x , %j, and Xfluid) determined
from standard transport analysis with estimates
of the diffusivities expected from the observed turbulence levels in the same plasma discharge. Two
models for turbulence-driven diffusivities are shown
here, one (D ) from a simple random walk diffusion
estimate using the measured radial correlation
length and decorrelation times determined from
BES correlation analyses and one (D ) from a simple
strong turbulence transport model. The results indicate that the low-k turbulence is indeed of a magnitude which is adequate to account for the observed
transport.
Radial variations and power scaling studies of
the transport in L-mode plasmas again show that
the observed turbulence generally follows the trends
of the local transport, but some anomalies have been
observed. For example, the plot in Fig. 9 indicates
that the dependence on the injected heating power
Pj • varies with radius, and that the observed turbulence level tends to fall consistently below the
levels expected from simple mixing length turbulence saturation models. This deviation of the tur-

Figure 8. Comparison of turbulence-driven diffusivity estimates (D and D ) with the local thermal diffusivities (% ,
Xfiuici> %-), indicating that the measured turbulence is strong
enough to account for the observed anomalous transport.
Here, D =A /t
where A = radial correlation length and x =
correlation decay time; D = (n/n)(kT /eB) is the strong-turbulence diffusion estimate.
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Figure 9. Density fluctuation amplitude (n/n) versus radius
(r/a) and heating power (MW). Solid line is the value expected from a simple mixing length model.

bulence behavior from that expected from the timehonored mixing length model is also very evident
in deep core data from the correlation reflectometer system, as shown in Fig. 10. Here, the density
scale length (L ) is roughly independent of P j while
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diamagnetic velocity, v? ) is seen at all radii, but
in fact the slow "ion mode" in the core region is
uncorrelated with that of the edge region. In addition, a fast electron mode (v = 5 v* ) is localized
in the near edge region.
The significance of this abrupt transition region
is, as yet, not understood, but it is noted that only
the core mode appears to scale with the confinement
time, while the edge mode amplitudes do not vary
with confinement time. Since the edge region ofTFTR
plasmas is as hot as the interior ofplasmas in smaller
tokamak experiments, this observation of a transition region at the TFTR plasma edge may lead to a
better understanding of the relation between turbulence studies in smaller tokamak devices and those
in TFTR-class machines. In particular, studies in
the core plasma of smaller cooler tokamaks may be
most relevant to the behavior of the edge plasma
region in large TFTR-class devices, while the relatively simpler unimodal turbulence structures seen
in the core region of TFTR may be accessible only in
fusion-grade plasmas, such as those seen in TFTR
and similar devices.
on

h

NB (MW)
Figure 10. Variations of radial coherence lengths 8 (dots)
and density fluctuation amplitude n/n (squares) with neutral-beam-heating power (PNB) f
reflectometry measurements. The rapid rise in n/n with P , while 8 varies only
slightly, strongly contradicts expectations from a mixing
length criterion.
rom
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the value of n/n is increasing rapidly (mixing length
criterion says that n/n = d/2L ).
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Detailed studies of the transition region between the plasma edge and the hotter core plasma
region have uncovered a new unique region of behavior in tokamak plasma turbulence. In particular, somewhat inside the limiter location (typically
5 cm or so), there exists an abrupt transition region which appears to separate the edge and core
turbulence regions in the plasma. The characteristics of this region are indicated in Fig. 11, which
shows various features of the turbulence as measured by the BES diagnostic. At some point in the
plasma, there exists an edge-core transition zone
outside of which the turbulence consists of two distinct counter-propagating modes and inside of
which a single unimodal mode structure exists. This
region is also characterized by an abrupt drop in
n/n, a drop in the width of the observed frequency
spectrum, and a strong decorrelation between the
two regions.
As indicated in Fig. 11, an "ion" mode (where
the phase velocity approximately equals the ion
18
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Figure 11. Density fluctuation amplitudes (n/n) of various
discrete turbulence modes in the edge region of TFTR plasmas. The scrape-off layer is designated SOL.

Summary
Significant advances were made in the new
long-wavelength fluctuation diagnostics on TFTR.

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

Tokamak Fusion Test Reactor

The successful development of an understanding
of systematic effects in both the BES and correlation reflectometry diagnostic systems led to the
development of experimental and analytical tools
which allow reliable measurements of the local
plasma density turbulence in the hot core region of
TFTR plasmas. Coupled with experimental comparisons between these two systems plus the microwave scattering system, the validity of these diagnostics for the study of low-k turbulence has been
established.
Consequently, several studies of the relation
between the turbulence and the local plasma confinement characteristics were undertaken. These
studies on TFTR have shown the low-k fluctuations
dominate the fluctuation power, and have characteristics similar to those predicted by various drift
wave models. In addition, the scaling of the fluctuation amplitudes with heating power and comparisons of the transport expected from this turbulence with the measured plasma transport all
suggest that the observed turbulence is a candidate
for the causative agent of anomalous transport in
tokamak plasmas. However, several discrepancies
remain. The present data is insufficient to demonstrate that the observed turbulence is indeed the
cause of the transport, and it is inadequate to determine the nature of the fundamental instability
driving the turbulence. The simple mixing length
model has been found to be inadequate. The transition between the edge and core plasma regions
has been found to be quite complex. Thus, while
the diagnostic development and applications for

turbulence studies in the past year on TFTR have
added significant new information to the understanding of plasma turbulence and transport, much
work remains before a complete understanding
emerges.
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Preparations for Deuterium-Trititum
Operations at TFTR
This paper published in "Fusion Engineering" (Proceedings 15 ' IEEE/NPSS
Symposium,
Hyannis, Massachusetts, 1993) Vol. 2 (Institute of Electrical and
Electronic Engineers, New Jersey, 1994) 1016-1022.
t 1

Abstract
The TFTR [Tokamak Fusion Test Reactor] research program is preparing to commence the first
high fusion power experiments using deuteriumtritium fuel in the US Fusion Program. TFTR

project personnel are completing upgrades to
TFTR's engineered and administrative systems to
support a safe and efficient transition from the earlier deuterium-deuterium (DD) operations to deuterium-tritium (DT) operations. This paper dis-

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

19

Tokamak Fusion Test Reactor

cusses the preparations that have been completed
and those that are currently underway to achieve
the project goal of high-powered deuterium-tritium
plasmas.

Introduction
During the past ten years, the Tokamak Fusion Test Reactor (TFTR) safely and successfully
supported DD experiments. During the past year,
TFTR personnel have worked to provide an additional fuel source to the TFTR, tritium. DT experiments are the latest goal at TFTR. The safe and
successful operation of DT experiments is the highest priority of the Laboratory.
To ensure the safety and success attained during the previous DD experiments is continued during the upcoming DT experiments, it was necessary
to adapt the TFTR systems currently used to conduct DD experiments and to install and commission
new systems for the safe handling of tritium.
In addition, operating practices have been
changed to ensure that the DT experiments are conducted safely and in an environmentally sound
manner in accordance with the regulatory requirements set by the Department of Energy (DOE).
The transition from DD to DT operations requires that the following activities be successfully
performed (shown graphically in Fig. 1): Regulatory Compliance, DD Operations Start-up, DD Optimization, Tritium System Test, Tritium Auxiliaries Test, Trace Tritium Test and DT Operations.
1
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Figure 1. Transition from DD to DT operations.
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This paper describes several of the major activities which have occurred or are planned to occur to complete the DT experiments and serves to
highlight the enormous effort that has been or will
be required to transition from DD to DT operations
at TFTR.

Regulatory Compliance
In order to transition from DD to DT operations,
the DOE determined that TFTR would require a
change in its classification with regard to regulatory compliance. In FY92, the Director of the Office
of Energy Research determined that TFTR would
become a category 3 "low hazard nuclear facility"
after the receipt of significant quantities of tritium.
Becoming a low hazard nuclear facility meant that
additional requirements were imposed by various
DOE Orders to control TFTR activities such as design changes, operations, maintenance and training. TFTR was required to be compliant with a
greater number of DOE Orders as compared to earlier DD operations. This paper will only address a
few that are of great significance to the transition
from DD to DT operations.

Conduct of Operations
The philosophy of "Conduct of Operations" has
been well established in many industries, particularly at commercial and military nuclear fission
plants. Though many concepts of conduct of operations appropriate to a fusion facility were already
in place at TFTR, many had to be implemented and/
or formalized. In this paper, we will discuss some
of the administrative controls which have been
implemented. Administrative controls have included the following:
(1) Procedures: Administrative procedures used
to control the development, review, revision,
control and implementation of written procedures at TFTR were changed to guarantee
the effectiveness, quality and safety of procedures. Over 1,200 procedures, totaling over
15,000 pages, were written or revised for configuration control, installation, testing, operation, alarm response, emergency operations,
maintenance and repair of TFTR systems Additionally, TFTR personnel were trained to
properly execute these procedures.
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(2) LockoutlTagout
and Independent
Verification: Lockout/Tagout procedures were
revised to implement both DOE and OSHA
[Occupational Safety and Health Administration] requirements to verify that equipment
could be safely operated and serviced. Independent verification was implemented to confirm that personnel error could not jeopardize p e r s o n n e l or e q u i p m e n t safety or
adversely affect the environment.
(3) Centralization
and Control of Facility
Operations and Status: The TFTR "chain
of command" was formalized to delineate accountability and responsibility from the operators to senior management. The operations organization was modified to allow for
centralized control of facility status. The position of TFTR Shift Supervisor was created
to be accountable, to TFTR management, for
the safe and reliable operation of the entire
TFTR complex (see Fig. 2).
The work permit system was modified to
allow centralized control and approval and
to promote safety evaluations of work activities. A new operating station was installed
to provide the TFTR Shift Supervisor with
quick access to facility status both during
routine and emergency operations.
PPPL#94X0236

PPPL Director

TFTR Project Head
Tokamak
Operations Head

Chief Ops
Eng
Tokamak Systems
Energy Conversion
Utilities

TFTR Shift
Supervisor

Safety,
HP, QA/QC

Tritium Systems
Supervisor

Neutral Beam
Ops Eng

Tritium Systems

Neutral Beams
Cryo Systems

Figure 2. TFTR Chain of Command.

(4) Operational Information: The control and
dissemination of operational information was
enhanced. Logkeeping by operations personnel was formalized to ensure that pertinent
information related to operational events is
now recorded for both the exchange of information between operators and for event reconstruction. Standing orders and shift orders procedures have been developed to
promote communications between management and the operators. The exchange of information between on-going and off-going operators was formalized (shift turnover) to
ensure that on-going operators are fully cognizant of facility status and scheduled events.
A required reading program was established
to disseminate pertinent information to all
TFTR project personnel.

Training and Certification
A comprehensive training, qualification, and
certification program has been established to support
DT Operations by assuring that personnel are proficient in their respective jobs. The Office of Certification and Training was established to develop and
administer these programs, based on Department of
Energy requirements. Tritium operations personnel
receive comprehensive training in technical topics
(such as tritium theory and properties, and tritium
systems), ES&H [Environment, Safety, and Health]
topics (related to personnel, environmental, and
equipment safety), emergency and alarm response
procedures and drills, and Conduct of Operations
practices. Practical training covering work procedures is conducted as On-the-Job trainingin the work
environment. Thirty-three operations personnel
have been certified in writing by management as an
endorsement of their qualifications.
Training also provide the means to attain and
expand competencies in the areas of quality, safety,
health, and environmental so that DT research objectives are achieved in a safe and environmentally
sound manner.

Surveillance Requirements
Surveillance requirements (SURs) were established to ensure that the important systems related
to tritium operations were periodically verified for
proper operability and status. These surveillances
included verification of the operability and status
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of the following systems: tritium monitoring systems (environmental and personnel safety), tritium
cleanup systems, tritium auxiliary systems, safety
interlocks, standby power systems, uninterruptible
power systems, fire protection systems, HVAC
[Heating, Ventilating, and Air Conditioning] systems and other containment systems.

Final Safety Analysis Report (FSAR)
An extensive and detailed analysis of the facility design and operations was conducted to ensure
that the DT operations could be conducted in a safe
and environmentally sound manner. This included
updating the previously conducted FSAR for DD
operations.
2

Unreviewed Safety Questions (USQs)
Procedures were developed to address Unreviewed Safety Questions (USQs) which involve
safety and environmental issues which were not
addressed nor foreseen in the revised version of the
FSAR.
2

Regulatory Reviews
In addition to complying with various DOE Orders, over the past year, TFTR activities were reviewed by Laboratory personnel ("self-assessments"), by outside DOE contractors as part of a
PPPL operational readiness review and by the
Princeton Area Office (PAO), the Chicago Operations Office (CH), the Office of Nuclear Safety
(ONS), Energy Research (ER) and the Environmental and Health Office (EH) of the DOE (operational
readiness reviews). In addition, an Environmental
Assessment was issued, reviewed (by both governmental authorities and the local community) and
approved. All of the aforementioned reviews were
conducted to confirm that TFTR was ready to conduct DT operations. All reviews required to support tritium systems testing were successfully completed. Future reviews will be required to permit
TFTR to conduct full power DT operations and to
utilize the Tritium Purification System (TPS).
2

DD Operations Start-Up
One of the first steps in achieving a successful
transition from DD to DT operations included a
successful '93 DD operations period to provide a well
conditioned torus and heating systems. Preparations for the '93 DD operations period included not
22

only time tested start-up activities used previously
but also new activities to incorporate the installation and testing of new systems. New installations
and equipment upgrades included those needed to
support future DT operations.
1

DD Operations Start-Up Activities at TFTR
(1) Standby Diesel Generator Load Test: Offsite utility power was removed from TFTR
to test the standby power and UPS [Uninterrupted Power Supply] systems. The diesel
generator was fully loaded to test its ability
to provide sufficient power to important
TFTR systems such as the tritium systems.
(2) Vacuum Vessel Closeout and Scrub: Prior
to closing up the vacuum vessel (torus) at
TFTR, a thorough cleaning and inspection
was performed, which included a photographic survey, to confirm that the vacuum
vessel was ready for operations and to document its status. A detailed cleaning and inspection (scrub) was performed to check for
equipment deficiencies and to verify that the
Machine Areas (Test Cell, Test Cell Basement, Data Acquisition Rooms) were free of
debris remaining from construction activities
and fully ready to support long term operations.
(3) Safety System Testing: To ensure the
proper operability of safety systems used to
protect both personnel and equipment, all
safety interlock systems were tested prior to
operations. These interlock systems tests included: systems used to prevent accidental
exposure of personnel to high radiation, electrical and magnetic field hazards (Access
Control and Emergency-Stop System), systems used to measure radiation levels in the
Test Cell and public address systems used to
warn personnel of safety hazards and emergency conditions.
(4) Tokamak Systems Testing: Tokamak systems such as vacuum, gas injection, boronization, bakeout and cooling water systems were tested for proper operability.
(5) Vacuum Vessel Pumpdown
and Leak
Check: The vacuum vessel was closed,
pumped down and leak checked to ensure
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vacuum integrity and the residual gas analyzers were tested and calibrated for proper
operability.
(6) Vacuum Vessel Conditioning:
The processes of bakeout, glow discharge cleaning
and boronization were utilized to condition
the TFTR vacuum vessel. The vacuum vessel was heated to 150 °C (bakeout) to thermally remove impurities from the vacuum
vessel internal surfaces. In conjunction with
bakeout, glow discharge cleaning (GDC) with
helium gas was performed to ionicly scrub
the vacuum vessel internal surfaces. The surfaces of the vacuum vessel were coated with
a boron-carbon composition by injecting a
diborane and helium gas mixtures in the
presence of a glow discharge.

(9) Pulse Discharge Cleaning (PDC): In conjunction with vacuum vessel bakeout, pulse
discharge cleaning was used to scrub the internal hardware surfaces with low energy
plasma discharges. With low TF fields, confined, low energy plasmas were formed and
released to strike internal hardware surfaces
to remove impurities.
(10) Disruptive Discharge Cleaning (DDC):
With the vacuum vessel at ambient temperatures, disruptive discharge cleaning was used
to scrub the internal hardware surfaces with
higher energy plasma discharges than PDC.
With high TF fields, confined, high energy
plasmas were formed and released to strike
internal hardware surfaces to remove impurities.

(7) Motor Generator and Coil Power Supply Testing: The motor generators (MGs)
and the coil power supplies (Energy Conversion System — ECS), which supply field coil
c u r r e n t and n e u t r a l beam power, were
tested for proper operability. Testing included interlock testing, control system testing, cooling system operability and dielectric integrity checks.

(11) Neutral Beam Testing: Neutral beam systems were tested to confirm that safety interlocks, cryogenics, vacuum systems and
water cooling systems were operable.

(8) TF and PF Coil Testing: Low levels of electric current were introduced to the TFTR coil
systems to test the dielectric integrity of TF
[toroidal fields] and PF [poloidal fields] coils
and energy conversion systems and checkout
the diagnostics used to measure the magnetic
parameters of the tokamak. The coil power
supply control systems were tested to ensure
compatibility with the new TF Coil Alternate
Coolant System. In addition, the Coil Protection Calculator (CPC), which prevents the
TF and PF coil engineering safety limits from
being exceeded, was reprogrammed and
tested to ensure sufficient protection of the
PF and TF coils given a change in the specific heat capacity and flow of the new cooling medium. Full TF coil current capability
(73.3 kA, 5 tesla) is available; however, due
to the lower heat rejection capacity of the new
cooling medium, the pulse repetition rate at
which experimental operations has been reduced by almost a factor of three at full operational parameters.

(13) NeutralBeam System Conditioning: Neutral beam conditioning was performed to remove impurities from the ion source filaments, accelerator grids and beamline ducts.
Neutral beam power level of 33-34 megawatt
have been obtained.

3,4

(12) Ion Cyclotron Radio Frequency
System
(ICRF) Testing: ICRF systems were tested
to confirm that safety interlocks, power supplies, transmission lines, antennae and water cooling systems were operable.

(14) Ion Cyclotron Radio Frequency
System
(ICRF) Conditioning:
ICRF conditioning
was performed to remove impurities from the
ICRF antennae.

DD Optimization
After the DD operations start-up was successfully completed, DD optimization began. DD optimization evaluated the experimental plans (XPs)
which were to be used during the DT experiments
at TFTR. Additionally, during this time, the tritium
gas injection systems for the torus and neutral
beams were tested using deuterium and various
pellet injection and diagnostic systems were tested
for proper operability for use during the DT experiments.

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

23

Tokamak Fusion Test Reactor

DT Operations Experimental Plans
Checkout using Deuterium

greater scrutiny than previous activities at TFTR
(see Regulatory Compliance).

Experimental plans to be used for the experiments were checked out using deuterium. The
checkouts ensure that the following systems, controls and software performed optimally in accordance with the XPs:
• TF and PF field current profiles, control and
feedback.
• Gas inj ection system torus prefill and pressure
profiles and computer control and feedback.
• Magnetic field measurement and feedback.

New Systems and Equipment Upgrades
Systems involved with the tritium systems test
include those required for the receipt, storage,
analysis, monitoring and containment of tritium in
the tritium areas at TFTR. " These systems include the following (only major systems are listed):
1,5

6

(1) Tritium Storage and Delivery
System
(TSDS): The TSDS includes equipment that
is used to receive, analyze, store and deliver
tritium to the gas injection systems connected
to the torus and neutral beams. "
5

• Plasma position profiles and computer control and feedback.
• Neutral beam and ICRF power parameters.

Tritium Gas Injection Testing
During the DD optimization, the tritium gas
injection systems for both the torus and the neutral beams were tested using deuterium to verify
the proper operability and to ensure that both hardware and software interlocks and controls.

Pellet Injection
Both the deuterium pellet injector and the
lithium pellet injector (lithium and boron pellets)
were tested to confirm proper operability and to
optimize pellet size, injection timing and quantity.

Tritium Systems Test
In order to transition from DD to DT operations,
it was necessary to ensure that systems needed to
safely and effectively handle tritium were properly
designed, documented and tested. These activities
associated with the tritium handling systems located in the Tritium Areas at TFTR were referred
to as the tritium systems test. Additional tritium
handling systems for the conveyance of tritium to
and from the torus and neutral beams which are
located in the Test Cell and Test Cell Basement
were evaluated during the tritium auxiliaries test
which will be discussed later.
After the receipt of significant quantities of tritium at TFTR, the project's hazard classification
will be changed to low hazard nuclear facility; and
thus, the tritium systems test underwent much
24

6

(2) Tritium Cleanup Systems: Three tritium
cleanup systems (Torus Cleanup System,
Tritium Storage & Delivery Cleanup System
& Tritium Vault Cleanup System) are utilized to remove tritium from process streams
or rooms. "
5

6

(3) Tritium Monitoring: In addition to the process monitors which measure the tritium concentration in various process streams and
glovebox atmospheres numerous tritium
monitors are used to monitor occupiable
rooms (area monitors) and exhaust stack effluent to the environment (stack monitors).
Area monitors warn operators of high tritium
concentrations in occupiable rooms for worker
safety reasons, where as stack monitors warn
operators of tritium releases to the environment and record tritium effluent from the
facility. Tritium monitors also provide inputs
to safety interlocks which automatically shutdown tritium transfer operations, start-up of
the various tritium cleanup systems and isolate HVAC systems to contain tritium releases.
5,6

(4) Heating, Ventilating and Air Conditioning (HVAC): In addition to controlling temperature and humidity and providing fresh
air, the HVAC systems provide safety and
environmental protection. All rooms at
TFTR, which contain significant amounts of
tritium, are maintained at a negative pressure (pressure zoning) with respect to rooms
which do not house tritium or house lesser
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amounts of tritium. In the event of a tritium
release, pressure zoning ensures that tritium
does not flow into "unmonitored" rooms and
that all released tritium is conveyed to the
facility stack (stack release). Additionally, in
the event of a tritium release to the tritium
areas, the HVAC systems isolate these areas to provide containment and proper
cleanup by the TVCS [Tritium Vault Cleanup System].
(5) Tritium Remote Control and Monitoring
Systems (TRECAMS): TRECAMS is a distributed control system used to provide control and monitoring of important tritium systems. TRECAMS is a Texas Instrument D/3
system in a Token Ring configuration which
provides for remote control, monitoring,
archiving and alarm annunciations of various tritium systems.

terfaces were tested to confirm proper functionality between different systems. Tritium
process systems were tested with deuterium
to determine their effectiveness in transferring and processing hydrogen isotopes.
6

(5) The standby power distribution system was
tested for its ability to supply important tritium loads in the event of a loss of off-site
utility power.

Systems Testing after Tritium Introduction
Three shipments of tritium, totaling approximately 700 Curies, were received at TFTR to perform
low concentration testing of the tritium systems and
tritium auxiliary systems. Leak testingusinghelium
is less effective than leak checking using tritium (an
order of magnitude time less effective). Therefore,
all systems likely to contain t r i t i u m were leak
checked with tritium to test the leak tightness of the
system and to test the process monitors.
6

Systems Checkout Prior to
Tritium Introduction
The systems previously mentioned were tested
prior to the introduction of tritium and are now
periodically retested to ensure proper operability
(surveillances). For each tritium system, the systems checkout included the following:
(1) Verification of Systems
Documentation:
All systems P&IDs (Piping & Instrumentation Diagrams), hardwired interlocks (ladder
logic), and computer system interfaces and
software had a "walkdown" performed to validate the system configuration documentation. All systems operations procedures had
a "walkdown" performed to verify their safety
and effectiveness.
(2) Calibration: All vital instruments were calibrated including both hardwired and software indications.
(3) Helium Leak Check: All systems likely to
contain tritium were leak checked with helium prior to the introduction of tritium to a
system.
(4) Preoperational
and Integrated
Systems
Testing: All systems were tested for functionality and all safety interlocks were
checked for proper operability. Systems in-

Tritium Auxiliaries Test
Tritium handling systems for the conveyance
of tritium between the tritium systems located in
the tritium areas and the torus and neutral beams
which are located in the Test Cell and Test Cell
B a s e m e n t will be evaluated during the tritium
auxiliaries test which will be conducted in the near
future

New Systems and Equipment Upgrades
Systems involved with the tritium auxiliaries
test included those required for supplying tritium
gas to the Test Cell use points and returning the
vacuum system exhaust effluent to the tritium
cleanup systems in the tritium areas. The major
systems included the following:
(1) Tritium Gas Delivery Manifold (TGDM):
The TGDM consists of a delivery line that
connects the Tritium Storage and Delivery
System (TSDS) to the Test Cell use points
(TGIS and NB GIS).
1

(2) Tritium Gas Injection System (TGIS): The
TGDM supplies tritium gas to two gas injectors connected to the torus. Each gas injector consists of a pressure and temperature
monitored fill plenum which acts as reser-
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voir for tritium gas and of three computer
controlled piezoelectric valves which are used
to control the flow of tritium into the torus
during pulse operations. All components are
secondarily contained in an evacuated and
pressure monitored jacket.
(3) Neutral Beam Gas Injection System (NB
GIS): The TGDM supplies tritium and deuterium gas to twelve gas injectors connected
to the neutral beam ion sources located in
the Test Cell.
7

(4) Vacuum Exhaust Active Pressure Control (VEAPC): During DD operations, the
exhaust of the torus, neutral beams and diagnostic vacuum systems (TVPS [Torus
Vacuum Pumping Systems], NBVS [NeutralBeam Vacuum System], DVS [Diagnostic
Vacuum System]) were conveyed directly to
the atmosphere via the TFTR stack without
any preprocessing for the removal of tritium.
After the introduction of tritium to the torus
and neutral beams, these effluents must be
directed to the Gas Holding Tanks of the
Torus Cleanup System (TCS) to remove residual tritium prior to release. The VEAPC
provides a compatible pressure interface between the previously installed vacuum systems of the torus, neutral and diagnostics and
the TCS which is operated from low vacuum
to near atmospheric pressure.
5

(5) Leak Mitigation Systems (LMS): After the
introduction of tritium to the torus and neutral beamlines, these volumes will be tritium
contaminated. If a large leak occurs in one of
these volumes which allows them to rise to
atmospheric pressure, it is possible for tritium to leak into the test cell. To maintain
these volumes at a negative pressure under
such conditions, the LMS is used to connect
these volumes to either the Torus Cleanup
System (TCS) or the Tritium Vault Cleanup
System (TVCS) depending on the size of the
leak.
(6) Tritium Hardware Interlock Control Systems (THICS): The THICS systems is used
by the TFTR Shift Supervisor to control the
flow of tritium from the TSDS to the test cell
use points (TGIS or NB GIS). THICS permits
centralized control of tritium transfer opera26

tions and is used to maintain tritium inventory control. Additionally, THICS provides
interlocks to prevent or cease tritium transfers in the event that tritium leakage is detected or that the TGDM, TGIS or NB GIS
secondary containment is compromised.

Systems Checkout Prior
to Tritium Introduction
The systems mentioned above were tested prior
to the introduction of tritium and are now periodically retested to ensure proper operability (surveillances). For each tritium auxiliary system, the
system's checkout included the same testing as was
or will be performed for the tritium systems test prior
to the introduction of tritium. Additional testing
included or will conclude:
(1) The TGDM, TGIS and NB GIS were tested
with deuterium to ensure the proper operability of the systems and their computer controls. The THICS was tested to confirm that
all safety interlocks performed satisfactorily.
(2) The Leak Mitigation System (LMS) was
manually isolated from the torus and neutral beam and downstream piping was vented
to atmosphere via a vent valve. The LMS was
tested up to but not including the torus and
neutral beam interfaces to confirm proper
operability of the system.
(3) Future Testing. The exhaust of the torus,
neutral beams and diagnostic vacuum systems (TVPS, NBVS, DVS) will be isolated
from their direct connection to the TFTR
stack and connected via the VEAPC to the
Gas Holding Tanks (GHTs). The effluent of
the vacuum systems will be directed to one
of two GHTs associated with the TCS. All
system parameters will be checked to ensure
proper operability. Henceforth, all vacuum
systems effluent will be preprocessed by the
TCS prior to release up the TFTR stack to
the environment.

Future Systems Testing
after Tritium Introduction
All systems which are likely to contain tritium
will be leak checked with small amounts of tritium
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prior to full DT operations. Testing of the tritium
systems with a low concentration of tritium will
include the following:
(1) A TSDS [Tritium Storage and Delivery
System] U-bed will be heated and a small
measured amount of tritium gas will be transferred to and from each of the use points in
the test cell (TGIS and NB GIS) via the
TGDM. Each system will be tritium leak
checked.
(2) A small, m e a s u r e d amount of tritium
will be injected into the torus (and hence
the diagnostics with torus interfaces) and
neutral beams via the TGIS and NB GIS,
respectively. E a c h volume will be leak
checked with tritium detectors.
(3) The tritium gas in the torus, neutral
beams and diagnostics will be pumped by
their vacuum systems and the vacuum systems will be tested for tritium leakage. Then
the effluent gases will be delivered to the
GHTs and processed by the TCS.

DT Operations
After the completion of the Trace Tritium Test,
TFTR will reach the goal of full power DT operation which will be the culmination of ten years of
safe and successful operations at TFTR. As with
its past successes, TFTR is striving to complete DT
operations successfully and with complete safety.
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Abstract
The Tokamak Fusion Test Reactor (TFTR) at
Princeton will start its D-T [deuterium-tritium] experiments in late 1993, introducing and operating
the tokamak with tritium in order to begin the study
of burning plasma physics in D-T. Trace tritium injection experiments, using small amounts of tritium
will begin in the fall of 1993. In preparation for these
experiments, a series of tests with low concentrations of tritium in deuterium have been performed
as an initial qualification of the tritium systems.
These tests began in April 1993. This paper describes the initial testing of the equipment in the
TFTR tritium facility.

1 Tritium Receiving and
Analytical Glovebox
Tritium Storage and Delivery
Gtovebox
Control Panel
Plasma Exhaust Pumping
Gtovebox
J Gas Services Rack
7 Tritium Storogo and Delivery
Cleanup System

Gas HokSng Tank
| Tritium Vault Cleanup System

The tritium facility at TFTR, in Fig. 1, consists
• The Tritium Storage and Delivery System
(TSDS) is enclosed in three gloveboxes, the
Tritium Receiving and Analytical, the Tritium Storage and Delivery and the Vacuum
Pumping gloveboxes. The purpose of this system is to receive, analyze and store tritium
and to deliver tritium to the injection systems
on the tokamak.
• The Torus Cleanup System (TCS) is a 24
standard liters per second cleanup system
which receives the gas from the various
vacuum systems on the tokamak, and pro28
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[ Torus Cleanup System

Introduction
of:

cesses this gas to remove and collect the tritium contained in this gas. This system catalytically oxidizes the tritium and the resultant tritiated water is collected on molecular
sieve beds for off-site shipment.

3 Regeneration System
4 Fume Hood
5 Tritium Purlflcatton System

Figure 1. TFTR Tritium Area Layout

• The Tritium Vault Cleanup System (TVCS)
is a 472 standard liters per second cleanup
system capable of processing the atmosphere
in the various rooms of the tritium facility in
the event of a tritium release into these areas.
• The Tritium Storage and Delivery Cleanup
System (TSDCS) is a 4.7 standard liters per
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second cleanup system for maintaining a dry,
inert, tritium free atmosphere in the TSDS
glovebox. The glovebox atmosphere is also
maintained oxygen free by use of a copper
getter bed to remove oxygen.
• The Tritium Regeneration System (TRS) is
used during regeneration of the oxygen getter bed and the molecular sieve drier beds in
the cleanup systems. This is accomplished in
the TRS by circulating a high temperature
regeneration gas through the fixed molecular sieve beds, and by reducing the copper
oxide by circulating a high temperature hydrogen stream through the oxygen getter bed.
These systems have been described previously.
They were designed and fabricated in the late
1970's, installed in 1982 and have been in non-tritium operation since 1990. Except for the TRS, they
have now been tested with hydrogen and/or tritium
during the Tritium Systems Tests at TFTR.
1

Tritium Systems Tests
In April 1993 an Operational Readiness Review
approved the introduction of up to 1000 Curies (Ci)
of tritium at TFTR to be used to conduct the Tritium Systems Tests. This is a series of tests to leak
check the systems with tritium, perform functional
testing of the equipment with tritium, allow the
operating staff to gain "hands-on" tritium experience and to begin to establish a data base of operations of the facility with tritium. A series of Integrated Systems Test Procedures (ISTPs) were
written and approved for conducting the Tritium
Systems Tests. These ISTPs were: ISTP-191 "Receiving, Unloading, and Inventory of Tritium for
Tritium Systems Test"; ISTP-192, "Tritium Manipulation in the Tritium Storage and Delivery
System"; ISTP-193, "Tritium Manipulation Between the Tritium Storage and Delivery System and
the Tritium Storage and Delivery Cleanup System";
and ISTP-194, "Tritium Manipulation in the Torus
Cleanup System."
In anticipation of the tritium tests, the cleanup
systems, TCS, TSDCS and TVCS, had undergone
testing with hydrogen to measure the cleanup efficiency (Decontamination Factor) for removing elemental hydrogen isotopes from a gas stream. These
hydrogen tests were performed using a gas chro-

matograph as an analytical tool for detecting elemental hydrogen in the input and output streams
of the cleanup systems. These tests yielded results
showing that all of the cleanup systems had Decontamination Factors in excess of the design requirement of 1000.
In these hydrogen tests, a known amount of
hydrogen gas was injected in front of the catalytic
recombiner on the respective cleanup systems. Elemental hydrogen was measured on the outlet of
recombiner and moisture was measured on the outlet of the drier beds. Analysis of the elemental hydrogen was by gas chromatography. Staff from the
Tritium Systems Test Assembly (TSTA) at Los
Alamos National Laboratory [LANL] participated
in the tests and provided the gas chromatography
equipment and expertise.
Detailed test procedures were prepared, in accordance with established administrative procedures and DOE Orders, to control the movement of
the tritium in the Tritium Systems Tests. All of the
tritium systems had been leak tested previously
with a helium mass spectrometer type leak detector and confirmed to have no single leak to the atmosphere >10" scc/s [standard cubic centimeter per
second]. Tritium leak checking, using a monitor as
the detector, has a higher sensitivity than helium
for leak checking.
6

ISTP-191
A container with a gas mixture of 10 liters of
deuterium containing -100 Ci of tritium was prepared at the Tritium Systems Test Assembly
(TSTA) at the Los Alamos National Laboratory,
and was shipped to TFTR for these tests. This gas
mixture was used to perform a series of Integrated
Systems Test Procedures (ISTPs) at TFTR. The
tritium container was moved into the Tritium Receiving Glovebox and ISTP-191 was conducted. The
gas (-0.5% tritium) was analyzed and transferred
to the uranium bed-1 (UBED-1) in the TSDS. At
TFTR the analysis of tritium generally is performed by mass spectrometry, beta scintillation,
metal gettering techniques and ion chamber measurements. An Extrel quadrupole mass spectrometer (QMS) is operated in low resolution mode in
conjunction with a SAES™ metal getter appendage pump and EG&G Mound Labs Model MD-200
Beta Scintillator detector (BS). Calibrations of the
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QMS are made using pure gases and appropriate
calibrated gas mixes. Total gas quantity is determined by PVT [Pressure, Volume, Temperature]
measurements.

ISTP-192
A block diagram of the TSDS, indicating major
components, is shown in Fig. 2. UBED-1 was then
heated to produce a pressure of about 2400 Torr of

ISTP-193
Once the TSDS process was tested, the glovebox
itself was tested with the 0.5% tritium gas using
ISTP-193. Here, tritium gas was trapped at a known
volume and pressure between two valves and later
swept into the glovebox with helium gas. A total of
26 mCi were transferred to the glovebox in this
manner. A small fan was used to achieve homogeneity in the glovebox atmosphere. The tritium concentration in the glovebox was measured at 13,600
(j.Ci/m by the glovebox monitor. The glovebox was
placed in a static condition (isolated from the
cleanup system) at atmospheric pressure for leak
testing. Sniffing of all glove ports, windows, and
glovebox joints indicated no leakage detectable with
a handheld Scintrex tritium monitor with a sensitivity of 1 uCi/m . Subsequently, glovebox pressure
was raised to slightly above atmospheric pressure
with argon. No leaks were detected at this pressure.
This tritium was then used as a source of elemental (DT) tritium for leak testing the Tritium
Storage and Delivery Cleanup System (TSDCS),
Fig. 3. The TSDCS was connected to the TSDS
glovebox to circulate the glovebox atmosphere while
3

3
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Figure 2. TFTR Tritium Storage and Delivery System.

the test gas above the UBED. This gas was then
used to perform ISTP-192. Section by section, adjacent portions of TSDS were opened up to this gas
while maintaining the gas pressure above 1500
Torr. Leak testing of this system was conducted
using the glovebox monitor (Overhoff Technology
Corporation) with a sensitivity of 1 uCi/m with its
inlet connected to a stainless steel probe through
plastic tubing as described in Ref. 2. Each valve
bonnet, gasket flange, and welded joint was "sniffed"
to detect any tritium leaks. The total quantity of
test gas available was insufficient to pressurize
more than half the TSDS at one time. The test was,
therefore, halted temporarily to cool the uranium
bed and reabsorb the tritium for pressurizing the
second half of the system. In all, only one valve bonnet was observed to be leaking; the bonnet nut was
tightened and no further leak was detected. At no
time did the test pressure in any open section drop
below 1500 Torr. No leaks, other than the one mentioned above were detected. The glovebox monitor
showed that the integrated loss from the system
did not raise the glovebox background level significantly.
3

30

Figure 3. Tritium Storage and Delivery Cleanup System.

maintaining the p l a t i n u m catalyst in the recombiner at less than 35 °C. This precaution was
taken to permit elemental tritium to reach the discharge side of the molecular sieve drier beds in the
TSDCS. Recirculation of this gas back to the TSDS
glovebox showed an equilibrium level of about 34
uCi/m in the glovebox (about twice the background
level). No leaks greater than 10 uCi/m above background were detected using the handheld Scintrex
monitor to sniff all TSDCS flanges, valve bonnets,
gaskets and welds. This test procedure was then
3

3
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repeated to provide a source of tritium for testing
TSDCS with a hot recombiner (-175 °C). Glovebox
tritium concentration, as a function of time, is
shown in Fig. 4. No tritium was observed at the
discharge of TSDCS, so a decontamination factor
was calculated to be over 4000, consistent with results obtained when TSDCS was tested with hydrogen.
TSDGB CLEANUP 6/1/93
INITIAL LOAD 26mCi

PPPU93X0269

200 mCi were then introduced into the TCS and
recirculated while maintaining the recombiner catalyst cold. Once elemental tritium levels at the TCS
discharge point exceeded dischargeable levels, the
addition of tritium was stopped and leak checking
of the TCS was initiated, while maintaining the
recirculating flow through the TCS. Again, no leaks
were detected. Finally, upon completion of the leak
checking, the TCS recombiner temperature was
raised and the recirculating tritium was cleaned
up. The three phases of this test are clearly shown
in Fig. 6: initial buildup due to introduction of tritium; slow decay due to equilibration and plating
TCS OUTLET [T2]
ISTP-194 (6/17/93)

PPPU93X0268

<£600

20

40
TIME (minutes)

60

80

Figure 4. Tritium storage and delivery glove box fTSDGB]
cleanup, initial tritium load was 26 mCi.
0

ISTP-194
The Torus Cleanup System (TCS) was then
tested using ISTP-194. Approximately 800 mCi of
tritium were transferred from UBED-1 in the TSDS
to the Gas Holding Tank [GHT] in the TCS, Fig. 5.
The handheld monitor was used to sniff all flanges,
welds and valve bonnets during the transfer operation, and during GHT sampling and analysis operations. No leaks were detected. Approximately

I'--""--".!,

^m
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Figure 5. Torus Cleanup System.
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Figure 6. Tritium concentration at outlet of TCS during
ISTP-194.

out within TCS; and finally, very rapid cleanup once
the recombiner temperature approached 175 °C.
Subsequent cleanup of approximately 580 mCi at a
recombiner temperature of about 500 °C showed
no tritium in the TCS outlet, consistent with the
results obtained during testing with a nominal 1%
hydrogen in nitrogen mixture. This implies a decontamination factor well over 1000.

i

Tritium Inventory
As a final test, all of the tritium on the uranium beds in the TSDS was desorbed and sent to
the Gas Holding Tank (GHT) in the TCS. A total of
about 117 Ci were transferred at this time. The
measurement of tritium in the GHT (about 7.6 m )
was by a Femto-tech™ model 2524PP/U24 tritium
monitor in a sample recirculating loop. This monitor had been calibrated, by Los Alamos National
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Laboratory, at concentrations from 1 to 20 Ci/m .
The measured concentration in the GHT during this
test was about 13.5 Ci/m . This gas in the GHT was
processed through the TCS, collecting the tritiated
water on the fixed molecular sieve beds in the TCS.
No leaks were detected while processing this higher
concentration gas. No tritium was detected at the
outlet of the molecular sieve beds. Thus both the
leak tightness and the functionality of the TCS were
demonstrated during this test.
When the 117 Ci of tritium were transferred
from the TSDS to the Gas Holding Tank in the TCS
a problem was encountered. Initially, the tritium
monitor on the GHT measured much less than 117
Ci. Several activities were initiated to determine
the cause for this discrepancy. First, the tritium
monitor on the GHT was suspect. A spare, identical monitor was available. This monitor was sent
to LANL for calibration with tritium gas in the
range 1-20 Ci/m . Second, all of the vacuum piping
between the uranium beds and the GHT was purged
with nitrogen to the GHT. Also, the decision was
made to sample and analyze oil in the vacuum pump
used to pump the test gas into the GHT. During
the maintenance operation to sample the pump oil
some 11 Ci of tritium were released to the plant
stack, and a small amount (< 1 Ci) was released
into the tritium vault. The tritium in the vault actuated the alarm on the area (room) monitor and
this activated the Tritium Vault Cleanup System
(TVCS). The TVCS quickly cleaned the vault atmosphere, removing the tritium by oxidation to form
tritiated water and collecting the tritiated water
3

3

3

on molecular sieve. This was an unplanned test of
the TVCS, but in fact demonstrated that the system works as designed.
Upon completion of the calibration of the second monitor at Los Alamos, this monitor was installed on the GHT and used to analyze the contents. Measurements taken with the calibrated
monitor proved that all of the tritium was indeed
in the GHT and that the original monitor installed
on the GHT had not been functioning properly.
At the conclusion of these tests, a summary of
the tritium inventory data was generated. Table I
summarizes the inventory data. These data show
that all of the tritium introduced into the TSDS from
the original shipping container has been identified
and measured at the end of the experiment. The ~6
Ci identified as Process Holdup has not been measured, but is inferred by difference. The DOE level
of accountability for tritium is to the nearest 0.01 g
(100 Ci). These data show that the measurements
at TFTR are at a much higher sensitivity than required by DOE for inventory control.

Conclusions
The Tritium Systems Tests on the TFTR tritium systems have been completed successfully. No
major leaks or equipment failures were detected in
the primary tritium systems. One relatively small
leak was corrected by tightening a valve bonnet nut.
During a maintenance operation, a small (11 Ci)
tritium release occurred. This resulted in activation of the Tritium Vault Cleanup System. Testing

Table I. Inventory Summary [after] Tritium Systems Tests.
Inventory of Tritium Received:

Curies

Received from LANL

125.8

Residual Gas Left in Shipping Container
Transferred to Tritium System

121.6

Current Location of Tritium
used in Tritium Systems Test:

Curies

Torus Cleanup System
Gas Holding Tank A
Gas Holding Tank B
Residual on U-Bed 1
Stack Release
Process Holdup (not measured)
Total Ending Tritium

32

4.2

82.3
20.6
0.6
0.4
11.0
6.7
121.6
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the TVCS had not been an objective of these tests,
however, this event demonstrated that the TVCS
does operate and function as designed.
These tests were conducted with slightly over
100 Ci of tritium. At the end of the test, we were
able to account for all of the tritium, thus demonstrating measurement capability well in excess of
that required by current DOE requirements for inventory control. Through these tests the operating
staff at TFTR have gained valuable "hands-on" tritium experience. With this series of tests successfully completed, the tritium staff at TFTR is now
ready to proceed with expanding the tritium boundary up to and into the tokamak and into the vacuum
systems.
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Abstract
The Tokamak Fusion Test Reactor (TFTR) at
Princeton Plasma Physics Laboratory (PPPL) will
complete its experimental program with a series of
deuterium-tritium pulses in 1994. As a result, the
machine structures will become radioactive, and
vacuum components will also be contaminated with
tritium. Dose rate levels will range from less than
1 mr/h for external structures to approximately 200
mr/h for the vacuum vessel. Hence, decommissioning operations will range from hands on activities
to the use of remotely operated equipment. After
21 months of cooldown, decontamination and decommissioning (D&D) [Editor's Note: now Shutdown and Removal (S&R)] operations will commence and continue for approximately 15 months.

Symposium,

The primary objective is to render the test cell complex reusable for the next machine, the Tokamak
Physics Experiment (TPX). This paper presents an
overview of decommissioning TFTR and discusses
the D&D objectives.

Introduction
TFTR is the major experiment in the Department of Energy's (DOE) Magnetic Fusion Energy
Program. Until now, TFTR experimental operations
essentially involved only hydrogen plasmas. Therefore, the machine still has full "hands-on" accessibility even though the vacuum vessel and some
machine components have become mildly activated
and tritium contaminated. Additional activation
and contamination will occur when TFTR proceeds
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with tritium-fuelled experiments. Completion of the
D-T [deuterium-tritium] pulses is scheduled for
September 1994. At that time, D&D activities will
commence with a Safe Shutdown period followed
by dismantling, packaging, and shipping activities.
The nature of D-T operations is such that all waste
generated will be low level radioactive waste
(LLRW).

Conceptual Design Review
Issue Updated D&D Plan
Preliminary Design Review
Final Design Review
Begin D&D Operations
TPX Beneficial Occupancy
Project Closeout

April 1994
June 1994
February 1995
February 1996
July 1996
March 1998
June 1998

Facility Description

Project Objectives
Technical Objectives
The primary objective of the D&D Project is to
remove activated and contaminated systems and
components, and render the TFTR facility suitable
for construction and operation of the Tokamak
Physics Experiment. Specific objectives are:
• safely disassemble activated and tritium-contaminated components and various ancillary
systems in the test cell complex;
• apply remote disassembly and handling techniques to a large scale fusion facility;
• package disassembled components in accordance with DOE and Department of Transportation regulations; and
• transport the packages to an approved DOE
repository for LLRW disposal.
The baseline approach presented in the TFTR
Preliminary Decontamination & Decommissioning
Plan is the basis for the feasibility of achieving the
technical objectives. This plan was reviewed by an
independent DOE panel in January 1992 which
concluded that the technical approach was well
developed, and the cost and schedule estimates were
detailed and reasonable.
The TFTR D&D technical objectives are similar to those planned in the future for other large
fusion facilities that will use D-T, namely, the Joint
European Torus (JET) in Europe. In addition, this
experience will provide valuable input during the
design phase of the International Thermonuclear
Experimental Reactor (ITER).

The portion of the TFTR facility involved in the
D&D Project includes the test cell, test cell basement, hot cell, and mock-up building. The machine
systems and components that will require D&D
include the tokamak machine, structure, diagnostics, neutral beamlines, ICRF [ion cyclotron range
of frequencies] system, pellet injectors, vacuum
pumping systems, cryogenic systems, and the machine area cooling fluid systems. The tritium storage and delivery system, tritium clean-up system,
and tritium boundary HVAC [Heating, Ventilating,
and Air Conditioning] will be left intact for possible
reuse by TPX.

Test Cell
The test cell shown in Figs. 1 and 2 is a heavily
shielded concrete structure, with interior dimensions of 150 ft. x 114 ft. x 54.5 ft. high, which houses
the tokamak, neutral beamlines, diagnostic systems, and auxiliary equipment. The test cell is con-
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Schedule Objectives

SCALE IFEETI

The major schedule milestones for the D&D
Project are listed below:
34
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Figure 1. TFTR Facility Plan View.
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tains the control room for remotely operated equipment and tools.

Basement Areas

Figure 2. TFTR Facility Elevation View.

structed of reinforced concrete with wall, roof, and
floor thicknesses having been determined by both
structural and radiation shielding requirements.
The north and south walls of the test cell support a
110/25-ton capacity bridge crane. The test cell floor
is designed to support the static weight of the TFTR
machine (approximately 2,000 tons) in a 39 ft. diameter in the center of the building, and a live load
of 3,500 lbs/ft for the area outside the center bay.
2

Hot Cell
The hot cell shown in Fig. 1 has interior dimensions of 60 ft. x 114 ft., and a ceiling height of 54.5
ft. The floor is at the same level as that of the adjacent test cell. Construction is of reinforced concrete
throughout, with the floor slab 3 ft. thick, the roof
5 ft.-6 in. thick, the north and south walls 4 ft. thick
and the east and west walls 3 ft. thick. The hot cell
will not be activated nor contaminated and will
permit unlimited personnel access. It will be the
main area for packaging LLRW containers.
The structural floor slab and the transport system are designed to support and permit movement
of the weight of a fully assembled neutral beamline.
The hot cell contains a 75/15-ton overhead crane.
The observation gallery has radiation shield windows and was designed for operating through-thewall manipulators on the north and east walls of
the cell.

Mock-Up Building
The mock-up building is located to the north of
the test cell as shown in Fig. 1. It contains a 40-ton
bridge crane, and will be the main staging area for
health physics operations. This building is the primary means of ingress/egress for all D&D operations in the test cell. The mock-up building also con-

Space for a variety of functions is located at the
basement level below the main experimental areas.
Basement space below the test cell and hot cell has
been assigned to diagnostic equipment, high voltage equipment, vacuum pumping equipment, electric bus runs for power supply to the machine, coil
cooling fluid piping for the magnetic field coils, the
tritium vault, tritium cleanup equipment and air
handling equipment. D&D operations in the basement will be limited to the systems directly under
the machine and the vacuum pumping piping.

D&D Approach
The current D&D baseline is presented in detail in Ref. 2. It represents a conservative approach
with regard to cost and schedule because it is based
on totally dismantling, cutting up, and packaging
all systems that make up the tokamak machine,
and shipping the waste containers to the furthest
repository from the PPPL site. Approximately 150
truckloads will carry almost 500 containers to
DOE's Hanford Disposal Site. DOE packaging and
shipping criteria, as well as Hanford's waste acceptance criteria will be followed.
Removal of the TFTR machine platform and the
supporting columns located in the basement will
not be required since they will be utilized by TPX.
The dose-equivalent at the machine platform after
completion of D&D operations is estimated to be 7
uSv/hr (0.7 mrem/hr).
4

Decontamination
The baseline approach, i.e. TFTR operates with
tritium and generates a total of 1 x 1 0 neutrons,
corresponds to a "worst case" scenario with respect
to D&D. It is assumed that all components connected to the torus vacuum will be tritium contaminated. In addition, the majority of the tritium inventory remaining in the torus will be bound in the
graphite tiles and co-deposited on the vessel walls
with eroded carbon from the tiles. Based on experimental measurements, it is assumed that 35% of
the tritium put into the machine will be retained in
the torus. He/O glow discharge cleaning is expected
to reduce this amount. In addition, the neutral
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beamline enclosures are assumed to be tritium contaminated because the beamline cryogenic panels
pump the plasma exhaust. Inventory estimates for
the beamlines yield a maximum value of 0.2 g of
tritium. Decontamination of the neutral beams is
expected to be difficult because of the complex configuration and large surface areas of the internal
beamline components.
To the extent possible, decontamination of systems will be completed prior to disassembly and
dismantlement tasks. Decontamination will continue as required throughout D&D operations to
reduce personnel exposures and waste generated.
6

Activation Levels
Table I gives the contact dose rate at various
machine locations for different cooling periods.
These values are dominated by M n , C o , and C o
radioisotopes which are activation products of the
stainless steel and Inconel components. Refer to Fig.
2 for the component locations.
2

54

58

60

Table I. TFTR Calculated Activation Levels
after Generation of 2 x 1 0 D-T Neutrons.
Activation Level
(mrem/hr)

6mos
lyr
2yrs
5yrs

2000
800
260
80

Outboard Side
Outboard of
of TF Coil Case Support Column
160
70
24
4

6
2
0.6
0.1

Based on the dose rate figures above, all dismantling work from the TF coils to the center of
the machine will be performed using remotely operated equipment and tools. It is anticipated that
D&D of the vacuum vessel will require use of the
TFTR Maintenance Manipulator Arm (MMA), an
articulated boom equipped with a master/slave
servomanipulator for in-vessel component removal
and torus dismantling. Plasma arc cutting is the
primary technique being considered to perform dismantling. Confinement tents will be used to limit
the spread of contamination during these operations.
36

The D&D Project is: revising the baseline to
include alternative approaches for dismantling
tokamak systems and cutting the torus; investigating the possibility of recycling up to 500 tonnes of
stainless and copper materials; and is considering
alternative approaches to waste packaging and shipping. The results of this work will form the basis for
the conceptual design review in March 1994. Early
in FY [fiscal year] 1994, a solicitation will be made
for a Technical Support Contractor to complement
the engineering and planning activities, and a Technical Review Board will be selected. Small and large
scale cutting demonstrations are also planned in FY
1994 to establish the cutting approach.

Conclusions
A baseline approach has been established based
on the Project's Preliminary D&D Plan. Radiological inventory estimates were made to determine
exposure to personnel, waste generation, and handling and disposal methods. Calculations of radioactive material inventories for the tokamak components indicate that the D&D waste will be Class
A LLRW. Waste resulting from TFTR D&D operations will consist of stainless steel and aluminum
structures, diagnostic components, stainless piping,
copper coils and buses, resin beds, filters, solidified
radioactive liquids, and anti-C materials. Packaging and transportation will comply with DOE Orders, PPPL Procedures, and waste repository acceptance criteria. The amount of radioactive waste
generated during D&D, including all packaging
materials, will be more than 2500 tons. The total
neutron induced radioactivity inventory to be disposed of is estimated to be 50 TBq (1400 Ci).
5

21
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profile at the transition between the low- and
high-confinement modes.

The ultimate goal of the Princeton Beta Experiment-Modification (PBX-M) Project remains the exploration of the "second regime of stability" to the
ideal ballooning magnetohydrodynamic (MHD) instability. This instability is predicted to occur in
high pressure plasmas, and its suppression could
lead to a more attractive fusion reactor operating
regime. Current profile control, plasma cross-section shaping (indentation), pressure profile control,
and stabilization of the kink mode are predicted to
permit access to the ballooning mode-stable regime,
and PBX-M h a s the tools to investigate these
concepts.
Fiscal year 1993 was devoted to the exploitation of systems for profile control that were added
to PBX-M during the previous fiscal year. New diagnostics for determining the effectiveness of these
techniques were also installed and operated. Among
the most important of these systems and diagnostics were:
• Installation of a "high-n||" coupler for the
lower-hybrid current-drive (LHCD) system
for the purpose of controlling the current profile and for increasing the value of the safety
factor q(0) well above 1.
• A microwave diagnostic using amplitude
modulation (AM) reflectometry installed and
operated by a group from the Centro de
Investigaciones Energeticas Medioambientales y Technologicas (CIEMAT) in Madrid,
Spain, in collaboration with the Oak Ridge
National Laboratory (ORNL) and the Princeton Plasma Physics Laboratory (PPPL). It has
been successfully applied to the measurement
of the density in the vicinity of an ionBernstein wave (IBW) a n t e n n a and the
change in the gradient of the edge density

• An electron cyclotron emission (ECE) diagnostic with an oblique view of the plasma
installed on a mid-plane port. It has been
used to obtain information on the radial
transport of superthermal electrons during
LHCD.
• An ECE diagnostic installed with a vertical
view through the core region of the plasma.
Information on the background plasma has
been obtained from the time evolution of the
signal from superthermal electrons generated
during a transient pulse from the LHCD system.
• A multichannel heterodyne ECE radiometer
installed by collaborators from the Massachusetts Institute of Technology (MIT). It has
been used to measure internal plasma fluctuations.
With these new capabilities, PBX-M experiments have significantly expanded the operating
regimes where current profile control and pressure
profile control have been demonstrated.

Current Profile Control
with LHCD
Localized Damping
of Lower Hybrid Waves
There are two fundamental problems associated
with the control of the current profile with LHCD:
first, it is essential to have the ability to control the
location of the damping of the radio-frequency (rf)
power and the energetic electron production and,
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second, once the fast electron tail has been formed,
it is important that the radial transport not destroy
the localization. Power deposition in plasmas hot
enough for the wave to damp on the first pass is
expected to be controlled by launching a narrow ri|j
spectrum and varying the xi|| launched. In the initial PBX-M experiments, the electron temperature
was too low for the wave to damp on the first pass,
but it was possible to obtain a good degree of localization by taking advantage of the limit in penetration imposed by accessibility. Figure 1 shows the
comparison between the location of the damping

motion constraints. " It has also been verified that
the power deposition is related to wave accessibility by varying the magnetic field, with penetration
increasing with the field.
5

Central Safety Factor
in High-pp Plasmas

A key focus of the PBX-M program has been
the development of scenarios for achieving highpressure (high-Pp, or poloidal beta) plasmas in reactor-relevant operational regimes. An important
tool in this effort is the LSC, which has been comPPPW93X0373
bined
with the Tokamak Simulation Code (TSC) to
0 [
I
I
I
I
|
I
I
1
I
I
I
1
1
I
|
develop discharge sequences that are achievable
with the heating and current-drive capabilities of
PBX-M. One possible scenario for obtaining highPp plasmas is shown schematically in Fig. 2. The
0.4 A •
first
step is to increase the central "safety factor,"
r/a
"
/
or
q(0),
with either off-axis LHCD or IBW heating
0.6 /
to peak the central electron density [n (0)] and move
the bootstrap current inward. This is followed by
0.8 '
plasma heating with neutral-beam injection (NBI)
•) o l
i
i
i
i
I
i
i
i
i
I
i
i
i
'
I
and/or IBW heating. The flexibility in the auxiliary
*1.0
2.0
3.0
4.0
heating and current-drive systems on PBX-M in"o
cludes perpendicular and tangential NBI, variable
LHCD phasing, and tunable IBW frequency. These
Figure 1. Comparison between the maximum calculated
penetration of the lower-hybrid ray during the first approach can be used to optimize the plasma pressure and
(solid line) and the measured power deposition location
current profiles for stable, high-P performance.
(discrete points) as a function of the peak value of the
While it was possible to raise q(0) during the
launched n/jo spectrum. The data demonstrate the ability to first PBX-M experiments with LHCD, the need to
modify the location of lower-hybrid power by variation of
suppress MHD instabilities restricted operational
the launched wavenumber.
scenarios. In FY92, for example, "MHD-quiescent"
plasmas were most readily achievable only with the
and the maximum accessibility as functions of the
simultaneous application of LHCD and NBI. Alpeak launched rijj (n|| ). The location of the damping
though
NBI was useful in stabilizing MHD activity
is measured during pulsed operation of the rf power:
with low toroidal mode numbers (n), its effect in
the hard X-ray emission is Abel-inverted and the
fueling the plasma limited the density range for
location where the signal has the maximum variaoptimizing LHCD.
tion at the turn-on of the power is determined. In
A major accomplishment in FY93 has been the
this manner, the effect of diffusion is minimized.
suppression of sawtooth precursors and m = l / l
The accessibility curve has been obtained from the
MHD modes in plasmas which could then be used
Lower-Hybrid Simulation (LSC) ray tracing code,
to achieve high-p with auxiliary heating. The pausing experimental values for the plasma paramrameters
for these discharges are shown as a funceters: the value plotted corresponds to the first aption
of
time
in Fig. 3 (see page ??). The lowest curves
proach of the wave to the center, which leaves the
were obtained with soft X-ray detectors viewing two
value of xi[| approximately unchanged. Usually, afdifferent sightlines, and these curves indicate the
ter this first pass, the n\\ is upshifted: in this case
disappearance of MHD activity. Below these traces
the wave is confined farther out in radius and the
are the contours of hard X-ray intensity as meadamping is rather insensitive to the variation of
sured with the two-dimensional hard X-ray camri|| , but remains spatially localized because of ray
e
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Discharge Sequence for High-f3 Plasma
p
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Increasing q(0)
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Plasma heating
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)
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NBI: •T (0)
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Figure 2. Scenario for obtaining high-f} plasmas. Central safety factor q(0) is first increased with LHCD (lower-hybrid
current drive) or IBWH (ion-Bernstein wave heating) while the temperature is relatively low and the resistive current redistribution time is short. The plasma is then heated with neutral-beam injection (NBI) or ion-Bernstein waves (IBW).
p

era. The spatial distribution of this emission reflects
the location of the LHCD power deposition, and its
peaking above and below z = 0 indicates "off-axis"
current drive. This should cause an increase in q(0),
and during the ohmic heating phase, a q(0) measurement of 1.1 was obtained from magnetic-field
pitch angles using the motional Stark effect (MSE)
diagnostic.
A rise in the central density and (3 was observed
with the addition of NBI, and the stored energy
increased by about 40%. Although there was
higher-m MHD activity during this phase, as seen
in the spatial distributions of the soft X-ray signals
at 638 msec and 654 msec, the central safety factor
remained at 1.1. The fact that the change in the
current profile is maintainable is an important requirement of the high-Pp scenario from the LSC,
and the next step is the control of the safety factor
profile off-axis.
p

MHD Behavior and Current
Profile Modification
Figure 4 (see page 43) shows the effect of 270
kW of rf power on sawtooth behavior: the inversion
radius shrinks inward and the sawteeth are suppressed after approximately 200 msec. To evaluate
the changes in the current and q profiles, equilibrium reconstructions with the magnetic-field pitchangle profile obtained from the MSE diagnostic were
used. Figure 5 (see page 44) shows the radial profile of q and the radial profile of the Abel-inverted
hard X-ray (HXR) emission: it is noted that, in
agreement with the sawteeth behavior, q(0) rises
to around 1.0 and the profile flattens. Note also that
the current driven by the rf waves seems located
between the rational surfaces q = 1 and q = 3/2; it is
interesting to see that, from the soft X-ray (SXR)
array, an m = l / l sawtooth precursor gradually
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MSE q(0) = 1.1, n (0) = 3.0 x 1 0

MSEq(0) = 1.1,n (0) = 5 . 5 x 1 0
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Figure 3. Experimental demonstration of the scenario in Fig. 2, including q(0) increase in a lower temperature plasma
followed by heating to achieve higher poloidal beta (P ). The data show that q(0) > 1 is achievable and maintainable with
LHCD; next step is the control of the off-axis safety factor q(r) at high poloidal beta.
p

disappears, and then a weak global mode gradually grows. In this particular case, the weak MHD
activity has little effect on the fast electron radial
distribution; in cases at higher rf power or lower
density, when the modification of the current profile is larger and more sudden, the MHD mode can
grow and possibly lock, causing a small disruption
and a rapid radial broadening of the electron profile. In some instances this condition has been
avoided by adding neutral-beam power to the discharge : in that situation, the value of q(0) increased
to levels above 1.0. The X-ray emission, and hence
8

42

the rf-driven current profile, remained localized offaxis for 2 to 3 times the magnetic diffusion time,
and no MHD activity was detected.

Energetic Electron Transport
The achievement of LHCD power localization
is of little use for current profile control if diffusive
transport spreads the fast electrons across the
plasma radius. In general, there are two mechanisms for diffusion across the field lines: normal
diffusion and enhanced diffusion or scattering due
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Figure 4. Soft X-ray signals showing effect ofLHCD on sawtooth precursor behavior. The data suggest that theq=1 radius
shrinks into the origin as off-axis current is driven by LHCD.

to MHD modes. Making extensive use of the images produced by the two-dimensional (2-D) hard
X-ray camera on PBX-M, it has been demonstrated
that normal diffusion occurs on a scale length of
about 7 cm (compared to the minor radius of 30 cm),
while enhanced diffusion due to MHD modes occurs on scale lengths a t least a factor of 4 longer.
This can be seen readily in the hard X-ray images:
in the former condition, an off-axis deposition can
be produced and maintained throughout the discharge, while in the latter condition it can be completely lost during strong MHD activity. In MHDquiescent plasmas, a lower and an upper limit to
the diffusion has been measured, following methods developed by S. Jones. One method uses a
Fokker-Planck model with the Stevens-von Goeler
X-ray code : a 2-D image for the hard X-ray emis9
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sion is computed using the experimentally derived
absorbed power profile and a n assumed effective
diffusion constant D*. The simulated image is then
compared with the experimental image, and the
process is iterated using different values of D* until a best fit is found.
The results from two versions of this approach
are given under the entries labeled "Rax-Moreau
Model" and "Karney-Fisch Functions" in Table I (see
page 45). Another analysis utilizes a code developed
by Giruzzi, which accommodates an arbitrary
LHCD power absorption spectrum as determined
by matching the 2-D hard X-ray image with the results of a ray tracing calculation. This method, including variants which sought the diffusion for different phasings of the launched LHCD waves, are
also summarized in Table I. If magnetic fluctua11
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of the confinement in the core region and the formation of an inner transport barrier spatially correlated to the IBW power deposition profile. Sustained IBW operation has led to a condition where
most of the plasma energy is contained within the
inner transport barrier. This supports strong gradients in the electron density and temperature profiles, a situation somewhat reminiscent of an Hmode (high-confinement mode), but with a transport
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region. This operating regime has been referred to
as the CH-mode (for core H-mode).
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Figure 5. The q-profiles from equilibria reconstructed with
MSE internal magnetic-field measurements compared with
an Abel-inverted hard X-ray (HXR) emission profile. Theoffaxis hard X-ray profile is correlated with an increase in q(0).

tions are responsible for the radial diffusion, the
Giruzzi code calculates 8B/B = 3.8 x 10" , which is
consistent with estimates from other tokamaks.
The LHCD system was pulsed in an additional
experiment, and the hard X-ray emission profiles
were compared at maximum and minimum rf
power. Measurements were also made of the electron cyclotron emission at angles oblique to the
plasma. Signals detected at different frequencies
correspond to emission from unique radial locations
in the plasma, so the time delay between them is
related to the fast electron diffusion. All of these
techniques indicated that D* = 1-2 m /sec (for electrons with velocities equal to the injected wave
speed), implying that the collisional slowing down
time is shorter than the diffusion time by about a
factor 8.
4

2

Density Peaking and
Suppression of Instabilities
During discharges with IBW heating, a progressive peaking of the density profile has been observed. This has occurred when IBW was applied
to either ohmic or NBI discharges. Although it has
not been investigated in detail, the phenomenon
does not appear to depend on plasma shape (slightly
elongated for ohmic and bean-shaped for NBI discharges). Figure 6(a) (see page 46) presents overlays of electron density profiles as a function of
major radius, n (R), at four times in the case of an
ohmic target plasma; the IBW phase starts at 350
msec. A similar plot for an NBI target plasma is
shown in Fig. 6(b); the IBW phase starts at 450
msec. It can be seen that the phenomenology of the
density peaking is the same for ohmic or NBI target plasmas: it begins with an increase over the
whole density profile, which progressively changes
into a centrally localized increase. It takes from
about 200 msec to obtain a peaked density profile.
During the course of the last experimental campaign, central electron densities up to 1 0 cm"
were measured, and core region density gradients
reached 5 x 1 0 cm" .
Stabilization of sawtooth and "edge relaxation
mode" (ELM) activity was observed in association
with the density peaking. Sawtooth oscillations stop
about 100 msec after the simultaneous application
of IBW and NBI, while discharges with NBI only
exhibit sawtooth and giant ELM activity until the
end. From the edge neutral (D ) emission, both
types of discharges enter the H-mode at about the
same time. When IBW and NBI heating are both
present, however, there are only small ELM's which
e

14

Pressure Profile Control
and Plasma Heating

12

A 40-80 MHz IBW heating system is available
on PBX-M as a tool to control the pressure profile,
and to supplement the NBI system used to heat
the plasma. In IBW-assisted NBI discharges, the
rf constitutes less than 25% of the input power, but
nevertheless has strong effects on the density profile. In these discharges, the IBW power deposition
profile peaks in the mid-minor radius region. The
44
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Table I. Summary of Diffusion Coefficient (D*) Determination
for 80-keV Energetic Electrons.
1. Rax-Moreau Model with Narrow Source

D*<1.7m /sec

2. Karney-Fisch Functions with Narrow Source

D* <2.2m /sec

2

2

3. Giruzzi Model
3,A

Profile from Ray-Tracing Simulation

D* = 2.3 m /sec

3,B

Experimental Profile with 90° Phasing

D*>1.4m /sec

3,C

Experimental Profile with 120° Phasing

D*>1.0m /sec

2

2

2

3,D Time Dependent Experimental Profile
with 120° Phasing

D*>1.0m /sec
2

4. X-Ray Time Delay

D*>0.2-0.5m /sec

5. ECE Time Delay

D*>0.4m /sec

2

2

3.0

2.0

1.0

D*(m /sec)
2

are suppressed after approximately 140 msec from
the start of the rf.

Core Plasma Improvement:
The CH-Mode
Data from the Thomson scattering diagnostic
provide evidence for the formation of a transport

barrier in near the center of the plasma. During
the CH-mode (Core H-mode) phase, strong gradients in the electron temperature and density profiles appear in the core region. Figure 7(a) (see page
47) shows overlays of the electron temperature (T )
profiles obtained during IBWH-assisted NBI (solid
line) and NBI only (striped line); similar plots for
density (n ) and density gradient (Vn ) are shown
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in Fig. 7(b). The application of IBWH generates
large localized electron temperature gradients (VT )
of up to 100 eV/cm. Large values of V n — u p to 5 x
1 0 cm" — are seen in the core region; these are
similar to the gradients obtained in the edge region for the NBI only (H-mode) case.
Although peaked density profiles are routinely
observed during IBWH-assisted NBI operation, the
observation of localized steep gradients in the electron temperature gradient is rarer, and they are a
special feature of the CH-mode. These discharges
are characterized by a general improvement of the
performance of the core plasma, as reflected in the
time behavior of the ion temperature, the neutron
production, and the ion transport. The time evolutions of the neutron source strength, S , for NBI
discharges with (in black) and without IBWH
(striped) are shown in Fig. 8. With 2 MW of NBI,
both discharges entered the H-mode at approximately 420 msec after a sawtooth, which produced
a sharp drop in S . A recovery follows up to 500
msec, at which time the neutron signal begins to
descend. When 1.8 MW of NBI is added at about
560 msec without IBWH, S increases modestly
(striped curve). For the discharge with both additional NBI and IBWH, however, the rise in S is
substantial (black curve). This behavior of the neutron source strength is a "real-time" indicator of the
transition to the CH mode, and it is similar to the
time evolution of the ion temperature.
e
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Synergy Between IBW
and LHCD
Enhanced Hard X-ray Emission

In a recent Joint European Torus (JET) experiment, an intriguing synergy between the ion cyclotron range of frequencies (ICRF) fast wave and
0
LHCD was observed. It was shown that the LHCD
180
140
160
fast electrons were further accelerated by the application
of rf power. The most likely cause is the
R^oior
'major (cm)
mode-conversion of fast waves into ion-Bernstein
waves, which are then responsible for the observed
Figure 6. (a) Overlays of electron density profiles as a func- electron acceleration. The data agree relatively well
tion of major radius atfourtimes for an ohmic target plasma;
with a model which predicts a 10-20% level of conthe IBWH phase starts at 350 msec, (b) Overlays of elecversion efficiency. This percentage diminishes as
tron density profiles as a function of major radius at four
times for an neutral-beam-injection target plasma; the IBWH the rf power is increased and high-energy tail ions
are generated. The analysis of IBW in PBX-M exphase starts at 450 msec. The data show a peaking of the
periments
shows that the directly launched IBW
density profile following a time delay after the IBWH power
is applied.
maybe utilized to enhance the efficiency of the syn46
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Figure 8. Time evolution of the neutron source strength,
S , for NBI discharges with IBWH (black curve) and without IBWH (striped curve). The increased confinement and
more peaked density profile contribute to the increased
neutron production in the core high-confinement mode (CHmode).
n

200

ergy. Although electron Landau damping of IBW is
relatively weak under usual circumstances, the electron damping increases strongly as the wave slows
down in the vicinity of a major ion resonance. With
appropriate conditions, such as a sufficiently high
plasma electron temperature and the presence of a
strong ion resonance layer, the electron Laudau
absorption can be quite large.
In PBX-M, preliminary experiments were performed to investigate the possibility of synergy between the LHCD and IBW systems. The plasmas
were relatively quiescent, and the rf power was kept
intentionally low to prevent the onset of MHD activity (with the exception of some mild sawtooth
activity) and to minimize the bulk plasma effects
often observed with the application of IBW (e.g.,
density peaking and impurity accumulation). While
shot-to-shot variation existed, the plasma and rf
conditions were approximately as follows:

FUo; (cm)

i

E
o

0
6
E
o 4

CM

2
0

~\

140

i

i
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r

180

IBW: pulse width = 50 msec
(during LHCD),
power = 50 kW

200

Rmaj (cm)

LHCD: pulse width = 300 msec,
power = 125 kW

Figure 7. (a) Overlays of the electron temperature (T ) proAverage central density: 1.5 x 1 0 cm"
files during IBWH-assisted NBI (solid line) and NBI only
(dotted line), (b) Overlays of the density (n ) and density
Average temperature: 0.8 keV
gradient (Vn ) during IBWH-assisted NBI (solid line) and
NBI only (dotted line). The increase in the density gradient
The hard X-ray camera signal intensity started
at an intermediate radius appears to modify the current proto increase when the IBW power was switched on;
file in a manner consistent with a bootstrap current driven
at this location.
it continued to rise for the 50 msec that the IBW
e
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3

e

e
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was on and started to decay as soon as the IBW
was turned off. Under most conditions the photon
temperature, determined through the insertion of
a foil over half the field of view of the camera, followed the same behavior. Typically the temperature increased from 40-50 keV to 60-70 keV, or by
about 40-50%. The energetic electron temperature
determined from the X-ray pulse height analysis
crystal detectors in the perpendicular and counterviewing directions behaved similarly, with temperature increases in the same range.
As the LHCD phase was scanned from -90 degrees to +90 degrees, the hard X-ray signal intensity decreased by about a factor of 4. Only in the
case of-90 degree phasing did the photon temperature remain high after the IBW had been turned
off. This suggests that while there is evidence of an
interaction between the IBW and LHCD, the details are complex, and more experiments are
planned to clarify them.

Plasma Edge Physics

density profile across the "L-to-H" transition were
possible. Since the efficiency of rf heating and current drive is dependent on edge conditions, edge
profiles were also obtained during IBW and LHCD,
and detailed analyses of these data are in progress.

Boronization
Solid-target boronization has become a routine
operational tool on PBX-M. Both low- and high-Z
impurities decrease significantly after 20 to 30
shots. The typical duty cycle on PBX-M is a onesecond discharge every 120 to 150 seconds. Boronization at this level three or four times a week
appears to have been adequate for impurity control. Examples of the effect of boronization include
impurity reduction in plasmas with IBW heating
and a typically lower loop voltage during LHCD.
There was also an air leak that necessitated the
venting of the PBX-M vacuum vessel with nitrogen
gas. Boronization was performed after pumpdown,
and high-power discharges were possible after only
two days of plasma operations.

Edge Profile Measurements
with Amplitude Modulation
Reflectometry

Graduate Studies
and General Education

Amplitude modification (AM) reflectometry is
based on the measurement of a time delay which is
determined from the phase delay of the modulated
envelope of a millimeter wave beam reflected by
the plasma. The phase readout can be directly obtained without complicated fringe counters, and it
is not adversely affected by broadband fluctuations.
By measuring the time delay for a set of frequencies covering the plasma radius, the density profile
can be reconstructed. To explore the potential of
this new technique, an AM reflectometer, operating from 32 to 50 GHz in the X-mode, was installed
next to an IBW antenna on PBX-M.
Density profile measurements in ohmic, L-mode
(low-confinement mode), and H-mode plasmas were
obtained, and they were consistent with profiles
observed with the TV Thomson scattering (TVTS)
system. The TVTS diagnostic measures only a single
time point, while the reflectometer is capable of a
full frequency sweep in 1 msec at 5 msec intervals.
In addition, the reflectometer signal levels are not
affected by the low density at the plasma edge, so
measurements of the temporal evolution of the edge

Fourteen high school students, undergraduate
college students, and teachers from both the national and PPPL Summer Science Awards programs
participated in tokamak operations, ion-Bernstein
wave heating experiments, plasma diagnostics, and
computer code development for PBX-M in the summer of 1993. Graduate student projects included
the following:
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• Amplitude modification reflectometry for density profile measurements: CIEMAT student.
• The University of California at Los Angeles
(UCLA) fast reciprocating probe for edge profile and fluctuation measurements: UCLA
and CIEMAT students.
• Oblique ECE diagnostic for fast electron
transport measurements: Princeton student.
• Vertically viewing ECE diagnostic using the
signal from a transient LHCD pulse to determine plasma parameters: Princeton student.
• Third harmonic ECE diagnostic for fluctuation measurements: MIT student.
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Princeton Beta Experiment-Modification
In addition, there were postdoctoral research
scientists from MIT participating in hard X-ray
imaging and equilibrium reconstruction, an ORNL
postdoctoral fellow who worked on spectroscopic
diagnostics, and an International Atomic Energy
Agency postdoctoral fellow from the Hungarian
Academy of Sciences who was involved in the pulse
height analysis of hard X-ray distributions during
LHCD.

2

D. Ignat, E.J. Valeo, and S.C. Jardin, "Dynamic
Modeling of Lower Hybrid Current Drive,"
Princeton University Plasma Physics Laboratory
Report PPPL-2929 (1993) 30 pgs; submitted to
Nucl. Fusion.

3

K. Kupfer and D. Moreau, "Wave Chaos and the
Dependence of LHCD Efficiency of Temperature,"
Nucl. Fusion 32 (1992) 1845.
F. Paoletti et al., "LHCD Accessibility Study with
Reconstructed Magnetic Equilibria in PBX-M,"
Massachusetts Institute of Technology Report
PFC/JA-93-22 (1993); submitted to Nucl. Fusion.
H. Takahashi, S. Batha, R. Bell, et al., "Accessibility for Lower Hybrid Waves in PBX-M," in
Controlled Fusion and Plasma Physics (Proc. 20th
European Physical Society Conf., Lisbon, 1993),
J.A. Costa Cabral, M.E. Manso, F.M. Serra, and
F.C. Schiiller, Editors, Vol. 17C, Part III, (European Physical Society, 1993) III-901.
F. Paoletti, S. Batha, S. Bernabei, et al., "LHCD
Experiments on PBX-M," in Radio-Frequency
Power in Plasmas (Proc. Tenth Topical Conf., Boston, Massachusetts, 1993), Miklos Porkolab and
Joel Hosea Editors, American Institute of Physics (AIP) Conference Proceedings No. 289 (AIP,
New York, 1993)131.
F.M. Levinton, R.J. Fonck, G.M. Gammel, et al.,
"Magnetic Field Pitch-Angle Measurements in the
PBX-M Tokamak using the Motional Stark Effect," Phys. Rev. Lett. 63 (1989) 2060.
S. Bernabei, R. Bell, M. Chance, et al., "Experimental Exploration of Profile Control in the
Princeton Beta Experiment-Modified (PBX-M)
Tokamak," Phys. Fluids B 5 (1993) 2562.

4

Collaborations
Involvement of a wide variety of other fusion
laboratories and university groups continues to be
a prominent feature of the PBX-M effort. During
FY93, ORNL maintained its leading role in plasma
studies using neutron and spectroscopic diagnostics, reconstruction of high-P equilibria, and the
details of plasma fluctuations and their link with
plasma transport. Scientists from UCLA continued
their divertor bias experiments and their operation
of the fast reciprocating probe. Physicists and
graduate students from CIEMAT joined the PBX-M
team this year, and their AM reflectometer has
yielded crucial edge plasma measurements during
LHCD, IBWH, and biasing experiments. Personnel from MIT were key participants in the areas of
equilibrium reconstruction and fast electron diffusion analysis, and their Third Harmonic Electron
Cyclotron Emission Fluctuation diagnostic is now
a versatile and reliable system. The multichannel
motional Stark effect diagnostic, a basic tool in current profile control experiments, continues to be
operated in collaboration with Fusion Physics and
Technology (FP&T) personnel. Scientists from the
ENEA at Frascati (Italy) and JIPPT-II-U at the
National Institute of Fusion Studies in Nagoya (Japan) have also maintained their active role in the
study of IBW heating.

5

6

7

8

9

S. Jones, S. von Goeler, S. Bernabei, et al., "Calculation of an Upper Limit for an Effective Fast
Electron Diffusion Constant using the Hard X-Ray
Camera on PBX-M," Plasma Phys. Contr. Fusion
35(1993) 1003.

1 0

J. Stevens, S. von Goeler, S. Bernabei, et al.,
"Modelling of the Electron Distribution Based on
Bremsstrahlung Emission during Lower Hybrid
Current Drive on PLT," Nucl. Fusion 25 (1985)
1529.

1 1

G. Giruzzi, "Modelling of RF Current Drive in the
Presence of Radial Diffusion," Plasma Phys.
Contr. Fusion 35 (1993) A123.
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Current Drive Experiment-Upgrade

The research program of the Current Drive Experiment-Upgrade (CDX-U) is devoted to the experimental study of advanced concepts for tokamaks. Noninductive current-drive mechanisms,
such as internal pressure-driven current and dchelicity injection, have been developed and studied
in this device for possible long-pulse and/or steadystate tokamak operation. For confinement studies,
the physics of low-aspect-ratio tokamaks and electron-ripple injection have been studied. These concepts involve a variety of hardware and operational
alterations for tokamaks that have the potential of
improving their performance and attractiveness as
fusion reactors. The central hardware of the CDX-U
program is the CDX-U Low-Aspect-Ratio Tokamak
Facility. In FY93, the major activity was an upgrade
of this facility (see Fig. 1) for better performance in
various research parameters. A new ohmic-heating system was constructed and installed successPPPLW4X022S

-OH Error Field
Compensation Coils

Figure 1. Side view schematic of the upgraded CDX-U
tokamak showing the new ohmic-heating system.

fully and is now in operation. A toroidal-ring cathode was tested for better efficiency in helicity injection experiments. Also, an electron cyclotron heating (ECH) upgrade with a 8-GHz, 100-kW source
was initiated. For diagnostic improvements, the
design of a new multi-pass Thomson scattering system was begun.
Other CDX-U related activities include a preliminary experiment on electron-ripple injection
and preliminary operation of a tangential C 0 laser phase-contrast imaging diagnostic system. The
CDX-U team contributed to the preconceptual design study of a medium-sized, low-aspect-ratio tokamak, termed the Princeton Spherical Tokamak
Experiment (PSTX).
2

Facility Upgrade
Ohmic-Heating Upgrade
Installation of a new ohmic-heating (OH) system was completed. The addition of the OH system
enables the CDX-U tokamak to operate with a
broader range of plasma parameters for the study
of low-aspect-ratio physics, including higher plasma
current and temperature. Fiscal year 1993 saw the
final fabrication, assembly, and testing of all major
components of the OH system. They include: (1) a
new toroidal-field coil center stack with an OH coil
capable of 0.15 volt-sec (the highest volt-sec capability in the world among low-aspect-ratio tokamaks); (2) new resistive, stainless steel top and
bottom vacuum vessel flanges; (3) a toroidal dc
break in the outside aluminum section of the
vacuum vessel; (4) a set of OH error-field compensation coils; (5) a phase-1 ohmic-heating power supply capable of driving 30 mV-sec of flux swing during initial ohmic-heating operation; and (6) a
programmable vertical-field power supply for existing vertical-field coils.
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Center Stack with Ohmic-Heating
Solenoid
The fiscal year began with the final fabrication
of the various subassemblies of the new center
stack, including the 128 water-cooled conductor
central toroidal-field (TF) coil bundle, a G-10 insulating layer, a single-layer OH solenoid winding, a
second insulating G-10 layer, an OH return-current
conductor, and a resistive Inconel housing. The
basic design of the present stack is similar to that
of the previous one, with the addition of a singlelayer, water-cooled OH solenoid winding. The OH
solenoid winding is made from full-hard temper,
oxygen-free copper with a 35,000 pound yield
strength. This allows it to run with a central solenoid field of more than 4 T. In double-swing operation, the OH solenoid winding can provide 150 mVsec of flux swing, which is sufficiently large,
compared to the predicted value of 100 mV-sec, to
drive 100 kA of plasma current with a suitable target plasma. Final assembly of the center stack was
completed in September, 1993 (Fig. 2). Center stack
internal resistances were checked, and the center
stack is now successfully in operation.

Stainless Steel Vacuum Vessel Sections
The CDX-U vacuum vessel is designed with four
sections. The vessel is basically a cylindrical "can"
shape. The outer section is a 1-1/2-inch thick aluminum cylinder. Annular flanges comprise the top
and bottom of the vessel, and they bridge the gap
between the outer wall and the center stack. New,
more resistive, 5/8-inch thick, stainless steel top and
bottom vacuum vessel flanges were manufactured
as part of the OH system installation. All of the
circular ports in these flanges were upgraded to
copper gasket seals. Port placement and configuration are the same as the previous ones, allowing
most diagnostics to bolt on without modification for
OH operation. The inner vacuum seals between the
center stack and the stainless steel flanges were
also upgraded to copper gasket seals. The upgrade
to copper vacuum seals throughout much of the
vessel should enable CDX-U to operate at a higher
vessel temperature.

DC Vacuum Vessel Toroidal Break
In order to prevent induced toroidal currents,
the outer 1-1/2-inch thick aluminum vessel section
52

Figure 2. Installed view of the new center stack with the
ohmic-heating solenoid winding for CDX-U. (93X3140-7)

was split vertically (Fig. 3). The break is designed
with a 1/16-inch G-10 insulating shim at the narrowest part of the gap. An electrically insulated
stainless steel plate is bolted on to the outside of
the gap for mechanical reinforcement. Forty-eight
bolts secure the plate across the gap. A single continuous Viton rubber gasket is used for the vacuum
seal in the gap and along the top and bottom edges
of the outer section, against the stainless steel
flanges.

OH Error-Field Compensation System
A system of poloidal-field coils to reduce stray
OH error fields from the ohmic-heating solenoid by
two orders of magnitude, was installed. The compensation coil system consists of two sets of poloidalfield coils in series with the ohmic-heating solenoid.
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capacitor configuration (changing bank capacitance), and adding resistance to the circuit. The
power supply was successfully tested and is now
in operation.

Programmable Vertical-Field Supply
In order to provide radial plasma equilibrium
during current ramp-up, a programmable verticalfield power supply was constructed. This supply is
capable of supplying up to 360-A dc (or 1440-A
pulse) at 400 V to existing vertical-field coils. The
vertical-field current waveform is set by a preprogrammed waveform generator controlled by the
CDX-U CAMAC (Computer Automated Measurement and Control) system.

Toroidal-Ring Cathode
Development
In dc-helicity injection, a low-energy, high-current electron beam is used to inject helicity (magnetic energy) into the plasma. This drives bulk,
steady-state plasma current through radial penetration of injected current. The efficiency of helicity
injection current drive is independent of plasma
density. However, radial penetration of plasma current is essential in this scheme. To improve injecFigure 3. The toroidal dc break on the outer CDX-U vacuum tion efficiency, a toroidal-ring cathode was convessel section. (93X3151-18)
structed and tested. The toroidal-ring cathode
consists of eight smaller cathodes distributed toroidally and is localized radially while maintainThis "passive" OH compensation system minimizes
ing a sufficient injection area. Initial tests showed
the number of power supplies needed. Extrapolated
excessive radiation heat from the graphite LaB6
to the maximum OH solenoid current of 50 kA, the
(lanthanum hexaboride) holders. The cathode destray OH error field was reduced to less than 20 G
sign was modified to solve this problem by replacthroughout most of the vacuum vessel volume and
ing the graphite LaBe holders with molybdenum
to less than 10 G throughout most of the expected
plates. This new ring cathode is expected to give a
plasma volume. At present OH currents, these stray
better injection efficiency and a higher plasma curOH error fields are less than the experimental errent in future plasma operation.
ror (less than the Earth's magnetic field). Measurements made just outside the vacuum vessel walls,
at areas of maximum stray OH error fields, agree
well with predicted values.

Other Activities

Phase-1 OH Power Supply
For initial ohmic-heating operation, a power
supply was constructed which is capable of driving
up to 30 mV-sec of flux swing in the ohmic-heating
coil. The power supply is switched by SCRs (silicon
controlled rectifiers), and the ohmic-heating current
waveform is varied by changing charging voltage,

Electron-Ripple Injection
In order to develop a method for inducing highconfinement mode (H-mode) plasmas, a scheme
based on electron-ripple injection (ERI) was developed by the CDX-U team. The idea of electron-ripple
injection is to inject electrons with predominantly
perpendicular velocity (by ECH) into a small ripple

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

53

Current Drive Experiment-Upgrade

field and let them grad-B drift into the plasma.
Here, the injector (and the ripple field) would be
placed at the top (or bottom) of the plasma so that
the grad-B drift would carry the electrons into the
plasma. The trapped electrons will eventually become detrapped due to collisions and/or decreasing
mirror ratio. In this way, one should be able to
charge up the plasma interior well inside the last
closed flux surface. By changing the mirror ratio of
the ripple field and/or the energy of injected electrons, one can change the location of the potential
layer [the DIII-D H-mode transition work indicates
that the transition (or potential) layer is about 1-3
cm inside the last closed magnetic surface]. In this
way, it is hoped to develop a nonintrusive method
to induce H-mode transition with a reasonable
power level and to find a "knob" to control the tokamak plasma transport. A prototype ripple-injection
system was built and experimental activities on the
electron ripple-injection experiment were started
on CDX-U. The electron-beam measurement agrees
with the calculation of the ripple-field structure.
Effects of the grad-B drift have also been observed.
Figure 4 shows a comparison of limiter currents,
one inside and one outside the ripple region. The
inside limiter current is about 1.7 times larger than
the outside limiter current, indicating electrons are
trapped by a ripple field and heated by electron
cyclotron waves. If the prototype testing is successful, this method will be tried on the Continuous
Current Tokamak (CCT) tokamak for a demonstration experiment.
PPPU94X0170
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A C0 -Laser-Based Tangential
Imaging Diagnostic
2

A C02-laser-based tangential imaging system
is being developed on CDX-U to measure the twodimensional structure of plasma density fluctuations in a toroidal plasma device. The technique
makes use of the known uniformity of density fluctuations along magnetic-field lines, to produce a
localized image. The image location is in the core of
the plasma, at the point of tangency between the
C02-laser beam and the field lines. A novel variation on the Zernike phase contrast method is used
to detect the phase variations impressed on the laser beam and to achieve the localization of the measurement. Unique features of this diagnostic include
a horizontal beam that passes tangentially to the
magnetic-field lines and the capability to make localized, two-dimensional measurements in the
plasma core.
A CO2 laser operating at 10.6 microns is used
to form a geometrical projection (i.e., image) of the
plasma. The density variations in the plasma at the
tangency plane impress phase shifts on the laser
beam. However, these variations are obscured because the intervening plasma effectively smears
them out. The main contribution to this effect comes
from the edge plasma. Removal of the smearing effect is accomplished by a novel optical component
termed the phase plate. It at once provides phase
contrast for the plasma image and filters the Fourier components associated with the smearing, so
that a clear image of the plasma, localized at the
tangency plane, is obtained. Various optics expand
the laser beam before it enters CDX-U and then
focus it onto the phase plate, before recollimating
it onto the detectors. An array of 16 liquid-nitrogen-cooled, MCT (mercury, cadmium, telluride)
photoconductors sense the image formed by the laser light. A resolution of 0.5 cm over an 8 cm range
is obtained. The data is acquired at 1 MHz or 5 MHz
sampling rates. With a noise threshold of about 7
nV/Hz (nanovolt per second), the system can measure density fluctuations of An = 1 x 1 0 cm" .
The system was tested successfully on ultrasound waves in air. Linear dispersion plots were
obtained; from the sound wave data, the magnification of the laser beam could be determined. Preliminary measurements were also made on a medium-current helicity-injected plasma, and these
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Figure 4. Comparison of limiter currents, one inside and
the other outside the ripple region.
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measurements were correlated with Langmuir
probe measurements. Spectral analysis of the
resulting data indicate high coherence in the frequency range from 20 kHz to 50 kHz. This was also
accompanied by a linear cross-phase function. Further calibration and optimization work on the diagnostic should improve the system sensitivity and
resolution limit. Measurements on the higher density ohmically heated plasmas will be promising,
since the signal strength scales with the plasma
density.

PSTX Design
To explore low-aspect-ratio tokamak physics at
higher performance levels than previous small devices, such as CDX-U, a conceptual design study of
a new, medium-sized, low-aspect-ratio tokamak (R
= 80 cm, a = 55 cm, and I = 1 MA), termed the
Princeton Spherical Tokamak Experiment (PSTX)
has begun [see PPPL Laboratory Program Develpment Activities for Fiscal Year 1993 (PPPL/
LPDA-1), pgs. 9-14]. This device (see Fig. 5) aims
to test the spherical tokamak concept as a basis for
a volumetric neutron source. Design of and operational experience with the CDX-U tokamak (which
is smaller in size by a factor of 2.5) contributed to
p

this design effort. Vacuum vessel and poloidal-field
coils of the S-l Spheromak are incorporated into
the design. A center stack which contains toroidalfield coils and an ohmic-heating solenoid is designed
similarly to the CDX-U tokamak center stack.

Graduate Student Education
Many graduate students have pursued active
research on the CDX-U. In FY93, four thesis graduate students and two first-year graduate students
worked on the experiment. One completed his thesis research (Y.S. Hwang, Ph.D. Thesis, Princeton
University, 1993). The CDX-U continues its role as
an excellent experimental plasma physics facility
for graduate student training.

Collaborations
In FY92, the CDX-U group initiated a collaboration on a Multi-Pass Thomson Scattering System
with the GLOBUS-M group of the Ioffe Institute.
The GLOBUS-M tokamak is a low-aspect-ratio
tokamak device similar to CDX-U.
The CDX-U electron cyclotron heating source
will be upgraded to 8 GHz and 100 kW in collaboration with General Atomics and the Frascati Lab
of Italy.
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On November 23,1992, Linda G. Stuntz, Deputy
Secretary of the US Department of Energy (DOE),
approved Key Decision #0, "Approval of Mission
Need," and Key Decision #1A, "Preliminary Design,"
for the Tokamak Physics Experiment Project.
Conditions on proceeding with the Preliminary
Design included:
• Complete the Conceptual Design Review
(CDR).
• Baseline the Project.
• Perform an Independent Cost Estimate
(ICE).
• Complete and forward for approval a project
plan.
• Demonstrate that the Tokamak Physics Experiment (TPX) can be accommodated within
the target budget.
All of these conditions have been satisfied.
Preconceptual design studies were carried out
during FY92 to establish the basic parameters and
features for the TPX. The Conceptual Design for
TPX was completed during the first half of FY93,
culminating in a Conceptual Design Review at the
end of March. The DOE Independent Cost Estimating review began with the Conceptual Design Review and was completed in June. This design and
review process was very successful in establishing
a firm technical, schedule, and cost baseline for the
TPX Project.
The Advanced Conceptual Design phase began
with the completion of the Conceptual Design Review and continued through the remainder of FY93.
During the Advanced Conceptual Design phase the
recommendations from the review process were factored into the TPX Project baseline, and design of
the TPX continued in preparation for the Preliminary Design beginning in October 1993.

Preparation for the Energy Systems Acquisition Advisory Board (ESAAB) Key Decision #1
milestone approval meeting was carried out during FY93. Key Decision #1 approval is required to
proceed with Preliminary Design. Verbal approval
to proceed was given at the ESAAB meeting held
October 6, 1993.
The organizational approach for the TPX Project
was developed and approved during the conceptual
design period. The Project is organized as a national
undertaking involving national fusion laboratories,
universities, and industry.
During FY93, the Acquisition Plans required
to proceed with the Preliminary Design and onward
through the construction project were developed.
These plans were approved by DOE and the TPX
Project proceeded with the procurement process
that will lead, in FY94, to the award of major industrial contracts for the design, fabrication, and
management of the production of hardware. These
contracts include the design and fabrication of the
magnets, vacuum vessel, and hardware internal to
the vessel. In addition, contracts are being developed for tokamak construction management and
systems integration support.

Conceptual Design
Review
The Conceptual Design Review, held at the
Princeton Plasma Physics Laboratory (PPPL) during the week of March 29, 1993, was conducted by
a team of 27 reviewers from fusion laboratories
throughout the world. The Chairman of the CDR
Committee was Professor James D. Callen of the
University of Wisconsin. Among the reviewers,
eight foreign laboratories were represented.
The CDR Committee was divided into seven
subcommittees to focus on specific areas of interest.
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The general findings of the CDR Committee are
summarized as follows:
• The conceptual design work has been of high
quality.
• The conceptual design project has been constituted and run as a national magnetic fusion project with significant involvement of
several DOE laboratories.
• The TPX is an excellent vehicle for developing advanced-tokamak steady-state concepts
which, together with burning plasma and
nuclear testing results from the International Thermonuclear Experimental Reactor
(ITER), should lead to a compact, efficient
demonstration reactor.
• The project scope and tools provided (profile
control, shaping capability, divertor) are sufficient for the TPX mission, and the machine
size is an appropriate trade-off between the
desire for higher performance and the greater
cost involved.
• The TPX Conceptual Design is technically
sound and supports the Project's mission.
Although no major changes were suggested in
the physics and engineering design of TPX, the CDR
Committee did provide about 170 recommendations
for improvements and modifications. These recommendations were addressed following the CDR.
As part of the Key Decision process, DOE requires an Independent Cost Estimate (ICE). The
ICE team conducted its review during the spring of
1993, and issued a report on June 30. The estimated
total project cost developed by the ICE team was
within 1% of the project baseline. A small adjustment in the project cost baseline was made, incorporating suggestions of both the CDR Committee
and the ICE team.

Mission Statement
In preparation for building an attractive fusion
demonstration power plant (DEMO) in the twentyfirst century, several parallel and essential paths
of research and development are being pursued in
the world fusion programs. These include programs
and experiments devoted to fusion reactor "concept
58

improvement," that explore limits in the push towards physics regimes leading to more attractive
reactors.
Attractive features based on physics performance include higher power density, steady-state
operation, and smaller unit size (and therefore capital cost). The TPX is the centerpiece of a program
to provide the tokamak physics data base for these
attractive features through exploration of advanced
modes of operation in the steady state. The results
should complement those from the ITER in the basic phase on the performance of ignited plasmas and
on controlled burning.
These two complementary machines should provide the experimental basis for choosing an optimum reactor direction. A DEMO based on the
present ITER direction would have inductively
driven current and ignited plasmas, in a low-aspect-ratio tokamak, with conservative performance
assumptions (hence larger unit size). The TPXbased approach, using a current-driven high-aspectratio tokamak, would control current profiles to
achieve superior performance (hence smaller unit
size) in steady state. Data from both TPX and ITER
are necessary to make optimum reactor choices.
From these considerations the mission of the
TPX has been derived; to develop the scientific basis for a compact and continuously operating tokamak fusion reactor.
Supporting objectives are to:
• Optimize plasma performance through active
control of the current profile and of plasmawall interactions and by advanced plasma
shaping—leading to a compact tokamak fusion reactor.
• Achieve this optimization using techniques
for noninductive current-drive and profile
control that are consistent with efficient continuous operation of a tokamak fusion reactor.
• Demonstrate the integration of optimized
plasma performance and efficient continuous
operation in fully steady-state tokamak
plasmas.

Physics Basis
The broad physics objective of the TPX device
is to explore advanced modes of operation in steady
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state. Achieving enhanced plasma performance in
these modes will require control of the current profiles, particle recycling, and plasma shape. Neutral
beams, ion cyclotron range-of-frequencies, and
lower-hybrid systems are provided for flexibility in
heating and current profile control. A gaseous/radiative divertor to reduce heat flux to material surfaces will be operated, consistent with particle and
impurity control. Achievement of advanced divertor
operational regimes is an important part of the
mission. For efficient steady-state current drive, a
large fraction of the current will come from the selfdriven bootstrap effect. To stabilize the plasma
against disruptions, systems such as a passive conducting structure and external error-correction coils
to prevent locked-mode induced disruptions have
been incorporated.
A high aspect ratio (R/a = 4.5) and the poloidalfield flexibility to produce a broad range of plasma
shaping parameters have been incorporated into the
TPX design. The benefits of high aspect ratio are
that advanced performance can be achieved at reduced current, and a high bootstrap fraction is more
easily achieved. Advanced steady-state reactor design studies have found attractive design points in
the TPX range of aspect ratio.
Tokamak performance can be improved by tailoring the plasma density, temperature, and current profiles. This has been done transiently in medium- and large-sized tokamaks, producing modes
of operation with confinement and beta limits enhanced above the standards of recent years. In TPX,
through current profile control, strong plasma shaping, and recycling control, it is expected to extend
these results into steady-state regimes for times
long compared to all physical processes that would
change plasma parameters or profiles and, importantly, without benefit of inductive drive.
The mission described here requires a machine
with sufficient confinement (size, current) so that
current-driven fast electrons are localized to the
region of drive, while the plasma collisionality is
low enough that the bootstrap current is near its
collisionless value, as obtained in a reactor.
Deuterium fuel is required to assure attainment
of enhanced-confinement modes, such as the highconfinement mode (H-mode). The product of the
current and aspect ratio is sufficient so that alpha
particles will be confined. If short periods of deuterium-tritium (D-T) operation are provided at the

end of a long set-up pulse in deuterium, the stability of advanced tokamak modes against alphadriven instabilities can then be investigated.

Major Parameters
and Features
The major parameters of the baseline TPX facility are summarized in the "Baseline" column of
Table I. The toroidal field, plasma current, and
plasma size provide sufficient performance, in deuterium plasmas, for advanced tokamak physics
studies. Reference operating scenarios have been
developed based on these parameters and the
planned complement of heating and current drive
systems. They demonstrate the various attributes
required for advanced tokamak operation: limiting
beta, high bootstrap fraction, good fast electron confinement, and low collisionality.
To support the steady-state mission, the TPX
tokamak device is designed with no inherent limitations on pulse length. This philosophy is reflected
in the use of all superconducting coils, actively
cooled in-vessel components, and particle exhaust
with external pumps. The baseline pulse length
requirement of 1,000 sec for the total facility is
ample for current-profile equilibration (about 50
skin times) and significantly longer than the pulse
lengths that existing high-power divertor tokamaks
[e.g., DIII-D at General Atomics, Joint European
Experiment (JET) in the United Kingdom, JT-60U
in Japan, and the Axially Symmetric Divertor Experiment Upgrade (ASDEX-U) in Germany] will
achieve. Plasma-wall equilibration times are more
difficult to predict; it is not even clear whether the
wall will saturate in long-pulse operation with active pumping. In the future, the pulse length can
be extended as needed beyond 1,000 sec through
facility improvements that will remove the limits
imposed by external systems, such as cryopump and
steady-state cooling capacities.
The advanced tokamak mission places special
requirements on the plasma geometry. While some
advanced-regime experiments have been conducted
in circular plasmas, high values of elongation and
triangularity were chosen for TPX because MHD
(magnetohydrodynamics) stability theory and most
experiments indicate that a strongly shaped cross
section with a double-null (DN) poloidal divertor is
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Table 1. Major Parameters of the Tokamak Physics Experiment.
Parameter
Toroidal Field, Bt
Plasma Current, l
Major Radius, R
Aspect Ratio, R/a
Elongation, K
Triangularity, 8
Configuration

p

0

Unit

Baseline

Maximum

T
MA
m

4.0
2.0
2.25
4.5
2.0
0.8
Double-Null Poloidal
Divertor

Double- or Single-Null
Poloidal Divertor

X

X

Heating and Current Drive:
Neutral Beam
Ion Cyclotron
Lower Hybrid
Electron Cyclotron
Plasma species
Pulse length
a

MW
MW
MW
MW

8
8
1.5
Hydrogen or Deuterium
1,000

sec

24
18
3.0
10
Tritium
»1,000

Upgrade capabilities accommodated by the baseline design.

optimum for such studies. The DN configuration
facilitates the formation of a high-triangularity
plasma when using an external poloidal-field coil
set and minimizes the heat loads to the inboard
divertor targets. With additional power supplies,
the TPX can also produce single-null (SN) plasmas
to allow DN-SN comparisons under advanced
plasma and divertor operating conditions. The
choice of the aspect ratio R/a of 4.5 was motivated
by reactor studies that have found potentially attractive design points at aspect ratios in this range,
where the bootstrap current substantially reduces
auxiliary current drive requirements. The TPX will
greatly expand the tokamak physics data base in
the high aspect ratio regime.
Deuterium operation is required by the advanced tokamak mission to produce more optimal
high-confinement mode behavior, higher neutralbeam power, and higher global confinement times
than are obtainable with hydrogen alone. To provide equivalent performance in hydrogen would
greatly increase the size of the tokamak and of the
neutral-beam system and would likely be less conducive to reaching advanced regimes. The use of
deuterium is therefore cost-effective relative to hydrogen, despite the attendant requirements on remote maintenance and shielding, and certainly
more reactor relevant.
1
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TPX Participants
A number of laboratories, industrial firms, and
universities have participated in the TPX preconceptual and conceptual design. These are listed
in Table II.
The National TPX Council participates in decisions relating to scope and management aspects of
the TPX Project, including its mission, technical
scope, and cost and schedule. It also provides advice on the management and execution of the
Project. Members of the National TPX Council are
given in Table III.
A Program Advisory Committee (PAC) was
formed to review proposed plans and schedules for
TPX experimental research. During the design and
construction phase of the Project, the PAC will report to the Program Director and will work with
the TPX physics team in setting details of the
Project physics requirements. Members of the PAC
are given in Table rV.

Tokamak Systems
Tokamak Systems include the toroidal-field
(TF) magnets, poloidal-field (PF) magnets, fast vertical position control (FVPC) coils, field error correction (FEC) coils, vacuum vessel, plasma facing
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Table II, Participants in thePreconceptual and Conceptual Design
of the Tokamak Physics Experiment.
Laboratories
Argonne National Laboratory
Idaho National Engineering Laboratory
Lawrence Livermore National Laboratory
Los Alamos National Laboratory

Oak Ridge National Laboratory
Ptasma Fusion Center, Massachusetts
Institute of Technology
Princeton Plasma Physics Laboratory

Industrial Firms
Ebasco Services, Inc.
General Atomics
Grumman Aerospace Corporation

McDonnell Douglas Missile Systems
Rockwell Internationa! Corporation
Universities

New York University
University of California at Los Angeles
University of Illinois

University of Texas at Austin
University of Wisconsin
College of William and Mary

Table III. National Tokamak Physics Experiment Council.
Dr. David E. Baldwin
Lawrence Livermore National Laboratory
Dr, Ronald C. Davidson (ex officio)
Princeton Plasma Physics Laboratory
Dr. John M. Dawson
University of California at Los Angeles
Dr. Stephen 0. Dean
Fusion Power Associates
Dr. Gerald A. Navratil
Columbia University

Professor Miklos Porkolab
Massachusetts Institute of Technology
Professor Stewart C. Prager (Chair)
University of Wisconsin
Dr. Paul H. Rutherford
Princeton Plasma Physics Laboratory
Dr. John Sheffield
Oak Ridge National Laboratory
Dr. Richard Siemon
Los Alamos National Laboratory

Table IV. Program Advisory Committee for the Tokamak Physics Experiment.
Dr. Steven L. Allen
Lawrence Livermore National Laboratory
Dr. Daniel A. D'lppolito
Lodestar Research Corporation
Dr. James F. Drake
University of Maryland
Dr. Raymond J. Fonck
University of Wisconsin
Dr. Bruce Lipschultz
Massachusetts Institute of Technology
Dr. Tak Kuen Mau
University of California at Los Angeles
Dr. Masanori Murakami
Oak Ridge National Laboratory

Dr. Gerald A. Navratil (Chair)
Columbia University
Dr. Kurt F. Schoenberg
Los Alamos National Laboratory
Dr. Tony Taylor
General Atomics
Dr. Alan Todd
Grumman Corporation
Dr. James Van Dam
University of Texas at Austin
Dr. Michael Zarnstorff
Princeton Plasma Physics Laboratory
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components (PFCs), radiation shielding, and cryostat. During 1993, preparations were made for
solicitations of requests for proposals for key tokamak systems (vacuum vessel, plasma facing components, and magnets). Requests for proposals for
these systems were released during the last quarter of CY93. Following is a description of the TPX
Tokamak Systems.
An elevation view of the TPX device is shown
in Fig. 1. Since superconducting coils cooled with
supercritical helium at 4.2 K are used for both the

PPPL#94X0240

Figure 2. Cryostat for the Tokamak Physics Experiment.

Figure 1. Elevation view of the TPX — Tokamak Physics
Experiment.

TF and PF systems, the entire tokamak is housed
in a cryostat. The cryostat, shown in Fig. 2, employs reflective multilayer insulation in the cryostat
vacuum environment (less than 10" Torr) to form
a thermal barrier between ambient and cold mass.
The cryostat is a single-walled vessel made of three
cylindrical ring sections and top and bottom closures. The central ring section will be made of titanium to minimize neutron activation, and the remainder of the cryostat will be made of stainless
steel, with an option being to make all cylindrical
sections of titanium if further activation analyses
indicates a need.
5

Toroidal-Field Coils

Poloidal-Field Coils
The poloidal-field system, shown in Fig. 3, consists of both Nb Sn and niobium titanium (NbTi)
CICC magnets. The PF coils are positioned external to and supported on the TF coils. The PF coils
provide the fields necessary for inductive startup
and to maintain equilibrium and plasma shaping.
The plasma current is maintained during the 1,000
3

A toroidal array of sixteen niobium-tin (Nb Sn)
superconducting coils will produce the 4-T toroidal
field on axis in TPX. The coils will be fabricated of
cable in conduit conductor (CICC). The superconductor will be housed in an Incoloy 908 jacket, cho3
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sen for its close thermal coefficient of expansion
match to the M ^ S n superconductor and its good
mechanical properties. The windings will be housed
in casings made of 316 LN stainless steel. The coils
are wedged in the central region to resist the inward centering forces. Overturning moments are
reacted by shear keys and structural weldments
between the TF coils. Key parameters of the TF
magnet system are presented in Table V.
This table indicates parameters at the time of
the Conceptual Design. Engineering studies were
undertaken in the Advanced Conceptual Design
phase to review the design parameters and margins which were chosen. This study is the basis of
parameter and margin refinements which is expected to be completed in first quarter of 1994, prior
to release of the industrial subcontract for the TF
coil Preliminary and Final Design and Manufacture.
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Table V. The Tokamak Physics Experiment Toroidal-Field Parameters.
Number of Coils
Coil Type

16
Internally Cooled, Cabled Superconductor of Nb3Sn
4.0 T at Ro = 2.25 m.
0.4% over Entire Plasma Cross Section
8.3 T
33.5 kA
405
1,344
1.04 GJ
12.4 kV

Bt
Maximum Ripple (peak to average)
Maximum Field at Superconductor
Maximum Current
Number of Strands
Total Turns
Total Stored Energy
Peak Dump Voltage

PPPLH94X0241

UPPER FECC

•OUTER

FECC

coil system); fast vertical position control (FVPC coil
system); and the passive stabilizer system. Each
machine quadrant has three FEC water-cooled copper "saddle coils" above, below, and outboard to correct for field errors due to bus work, misalignment,
coil feeds, crossovers, etc., as shown in Fig. 4. The
PPPL#93X0185

UPPER FIELD ERROR
CORRECTION COIL

INSULATEO JOINT

OUTER F I E L D ERROR
CORRECTION COIL
TF 2-C01L MODULE

LOWER FIELO ERROR
CORRECTION COIL
TF 2-C01L MODULE

Figure 4. A TPX quadrant showing the field error correction coils.
LOWER FECC

Figure 3. Poloidal-field system for the Tokamak Physics
Experiment.

second pulse by radio-frequency and neutral-beam
current drive. The PF coils provide flexibility to
support a variety of discharge operating modes. Key
parameters of the PF system are presented in Table
VI (see page 64).

Other Coils
In addition to the primary TF and PF coils, three
additional coil systems are provided which perform
specialized functions: the field error correction (FEC

FVPC system consists of two magnesium-oxide-insulated, titanium-jacketed single-turn water-cooled
copper coils symmetrically located about the mid
plane in the vacuum vessel to provide vertical position control within ±1 cm. The passive stabilizer
system consists of two pairs of single-turn watercooled copper coils located inboard and outboard of
the plasma as shown in Fig. 5. Each coil is connected
in saddle configuration with its mate, such that vertical motion of the plasma induces a current in the
saddle which resists the plasma motion. The stabilizers are armored with carbon composite tiles to
serve as the inboard and outboard toroidal limiters.
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Table VI. The Tokamak Physics Experiment Poloidal-Field Coll Parameters.
Total Number of Coils
Maximum Current
Stored Energy
Conductor Mass
Peak Field
Volt-Seconds
Solenoid Superconductor Type
External PF Superconductor Type

14
27 kA
118 MJ
50.1 tonnes
7.5 T
18.7Wb
Cable in Conduit Conductor; Nb3Sn (PFs 1-4)
Cable in Conduit Conductor; Nb3Sn (PF 5); NbTi (PFs 6-7)

PPPL#94X0242

PPPU/94X0243

* E B T C01K
STMP
(WLOIOAL UWTEfL 3
TOROIOU
LOCATIONS - NOT SHOWN)

Figure 5. Passive plates and plasma facing components
for the Tokamak Physics Experiment.

Vacuum Vessel
An important feature of the TPX is a low nuclear
activation, double-walled vacuum vessel of titanium
alloy. A vessel quadrant is shown in Fig. 6. This
material choice and configuration provides several
advantages. The low activation of the titanium alloy, coupled with an operating scenario for the first
two years which limits neutron production, permits
a gradual transition to be made from semi-remote
to fully remote maintenance of all in-vessel components. Additionally, the double-wall design provides
a convenient configuration for 350 °C bake-out of
the vessel and maintenance of the vessel at 150 °C
during normal operation. Steam at 5 atm pressure
circulating between the double walls will be used
64

Figure 6. The TPX vacuum vessel quadrant.

for bakeout; during normal operation, water at 5
atm pressure will be circulated to maintain a uniform vessel temperature. The cooling water, supple-
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mented by borated lead tiles and composite shielding on the port penetrations, provide the shielding
necessary both to reduce neutron-induced heating
of the superconducting magnets to acceptable levels and to reduce nuclear activation of components
external to the vessel. The double-wall construction is also beneficial in providing a strong, stiff
structure necessary to resist electromagnetic loads
from plasma disruptions.
The TPX is assembled in four quadrants, as
shown in Fig. 7. Each quadrant consists of four TF
PPPL#94X0244

plasma environment and to protect the vessel from
the high heat flux and from hydrogen embrittlement. The most important of the PFCs are the
divertors, designed to maintain plasma purity during the long plasma discharges. The divertors will
use carbon-carbon composite monoblocks brazed to
water-cooled, dispersion strengthened, copper tubing. Gas targets are maintained in the private regions of the divertor to reduce the peak heat load.
The design heat load is 7.5 MW/m . Armor is provided to protect the vacuum vessel walls from neutral-beam shine-through and ripple-trapped ions.
They consist of carbon-carbon tiles mounted (brazed
or bolted, as required by heat load) to water-cooled,
dispersion strengthened, copper heat sinks. The
armor is designed to withstand heat loads ranging
from 1 to 3.8 MW/m . Additional armor is provided
to protect the vessel from line-of-sight impingement
by the plasma, which could cause hydrogen embrittlement. Three poloidal limiters are provided
for plasma start-up and to protect the radio-frequency antennae. They are designed for a steadystate heat load of 1 MW/m and a 2-sec transient
start-up heat load of 4.3 MW/m with a peaking
factor of 2.3 (i.e., 10 MW/m ). Eemote maintainability of the PFCs is a primary design driver. The copper components and some hardware elements of the
PFCs will become activated, requiring remote maintenance. An in-vessel vehicle (IW), described in the
Support Systems section of this report, supplemented by specially designed end effectors and ancillary systems, provide the capability to maintain
the PFCs when they become activated.
2

2

2

2

2

Figure 7. Four toroidal-field quadrants aligned and
welded.

coils and associated structure and a vacuum vessel
quadrant. The quadrant arrangement facilitates
machine alignment and assembly. Additionally, the
quadrants can be preassembled in parallel operations; this is important in minimizing machine assembly time. The TF quadrants are joined by welding, as are the vacuum vessel quadrants.

Plasma Facing Components
The plasma facing components (PFCs), shown
in Fig. 5 are installed after the machine quadrants
are joined. The PFCs surround the plasma; they
are made of carbon materials to provide a low-Z

Radiation Shielding
Radiation shielding is required for TPX to limit
the heating in the superconducting coil set and to
reduce the activation of components outside the
shield to levels that permit hands-on maintenance.
The shielding system is divided into three areas: the torus shielding, the duct shielding, and the
penetration shielding. The torus shield will use the
water between the walls of the double-walled
vacuum vessel as the neutron moderator with high
temperature lead monosilicate/boron carbide tiles
to provide the neutron absorber and gamma shield.
The tiles are 4-inches square and 1-inch thick, and
will be installed in a double layer to minimize the
effects of cracks and gaps. An attractive alterna-
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tive to the baseline torus shield design uses borated
water in the vacuum vessel and eliminates the lead
tiles. Borating the water with 110 grams per liter
of boric acid is sufficient to reduce the nuclear heating of the magnets to 5 kW. The duct shield consists of layers of commercial polyethylene shielding doped with lead and boron to provide the proper
mixture of moderator, absorber, and gamma shield.
The penetration shield includes shield plugs that
fit in the large radial penetrations. The plugs consists of a reinforced titanium can filled with water
and covered with the same tiles that cover the torus.

Auxiliary Heating and
Current Drive Systems

• A radially movable LH launcher, consisting
of 128 waveguide elements, and a four-way
power splitter (mounted just outside the port)
that divides the 32 inputs into 128 outputs;
• An instrumentation and control system to
control and monitor the operation of the LH
system.

Ion Cyclotron System

The auxiliary heating and current drive systems
in TPX consist of a lower-hybrid system, an ion cyclotron system, and a neutral-beam system. The
conceptual designs for these systems are described
below.

Lower-Hybrid System
The lower-hybrid (LH) system is required to
provide off-axis current profile control, efficient bulk
current drive at low plasma temperatures, and electron heating.
The initial system will provide 1.5 MW of LH
heating/LH current-drive power to the plasma at 3.7
GHz through one horizontal port, with an upgrade
capability to 3 MW. The LH system will provide capability to dynamically vary the wave number spectrum in order to support flexible off-axis current
profile control. Phase control will be continuous over
the range of 0 to ±7t between coupler windows.
The LH system consists of the following subsystems:
• High-voltage power supplies, which convert
ac power to dc power to supply the klystrons,
and associated protection circuitry;
• Four 3.7-GHz klystrons (with two output windows per klystron) and associated radio-frequency (rf) drivers, which convert the dc
power to rf power;
• Eight lengths of waveguide, which carry the
rf power from the klystron location to the TPX
area;
66

• Two boxes with power splitting and phase
control circuitry, that divide the eight power
inputs into 32 independently phaseable outputs (more guides carry the rf power to the
launcher input);

The ion cyclotron (IC) system will provide 8 MW
of ion cyclotron power to the plasma through two
6-strap launchers located in adjacent ports. It will
accommodate an upgrade to 18 MW of ion cyclotron power to the plasma, together with the upgraded complement of neutral beams (24 MW) and
lower hybrid (3 MW). The upgrade ion cyclotron
power will be coupled to the plasma through three
launchers located in adjacent ports.
The IC system will provide power at a single
frequency in the range of 40-80 MHz with a fixed
phase shift between straps. The system will operate at any of three frequencies in the range of
40-80 MHz. The system can be upgraded (by changing tuning and matching elements outside the
plasma vacuum boundary) to operate at any frequency in the range of 40-80 MHz.
The IC system consists of the following subsystems:
• High-voltage power supplies, which convert
ac power to dc power to supply the rf power
units;
• Radio-frequency power units (also called
transmitters), which convert the dc power to
rf power;
• Radio-frequency transmission lines, which
carry the rf power approximately 800 feet
from the present transmitter location to the
TPX area;
• Tuning and matching circuitry, which adjusts the amplitude of the currents in the
antenna current straps as desired during
plasma operation;
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• Two antennae in two ports, each containing
six current straps, to couple the rf power to
the plasma;
• An instrumentation and control system to
control and monitor the operation of the ion
cyclotron system.

Neutral Beams
The TPX design requires a neutral-beam-injection system to provide ion heating and plasma core
fueling, to accommodate bulk current drive, and to
support diagnostic requirements. Initial operation
of TPX will call for one TFTR (Tokamak Fusion Test
Reactor) beamline modified for 1,000 second pulse
lengths oriented co-directional to the plasma current. The TFTR neutral-beam system upgraded to
support TPX operations will provide 8 MW of deuterium neutrals at 120 kV or 4 MW of hydrogen at
90 kV.
The present beamline configuration featuring
three ion sources and beam flight paths arranged
in a horizontal fan array, and aimed through a common duct into the tokamak, is to be retained. A
support structure is required to elevate the existing beam box to the desired height for TPX. A new
neutral beam/torus connecting duct is necessary to
provide a vacuum boundary aperture of ample size
through which the beams of energetic particles can
pass into the TPX torus without the beams striking the duct walls.
The TPX neutral-beam design has utilized most
of the existing TFTR power systems, hardware,
plant facilities, auxiliary systems, service infrastructure, and control systems. Retained in the
beamline are the ion sources, vacuum enclosure,
cryopanels, and three gap bending magnets. The
nitrogen supply system, helium refrigerator, auxiliary gas systems, gas injection system, and vacuum
system are also retained with little or no modification except for pipe rerouting to accommodate the
new TPX beamline position. The major change in
the beamline is the conversion of what are now inertially cooled power deposition components, such
as the beam dumps, calorimeters, and scrapers, to
actively cooled components using the hypovapotron
technology developed for and successfully used on
the Joint European Tokamak (JET) neutral-beam
system.

Power Systems
The power systems for the TPX will supply the
toroidal-field, poloidal-field, field-error correction,
and fast vertical position control coil systems, the
neutral-beam, ion cyclotron, lower-hybrid and electron cyclotron heating and current-drive systems,
and all balance of plant loads.
Existing equipment from the TFTR, including
the motor-generator sets and the rectifiers, will be
adapted for the TPX poloidal-field systems. A new
toroidal-field power supply is required. A new substation is required for the heating and current-drive
systems (neutral beams, ion cyclotron, lower hybrid,
and electron cyclotron.)
The baseline TPX load can be taken directly
from the grid without special provision. However,
if all upgrade options are undertaken, a modest
amount of reactive compensation will be required.
A simplified one-line diagram of the ac system
is shown in Fig. 8.
In addition to the basic issues related to the
supply of power, the protection of the superconducting coils is of critical importance. In the event of a
quench, the stored magnetic energy must be rapidly removed to avoid overheating, using highly
reliable dc circuit breakers and energy dump cirPPPLS94X0169
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Figure 8. Simplified diagram of the Tokamak Physics Experiment ac power system.
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cuits. All new equipment is required to perform this
function.

Support Systems
Vacuum Pumping System
The vacuum pumping requirements for TPX
include base pressures of 10" Torr for impurities
and 10" Torr for fuel gases (Z < 2), a throughput of
100 to 250 Torr-liters/sec and a pumping speed of
85,000 liters/sec at the entrance to the pumping
duct.
To meet the maximum throughput requirement
of 250 Torr-liters/sec, a system of 16 cryopumps
connected to 16 pumping ducts was proposed as
shown in Fig. 9. To eliminate the risk of explosion,
9

7

PPPL#94X0245

Upper Interface to
Vacuum Vessel

Upper Turbo Pump
(typ8)
Upper Cryopump
(typ4)
Torus Isolation Valve
Upper Pumping Duct
(typ8)
Lower Pumping Duct
Bellows Interface
to Cryostat
Electrical Break
Titanium to Stainless
Transition
Lower Turbo Pump
Lower Cryopump

The pumping ducts are routed through the top and
base of the cryostat and include two bends to attenuate streaming and help to prevent activation
of the torus isolation valves. This configuration
minimizes space requirements and allows the upper set of cryopumps to be structurally supported
from the cryostat lid. Preliminary calculations show
that the combination of ducts and pumps will meet
the base pressure, pumping speed, and throughput
requirements.
The cost for the vacuum pumping system is
dominated by the cryopumps and ducts. The TFTR
roughing and backing system, turbopumps, and
other equipment will be reused to save cost.
Four issues associated with the vacuum pumping system have been identified. The first concerns
a possible simplification of the cryopump system
by using continuous cryopumps to avoid the large
inventory of pumped gas and reduce the number of
pumps. The second issue concerns nonstandard
components such as the cryopumps, the stainlessto-titanium transitions, electrical breaks, and butterfly valves. An R&D (Research and Development)
plan is proposed to procure prototypes of these components from commercial vendors for evaluation
prior to procurement of the final hardware. The
third issue is related to the serviceability of the
TFTR roughing, backing, and turbomolecular
pumps that will be reused for TPX. This issue will
be resolved as part of the TFTR decontamination
and decommissioning planning activity. Finally,
detailed neutronics calculations must be performed
to predict the activation level of the torus isolation
valves and determine whether the proposed pump
duct configuration must be modified.

Cryogenic and
Water Cooling Systems
Figure 9. Vacuum pumping system arrangement for the
Tokamak Physics Experiment.

the condensed hydrogenic species cannot exceed the
equivalent of 2% of the pump volume (if the pumps
were vented to air at 1 atm). To control the stored
gas inventory, half the pumps will always be in the
regeneration mode. This reduces the required pump
volume by a factor of 2.5, from about 5 m to 2 m .
3
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The TPX facilities include liquid helium and liquid nitrogen systems, water cooling systems, buildings, and site improvements. The cryogenic helium
system for TPX is required to cool and maintain
the superconducting magnets near 4 K during operations. Additionally, the system will provide refrigeration for the cryogenic vacuum pumps. Heat
loads include neutron heating, eddy current heating, thermal radiation from warm surfaces, conduction along supports, and helium flow to support gascooled magnet leads.
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Helium refrigeration will be provided by an
existing 11-kW refrigerator that was previously
used on the mothballed Mirror Fusion Test Facility (MFTF) at the Lawrence Livermore National
Laboratory in California. It includes 5,700 horsepower of compressors, a cold box containing heat
exchangers and expanders, and associated controls.
It will be modified to deliver forced-flow supercritical helium to the magnets at about 0.9 MPa.
A 60,000 liter liquid helium dewar, also surplus equipment from MFTF, will be modified to
serve as a liquid-helium storage system and buffer
volume for absorbing pulsed loads from neutron and
eddy current heating. A novel system of heat exchangers and valving at the dewar will ensure that
the refrigerator receives the steady load required
for efficient operation.
A liquid-nitrogen system supported by truckdelivered nitrogen is also a part of the cryogenic
system. Its purpose is to provide liquid nitrogen
for thermal shields throughout the facility.
The cryogenic system major components will be
housed in a new 1,000 m building about 25 m west
of the TPX building. An additional 1,000 m of outdoor space will be used for gaseous-helium tanks,
liquid-nitrogen storage tanks, and truck-trailer
access.
The TPX water cooling system will utilize existing cooling towers and auxiliaries at PPPL. These
will be augmented by water storage tanks to provide for long-pulse (1,000 second) operation. The
cooling system will provide cooling water for the
heating systems, the toroidal-field and poloidal-field
rectifiers and bus, the cryogenic refrigerators, the
internal vacuum vessel components, and the motor generator. Steam at 350 °C will be provided to
the vacuum vessel for bakeout. High pressure water at 150 °C will be required for the vacuum vessel and certain internal components. High heat flux
components internal to the vacuum vessel will be
provided with 35 °C cooling water during a pulse,
and 150 °C water between pulses. Tower cooling
water at 35 °C will be required for the cryogenic
refrigeration system and the motor generator.
2

2

mum number of components is facilitated by shielding in the vessel walls and the use of low activation
materials, notably titanium, for the vacuum vessel
and interior components. Generally, exterior components will be safe for hands-on repair after a twoweek period following an operation outage. Remote
maintenance tools and techniques will be used on
the interior components of the vessel where personnel entry will not be practical after the first year
of operation.
The TPX component designers are responsible
for the procedures and fixtures required to handle
and maintain the machine elements. Maintenance
systems necessary to support the operations developed by the component designers will be provided
by a team headed by Oak Ridge National Laboratory. This group will apply proven remote maintenance techniques and equipment developed for hot
cells, processing facilities, as well as other fusion
devices.
The principal remote maintenance system will
be the in-vessel vehicle shown in Fig. 10. It consists of a powered, vertical cart and a fixture platform, both mounted on two radial rails permanently
mounted in the vessel. The I W will be configured
PPPU94X0246

Maintenance Systems
Reliable and cost effective maintainability is a
key element throughout the design of the TPX system. Direct contact, "hands-on" access to the maxi-

Figure 10. In-vessel vehicle for the Tokamak Physics
Experiment.
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to perform specific missions each time it is installed
in the vessel. Prior confirmation of the configuration and operation will be determined in dry runs
in the full-scale mock-up located in the TPX facility. Additional assurance of remote maintainability will be required for components, such as the
divertors, which are expected to be replaced during
the life of the experiment. For these components,
full-scale mock-up testing will be required prior to
the inception of detailed design. Consequently, a
prehminary, full-scale skeletal mock-up of the vessel will be constructed in FY94 and located at the
Oak Ridge National Laboratory for component handling and maintainability evaluations.
A transfer system will be installed at Port O of
the vessel to insert and remove the in-vessel vehicle, tools, and components. It will have a telescopic
boom with an end gripper which will be attached to
mating features on the component or assembly to
be handled. A shielded transfer container will be
located under the boom to receive contaminated
components for transfer to the TPX hot cell for repair or storage. Personnel access through the transfer system will be accommodated with an interlocked double-door entry.

Large port-attached systems such as the lowerhybrid launchers and the ion cyclotron heaters will
be handled in a special purpose large component
transfer container, which will be equipped with a
remotely operated transfer mechanism and an environmental seal to limit personnel exposure to contamination and radiation.

Cost and Schedule
The major fiscal year 1993 cost and schedule
activities were the development and validation of
detailed cost estimates and schedules for the TPX
Project. The Conceptual Design Review resulted in
several CDR team recommendations to adjust the
cost estimate, primarily in two areas. The first area
involved recommendations to increase contingency
in several of the more high-risk design areas. The
second area involved a recommendation to add the
costs of fusion programmatic R&D in plasma facing components to the TPX cost estimate in order
to ensure that it would be funded and accomplished.
Later in the summer of 1993, DOE's Independent
Cost Estimate team reviewed the CDR cost estiPPPU94X0247
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mate detail and issued a report that agreed with
the CDR cost estimate within 1%.
The CDR schedule supported a September 1999
"First Plasma." Following the Conceptual Design
Review, the DOE provided revised TPX funding
guidance that reduced the funding profiles in the
first several years of the project. As a result, the
First Plasma date was revised to March 2000. The
summary schedule (Fig. 11) reflects the major activities and funding profiles assumed in arriving at
the March 2000 First Plasma.
The DOE validated the TPX cost and schedule
estimates, including the delay in first plasma and
incorporation of both CDR and ICE team recommendations at approximately 540 M$ (in FY93 dollars)
or 624 M$ in escalated dollars. Table VII provides a
breakdown of the TPX cost estimate at the Work
Breakdown Structure Level 2 in FY93 dollars.

Experiment

Summary
The TPX Project has met its FY93 goal of completing a conceptual design and establishing a firm
technical, cost and schedule baseline. The national
organizational approach for TPX has been developed, approved, and implemented. The Acquisition
Plans were developed and approved, and satisfactory progress was made during the fiscal year toward the award in FY94 of the major design, fabrication, and management support contracts. The
project has received DOE approval through the
Energy Systems Acquisition Advisory Board process to proceed, and funding is included in the
President's budget to proceed with preliminary design. A strong national project team is in place, and
the TPX Project is well prepared to proceed with
preliminary design.

Table VII. T h e Tokamak Phys ics Experiment Cost Breakdown.
PACE*
(FY93k$)
3

WBS Element Descriptions

3

Tokamak Systems
Auxiliary Heating and Current Drive
Fueling and Vacuum Systems
Power Systems
Maintenance Systems
Data Systems
Facilities
Preparations for Operations
Project Support
Total TPX Project Costs

Contingency
(FY93 k$)

185,676
45,308
•• 11,042
22,735
14,600
37,201
21,495

OPEX
(FY93k$)

Total
(FY93 k$)

38,715
5,411

269,985
" 59,384
14,430
30,696
23,822
45,142
27,063
6,700
61,679
538,901

c

45,594
8,665
2,611
5,103
3,272
6,907
4,444

777

0

0

40,992

6,237

2,858
5,950
1,034
1,124
6,700
14,450

379,049

82,833

77,019

s

Work Breakdown Structure
Plant and Capital Equipment
Operating Expenses

a

b

c
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International Thermonuclear
Experimental Reactor
The International Thermonuclear Experimental Reactor (ITER) is a collaboration of the governments of Japan, the European Community, the
Russian Federation, and the United States to design and construct an engineering test reactor. The
conceptual design for ITER was carried out by an
international design team located at the Max Planck
Institut fur Plasmaphysik in Garching, West Germany, from 1988 to 1990. The present phase of the
ITER is a six-year Engineering Design Activity
(EDA) which began in mid-July of 1992 and is led
by a Joint Central Team (JCT) at three design centers which are located in San Diego, California;
Naka, Japan; and Garching, Germany. The Joint
Central Team is supported by institutions of each
of the ITER partners through "Home Teams" from
each partner. The Princeton Plasma Physics Laboratory (PPPL) participates in the US Home Team,
in the ITER Joint Central Team, and in the ITER
international organization. By the end of FY93, two
PPPL physicists and one PPPL engineer had been
appointed to positions on the Joint Central Team.
The PPPL actively participates in the US ITER
Home Team. Personnel from the Laboratory serve
as chair of the ITER Technical Advisory Committee (which reviews the ITER design), as the Physics Manager for the US Home Team (which coordinates the physics participation of the US in the
ITER design), and as Task Area Leaders for Plasma
Diagnostics and Divertor and Disruptions. Other
PPPL staff and projects provide scientific and engineering support.

US Home Team
The US ITER Home Team is responsible for all
of the US support of the ITER design. It is responsible for coordinating, with guidance from the US
Department of Energy (DOE), all of the work performed by institutions in the US to support the de-

sign work of the Joint Central Team and to perform the Technology and Physics Research and Development required to develop and validate the design.
The United States ITER Home Team is led by
Dr. Charles Baker of the Oak Ridge National Laboratory (ORNL). The US ITER Home Team Management consists of a Home Team Leader and
Deputy and Managers for Physics, In-Vessel Systems, Ex-Vessel Systems, and Engineering (Fig. 1,
page 74). The Physics Manager, from PPPL, is responsible for coordinating the activities of physicists from institutions in the US in support of the
ITER design, with the work coordinated by Task
Area Leaders. The Task Area Leader for plasma
diagnostics, from PPPL, is responsible for coordinating the US support of the design of the plasma
diagnostics systems for ITER and for the research
and development (R&D) in the US for diagnostics.
The Task Area Leader for Divertor and Disruptions,
also from PPPL, coordinates the US support of the
design of the ITER divertor and the system requirements for plasma disruptions. Each of these activities involves a dozen or so researchers in institutions spread across the United States.

Physics Design Studies
During 1993, the PPPL ITER physics group
contributed to ITER in the areas of confinement
scaling, MHD (magnetohydrodynamic) stability, alpha-particle physics, divertor analysis, diagnostic
design, and physics R&D. The physics studies at
PPPL included work for: (1) energy confinement
scalings involving improvement of the ITER lowconfinement mode (L-mode) and high-confinement
mode (H-mode) data bases and development and
assessment of models for plasma transport; (2) continued development and application of computer
models for alpha-particle confinement with empha-
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Figure 1. US National Organization for the International Thermonuclear Experimental Reactor.

sis on ripple losses and losses due to Toroidal Alfven
Eigenmodes (TAE modes); (3) use of the Tokamak
Simulation Code (TSC) program for studying voltsecond consumption and axisymmetric dynamics of
the ITER plasma; (4) nonaxisymmetric MHD stability analyses of reference ITER plasmas; (5) application of computer models for power and particle
control and coordination of the work in the US ITER
Home Team in this area; and (6) continued development of concepts and R&D for plasma diagnostics for ITER.

Confinement Data Bases
The work of the ITER Confinement Database
Working Group continued along several fronts. The
H-mode confinement data base (DB1) was updated.
PPPL physicists participated in the H-mode data
base activity by supplying and analyzing H-mode
data from the Poloidal Divertor Experiment (PDX)
and the Princeton Beta Experiment-Modification
(PBX-M), by analyzing data from all the machines
74

that have contributed to the data base, and by participating in workshop meetings. The second compilation of the confinement data (DB2), including
better estimates of values of certain variables and
new data from various machines, was released. An
article, describing the updated data base, was published in Nuclear Fusion. Further work to resolve
subtle dependencies of certain variables continued
in FY93; the objective of this additional work was
to determine with more certainty whether the
scalings determined from the data are more Bohmlike or gyro-Bohm-like, although recent analysis
suggests that, given the uncertainties in the data
including issues such as the relative openness or
closedness of the divertors, answering this question will require that dedicated experiments be performed.
Work on a data base for the threshold for achieving the H-mode continued; the objective of compiling this data is to understand the plasma parameters governing the transition from the L to the
H-mode, and thus to be able to predict with more
1
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certainty the power requirements for this transition for future devices. This data base was released
in 1993. As with the confinement data base, an article describing the threshold data along with a preliminary analysis was submitted to Nuclear Fusion.
The analyses of the updated confinement data base
and preliminary results of the threshold data base
were published.
2

Divertor and Disruptions
The major task is to manage and direct the efforts of the US ITER Divertor and Disruptions
group. Disruption and vertical displacement modeling activities are conducted at General Atomics
(GA) and PPPL, with TSC being used for plasma
dynamic simulations. Improvements in the (primarily) fluid models used to simulate ITER divertor
conditions continue to be made, integrating activities at New York University (NYU), Los Alamos
National Laboratory (LANL), Idaho National Engineering Laboratory (INEL), PPPL, Sandia National Laboratories (SNL), and Lawrence Livermore
National Laboratory (LLNL). More realistic atomic
physics processes and rates, including both hydrogen and impurity species, and drift motion were
included. More robust numerical models have also
been implemented in the fluid codes. These will allow more ready analysis of multiple-component
plasma behavior.
These models have been applied to the evolving EDA design and include considerations of gastarget and radiative divertors.

Axisymmetric Magnetics
The Tokamak Simulaton Code was used to
analyze the compatibility of the EDA's magnetic
field system and the reference plasmas. Volt-second consumption, disruption dynamics, and plasma
motion were analyzed.
Support was continued for groups at LLNL and
at ORNL to perform calculations using the Tokamak Simulation Code for the vertical stability of
the ITER plasma and the motion of the ITER
plasma during disruptions.

Plasma Diagnostics
The diagnostics part of the US ITER Physics
program included studies of the radiation effects

on diagnostic components and the development of
the ITER diagnostic plan. Magnetics diagnostics
were given particular emphasis.

Computer
Communications
Rapid communication with electronic mail, including the exchange of computer files, is crucial to
the coordination of the national and international
ITER activities. The PPPL Computer Division continued its development and support of electronic
communication throughout the US ITER organization and the maintenance of the electronic document management system. Electronic mail is
handled using the Eudora program developed by
the National Center for Supercomputing Applications at the University of Illinois. All of the US ITER
staff and many of the foreign ITER staff have been
connected to this software. Software allows any
ITER person connected to INTERNET to use the
ITER UNIX fileserver from a Macintosh, IBM PC,
SUN workstation, etc. In this way, important ITER
documents, design drawings, etc., are almost instantly available to anyone working on ITER regardless of where they're located in the world provided they have an INTERNET connection.

Divertor Simulation
The preconceptual design of the ITER Divertor
Experiment and Laboratory (IDEAL) was conducted. The IDEAL is designed to test ITER divertor
concepts, models, and prototypes. This research
and development project focuses on technology issues of divertor design, namely heat flux capacity,
thermal fatigue in a hydrogen environment, erosion and redeposition, safety, and reliability.
Divertor concepts would be studied first. A major
emphasis would be on atomic physics methods to
distribute the heat. Basic plasma physics processes,
such as kinetic effects and parallel energy or particle transport, could also be addressed in a physics assessment phase. The two-year duration technology phase of IDEAL would provide plasma
exposure equivalent to the first eight years of ITER's
operational life, i.e., approximately 0.5 burn-years.
A preconceptual design study was conducted
with Grumman Aerospace Corporation. The IDEAL
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design envisions a 30-meter- long device with up to
10 MW of heating power (see Fig. 2). The required
superconducting axial field magnets, with a field
strength of 2.5-3.5 T, would be built with existing
medical magnetic-resonance imaging technology.
Similar efforts have been made to reduce the technical requirements of other subsystems to ensure
IDEAL reliability for the extended technology
mission.
PPPLI93X0216

•30 m-

Gas-Target
Configuration

B = 3.5 T

Plasma
Divertor
Plate
Module

priate for replicating the erosion and redeposition
physics associated with the magnetic sheath expected in ITER. A gas-target configuration, with
individual cooling tubes rather than a single plate,
has also been designed. With either configuration,
the IDEAL device would produce a plasma which
would be equivalent to a flux tube of approximately
50 c m cross section, originating at the ITER
divertor region and extending about 0.5 meters
away in the poloidal direction. It is here in ITER
that most processes important to heat load dissipation, helium exhaust, and erosion and redeposition occur.
A lower cost option for a divertor simulation is
also being developed.
2

/
Axial Field Coil
Vacuum
Quadrupole
Vessel
Coils
\
10 MW ICRF

Hydrogen
and Helium
Exhaust

Figure 2. Schematic illustration of ITER Divertor Experiment and Laboratory (IDEAL).

In the IDEAL, ion cyclotron range of frequency
waves can heat both electrons and ions, producing
power flow in the plasma parallel to B between 300
and 3000 MW/m . In the heating region, the predicted ion and electron temperatures are 200-800
eV and 40-130 eV, respectively. These then give the
gradients necessary to properly simulate impurity
flows. The divertor plate would be oriented at 2-12
degrees with respect to the magnetic field, appro-
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ASDEX-Upgrade
Divertors have proven to be valuable components in tokamaks because of their ability to reduce impurity production, lessen energy load on the
walls, and improve energy confinement time. To
refine these advantages, the ASDEX-Upgrade
(AUG) device was built. With an open divertor configuration, remote poloidal-field coils, and higher
heating power, it is better suited than its predecessor for studies and control of plasma-wall interactions at reactor-like plasma conditions.
Participation of Princeton Plasma Physics Laboratory (PPPL) personnel in experiments on the
ASDEX-Upgrade (AUG) tokamak is performed under the framework of the International Energy
Agency (IEA) Implementing Agreement on a Cooperative Program for the Investigation of Toroidal
Physics in, and Plasma Technologies of, Tokamaks
with Poloidal Field Divertors: IEA ASDEX/ASDEXUpgrade Agreement. The AUG research program
focuses on issues that are critical to the International T h e r m o n u c l e a r E x p e r i m e n t a l Reactor
(ITER). Princeton Plasma Physics Laboratory personnel have unique capabilities in these areas, and
the AUG facility provides unique opportunities for
these experiments. These activities are part of a
US-wide Department of Energy (DOE)-coordinated
program at ASDEX-Upgrade.
Since its inception in 1991, the DOE/AUG
implementing agreement has supported nearly a
man-year of effort by PPPL scientists in each year
at the Institute fur Plasmaphysik (IPP) at Garching.
Typically, five PPPL scientists participate each
year. The collaboration has benefited from the
strong involvement of colleagues from the Canadian Fusion Fuels Technology Project and the Courant Institute of Mathematical Physics at New York
University. The original research topics, plasma
start-up and stability, disruption characterization,
divertor physics, and ion-cyclotron-range-of-fre-

quencies (ICRF) heating, have been narrowed to
divertor physics and vertical displacement events
(VDEs), consistent with the natural evolution of
the AUG operational program. The program will
change in future years as AUG increases its neutral-beam and ICRF heating power.

Results
In FY93, five PPPL scientists spent a total of
seven months at IPP and about three months at
PPPL developing models of divertor plasmas and
acquiring and analyzing data on plasma control,
VDEs, and divertor plasmas. Eight papers "were
written on these results and presented at the 20th
Conference on Controlled Fusion and Plasma Physics of the European Physical Society, Lisbon, July
1993.
A fast scanning Langmuir probe was installed
and operated in the outer divertor leg and a second
has been prepared for the inner leg. Measurements
of radial plasma profiles were performed during
ohmic operation. Electron temperature and density peaked just outside the separatrix. The plasma
transport coefficients have been unfolded from these
profiles by use of the B2-EIRENE code. The values
obtained are: particle diffusivity, D = 0.1 m /sec;
electron thermal diffusivity, % = 1.5 m /sec; and ion
thermal diffusivity, %j = 1.5 m /sec (Ref. 2). The
expected inverse dependence of plasma temperature on density was found. Indirect measurements
of plasma flow, based on comparison of upstream to
downstream I t , showed evidence of reversed flows
near the separatrix at high plasma density. Data
from the Langmuir probes has also been useful for
developing models to interprete particle flux based
on spectroscopic measurements.
1

2

2

e
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3

The B2-EIRENE code been upgraded to allow
large concentrations of impurities. Excitation and
radiation rates have been modified to include collisional radiative effects expected to be of dominant
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importance at high density. In this way, cold divertor plasma studies can be made for International
Thermonuclear Experimental Eeactor. Such studies are also important to Marfes and detached plasmas presently found on operating tokamaks. Impurity radiation has been shown to be much more
efficient at removing plasma energy than charge
exchange. The stability of the Marfe solutions found
is open to question because of their slow migration
to and above the x-point.
A DOE/IPP-sponsored workshop on divertors
was held in March 1993, in Garching, to discuss
these results as well as coordinate with other US
partners in the DOE/AUG activities.
5

Tore Supra and TEXTOR
The Princeton Plasma Physics Laboratory participates in the US Department of Energy sponsored
collaborations with Tore Supra (Superconducting
Torus tokamak at Cadarache, France) and with
TEXTOR (Tokamak Experiment for Technologically
Oriented Research, Julich, Germany). Other participants in the collaboration at Tore Supra include
the Oak Ridge National Laboratory, the Sandia
National Laboratory (Albuquerque), and General
Atomics. Other participants in the collaboration at
TEXTOR include the University of California at Los
Angeles and the Oak Ridge National Laboratory.

Tore Supra
The emphasis of the PPPL contributions is modeling core plasma phenomena to better understand
the plasma physics. Various codes, including the
TRANSP plasma analysis code are being used to
analyze discharges. R. Budny, of PPPL, is the leader
and coordinator of the US collaborations in plasma
modeling at Tore Supra.
The PPPL efforts at Tore Supra have concentrated on studying the effects of lower hybrid heating and current drive and of ion cyclotron resonance
heating. Three discharges, which had been selected
by Tore Supra physicists as especially interesting,
have been studied in detail. One (8871), with ion
cyclotron resonance heating, exhibited "monster
sawteeth" with long periods. The second (9044),
with a long duration of lower hybrid current drive
and a ramp down of the plasma current, had exceptionally efficient heating of the electrons. The electron temperature became very peaked, obtaining
78

peak values near 10 keV. The third (9621), with
constant plasma current and lower hybrid heating
current drive, also had enhanced confinement. The
energy confinement in the second and third discharges was enhanced above L-mode (Rebut-Lallia)
values by approximately 1.4.
The ojy[HD profiles for the second and third discharges were measured with a five-channel Faraday rotation system, and the results indicate that
the profiles have negative shear and rise above one
at the center. These results stimulated speculations
that the negative shear led to the improved electron confinement and that the inner regions of the
discharge were near second stability. The TRANSP
modeling of these discharges makes use of a lower
hybrid ray tracing and damping code, LSC, developed at PPPL for analyzing experimental results
from the Princeton Beta Experiment-Modification
(PBX-M). Analysis of the Tore Supra discharges
using TRANSP and LSC were based on kinetic
measurements from the far infrared interferometer,
electron cyclotron emission, and Thomson scattering. Assuming neoclassical resistivity and using the
measured visible bremsstrahlung emission to derive Z ff, the analysis results for the temporal and
spatial variation of the q-profile showed good agreement with the measured variations. The analysis
indicated a negative shear region near the center,
brought about by a slightly off-axis lower hybrid
current drive, coupled with a contribution from the
bootstrap current.
Ballooning stability analysis indicates that the
computed current and pressure profiles, while not
directly in the second stability region, provided free
access to that regime near the center of the discharge. Results have been reported in Refs. 6-9.
A code is being developed to study the interaction of high energy ions with magnetohydrodynamic
modes. It will be applied to the suppression of
sawteeth by the high energy ions excited by ion cyclotron range of frequency heating. This code,
ORBIT, uses orbit averaging of motion in either analytic or numerically generated equilibria through
Hamiltonian guiding center equations. A dispersion
relation is used to evaluate the effect of the particles on the linear mode. Generic behavior of the
solutions of the dispersion relation have been analyzed and the dominant contributions of the different components of the particle distribution function have been identified. Numerical convergence
e

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

International Collaboration

of Monte-Carlo simulations have been analyzed.
The code gives an accurate means of comparing
experimental results with predictions of kinetic
magnetohydrodynamics. The method can be extended to include self-consistent modifications of
the particle orbits by the mode, and hence the nonlinear dynamics of the coupled system. Results have
been reported in Ref. 10. Several physicists from
Tore Supra visited PPPL for extended periods.
These included Talvard, Giruzzi, and Hoang.

Most of the effort is performed at PPPL, but
brief visits to the Tore Supra and TEXTOR sites
are performed to discuss physics issues and to acquire data.
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Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

C.S. Pitcher, H-S Bosch, A. Carlson, et al., "First
Results with the In-Vessel Probe on ASDEX-Upgrade," in Controlled Fusion and Plasma Physics
(Proc. 20 European Physical Society Conference,
Lisbon, 1993), J.A. Costa Cabral, M.E. Manso,
F.M. Serra, and F.C. Schiiller, Editors, Vol. 17C,
Part I (European Physical Society, 1993) pg. 1-73.
H-S Bosch, R. Schneider, C.S. Pitcher, et al, "2D
Model Validation of the ASDEX-Upgrade ScrapeOff Layer Plasmas," in Controlled Fusion and
Plasma Physics (Proc. 2 0 European Physical
Society Conference, Lisbon, 1993), J.A. Costa
Cabral, M.E. Manso, F.M. Serra, and F.C.
Schuller, Editors, Vol. 17C, Part rV (European
Physical Society, 1993) pg. IV-61.
th

2

th

3

A. Kallenbach, G. Fussmann, K. Kiemer, et al.,
"The Influence of Spatially and Temporally Varying Edge Conditions on the Interpretation of Spectroscopic Particle Flux Measurements," in Controlled Fusion and Plasma Physics (Proc. 2 0
European Physical Society Conference, Lisbon,
1993), J.A. Costa Cabral, M.E. Manso, F.M. Serra,
and F.C. Schuller, Editors, Vol. 17C, Part IV (European Physical Society, 1993) pg. W-5.
th

4

R. Schneider, D. Reiter, B. Braams, et al., "Analysis of Cold Divertor Concepts by 2D Simulations,"
in Controlled Fusion and Plasma Physics (Proc.
2 0 European Physical Society Conference,
Lisbon, 1993), J.A. Costa Cabral, M.E. Manso,
F.M. Serra, and F.C. Schuller, Editors, Vol. 17C,
Part TV (European Physical Society, 1993) pg. TV56.
H. Kastelewicz, R. Schneider, J. Neuhauser, B.
Braams, et al., "Numerical Marfe Simulations at
ASDEX and ASDEX-Upgrade," in Controlled Fusion and Plasma Physics (Proc. 2 0 European
Physical Society Conference, Lisbon, 1993), J.A.
Costa Cabral, M.E. Manso, F.M. Serra, and F.C.
Schuller, Editors, Vol. 17C, Part IV (European
Physical Society, 1993) pg. rV-64.
D.Moreau,B. Saoutic, G. Agarici, etal.,"KFHeating and Current Drive in Tore Supra," in Plasma
Physics and Controlled Nuclear Fusion Research
1992 (Proc. 14 Int. Conf., Wurzburg, Germany,
1992), Vol. 1 (IAEA, Vienna, 1993) 649-660.
th

5

th

6

th

79

International Collaboration
G. Agarici, J.P. Allibert, J.M. Ane, et al., "Recent
Results of the TORE SUPRA Tokamak," in
Plasma Physics and Controlled Nuclear Fusion
Research 1992 (Proc. 1 4 Int. Conf., Wiirzburg,
Germany, 1992), Vol. 1 (IAEA, Vienna, 1993) 79-96.

G.T.Hoang, C. Gil, E. Joffrin, et al., "Improved
Confinement in High-ij Lower-Hybrid-Driven
Steady-State Plasma in Tore Supra," Nucl. Fusion 34 (1994) 75-85.

9

th

G.T. Hoang, D. Moreau, E. Joffrin, et al., "LowerHybrid Enhanced Performance in Tore Supra," in
Radio Frequency Power in Plasmas (Proc. Tenth
Topical Conf., Boston, Massachusetts, 1993),
Miklos Porkolab and Joel Hosea Editors, American Institute of Physics (ATP) Conference Proceedings No. 289 (AIP, New York, 1993) 107-110.

80

10

R . B . White and Y. Wu, "Numerical Evaluation of
High-Energy Particle Effects in Magnetohydrodynamics," Princeton University Plasma Physics
Laboratory PPPL-2973 (March, 1994) 38 pgs.

1 1

J. Ongena, H. Conrads, M. Gaigneaux, etal., "Improved Confinement in TEXTOR," Nucl. Fusion
33 (1993) 283-300.

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

Plasma Processing Research

Plasmas are used for the fabrication and processing of advanced materials. The market for
plasma etch equipment in the semiconductor industry alone is presently about one billion dollars per
year. Research in plasma processing has been
stimulated in the last five years by the need of the
semiconductor industry to introduce a new generation of low-pressure (p < 10 mTorr), high-density
(n > 10- cm" ) etch tools for the manufacture of
sub-half-micron-feature integrated circuits. Introduction of these tools into manufacturing is now in
progress but many unresolved issues remain for the
operation of these new plasma tools.
Plasma processing is useful for several reasons.
Processing plasmas have electron temperatures in
the 1-10 eV (10,000-100,000 K) range which can
break chemical bonds and rapidly drive chemical
reactions which would otherwise proceed very
slowly at room temperature (approximately 300 K).
In addition, ions are produced at the sheath which
are accelerated normal to a substrate surface. Directed ions produce directional etching through a
synergistic physical-chemical reaction at the substrate surface. Modern etch tools achieve better
control of the process by controlling the ion energy
at the substrate independently of the ion flux. Ion
energy is controlled through an radio-frequency (rf)
bias on the substrate. Ion flux is controlled through
the main plasma production power source, either
microwave power (GHz) or rf (MHz) power. Low
pressure is the critical feature of modern plasma
etch sources because it reduces the frequency of ionneutral collisions in the sheath which scatter the
ions and produce undercut of the etch mask.
Work in plasma processing at the Princeton
University Plasma Physics Laboratory (PPPL) is
funded by SEMATECH through the New Jersey
SEMATECH Center of Excellence for Plasma Etching. This is one of nine national centers established
by SEMATECH to provide supporting research in
areas critical to the fabrication of advanced semi11

e

conductor devices. The research at PPPL addresses
practical processing-related issues in the field of
plasma etching, several of which have turned out
to have interesting plasma physics consequences
as well. The research effort at PPPL involves two
research staff members, four graduate students,
and one technical support staff member.

3

Electron Cyclotron
Resonance Plasma
Etching
Electron cyclotron resonance (ECR) plasma
sources are used for a variety of materials processing applications such as semiconductor etching and
deposition. Their use in research became widespread in the late 1980s and ECR-based tools have
now entered production. The ECR plasma sources
are termed "electrodeless" because they do not depend on conduction current flowing to an electrode.
The ECR sources are also wave driven, which has
the unique feature of plasma formation remote from
any physical surfaces. This is to be compared with
inductively coupled sources where power is deposited within a skin depth, 8 ~ c/co ~ 0.5 cm/(n x 10"
c m ' ) , of the plasma surface and capacitively
coupled sources where power is coupled through a
sheath of width L h th ~ 0.1 cm/(n x 10" cm" )
at an electrode surface.
The ECR and other low-pressure plasma
sources are being studied for plasma processing
because they operate in plasma regimes which have
advantages over the older and more well-established parallel plate plasma processing tools. First,
ECR sources operate at low neutral gas pressures,
typically 0.2-10 mTorr, compared to 50-1000 mTorr
for diode and reactive ion etch (RIE) tools. Low pressure reduces ion collisionality in the substrate
sheaths, which is necessary for anisotropic etching
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of the smaller and increasingly high aspect ratio
features in modern integrated circuits. The ECR
sources also operate in the relatively high-density
range of nj = 1 0 - 1 0 cm" , compared to nj = 1 0
cm" typical of capacitively coupled RIE tools.
Higher ion density implies higher ion-flux-driven
processing rates (r; ~ nj), which is important due to
the high ownership costs of semiconductor processing tools and the trend in the semiconductor industry towards single-wafer processing tools. Another
beneficial property of ECR plasma sources is lowplasma potential, typically 15-30 eV without substrate biasing. Plasma etching is generally a synergistic process involving both physical and
chemical surface reactions, and low-plasma potential can increase the etching selectivity between two
substrate materials by reducing the physical aspect
of etching relative to the chemical. Low-plasma
potential also reduces physical damage to the substrate from high-energy ion bombardment, as well
as reducing unwanted sputtering of materials from
the remainder of the tool surfaces. Independent
control of the ion energy and ion flux is also possible in ECR tools. Ion energy is controlled by rf or
dc (direct current) biasing of the substrate holder
while control of the ion and neutral flux is achieved
by varying the microwave power and neutral gas
pressure.
The main disadvantage of ECR processing tools
is that they require approximately one kilogauss
level magnetic fields, which imply extra expense
for power supplies, cooling, power, and floor space.
This is mitigated somewhat by the fact that the
plasma source is a small component of the overall
cost of the processing tool which typically exceeds
one million dollars. High-density operation implies
a higher degree of molecular dissociation in ECR
tools which is a problem for oxide etch. The higher
density of neutral radicals can also lead to higher
spontaneous, as opposed to ion-assisted, etch rates
at the substrate surface. Plasma uniformity of ion
and rf currents is another concern for ECR tools
due primarily to the presence of the magnetic field
which limits cross-field diffusion of the plasma.
1:l

12

3

10

3

FY93 Results
Achieving radially uniform plasma densities
and correspondingly uniform etch rates is a lingering problem in plasma etch tools. Nonuniform plas82

mas require more over etch which strains selectivity requirements and also has been shown to lead
to charge-induced damage of thin oxide layers in
MOSFET (Metal Oxide Semiconductor Field-Effect
Transistor) gates. Investigations into the causes of
plasma nonuniformity continued in our existing
electron cyclotron resonance (ECR) plasma etch tool
(Fig. 1). The ECR plasma source determines plasma
uniformity to a large degree. Calculations predicted
PPPUJ94X0172

Figure 1. Schematic of electron cyclotron resonance (ECR)
experimental setup and diagnostics. (1) RF Current and Voltage Probes. (2) Radial Scanning Langmuir Probe. (3) Axially Scanning Langmuir Probe. (4) Spectrometer for Optical
Emission. (5) Collection Optics. (6) Lasers for Laser-Induced
Fluorescence Diagnostic. (7) Laser Beam Path. (8) Microwave Interferometer. (9) Horn to Launch Microwaves.
(10) Horn to Receive Microwaves.

that uniform plasma density profiles often occur
when whistler waves respond to density nonuniformities by refracting to regions of low-plasma
density. Probe measurements confirmed that the
microwave propagation path was strongly anticorrelated with random density fluctuations in the
ECR source. Correlation factors in the range -0.75
< p < -0.25 were seen between the detected microwave power and the plasma density measured on
the same probe, where p = - 1 , 0, +1 represents
anticorrelation, no correlation, and 100% correlation, respectively. The interpretation of these probe
1
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measurements is t h a t the whistler wave power
tends to duct in density troughs as it propagates
along the magnetic-field lines. Ducting in density
troughs occurs for co /2 < co< co and was first described 35 years ago for whistler propagation in the
ionosphere. The situation for ECR plasma sources
has the additional feature that the wave power also
sustains the plasma by producing additional density in low-density regions where the wave damps.
Thus, there is a feedback mechanism in ECR
sources which tends to maintain a uniform profile
(on average), although the plasma density and whistler wave propagation path constantly shift on
shorter time scales (approximately 10~ sec). The
existence of such wave-induced density fluctuations
calls into question plasma models which have so
far assumed that a steady-state solution exists.
Large density fluctuations may also have implications for damage to submicron integrated circuits
during processing.
Etching uniformity is affected not only by the
plasma uniformity but also by the uniformity of the
rf bias currents. The rf bias is commonly applied to
the substrate in order to control the ion energy,
through the dc sheath potential, independently of
the ion flux. Device damage due to plasma nonuniformity has been reported for ECR etch tools.
Some authors have reported that rf biasing also
produces nonuniformity and damage to the devices
on the wafer. Figure 2 shows an example of how
the application of rf bias power affects the plasma
ce

ce

Research

density profile in the ECR reactor. While investigating the question of how the rf currents return to
ground in an ECR tool, it is found that rf biasing of
a substrate located in a magnetic field produces a
m=0 helicon mode in the plasma. The amplitude
and phase of the helicon wave fields (B and B )
were measured versus radius (Fig. 3) and shown to
agree with theoretical predictions for an m=0 helicon. Measurement of the axial wavelength versus
frequency also confirmed the existence of the helicon mode (Fig. 4). The production of a helicon mode
e
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Figure 4. Measured (dots, solid line) and calculated (hash
marks) dispersion equation for an m=0 helicon mode.
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by the rf-biased chuck was unanticipated by workers in the plasma etch community. Several important consequences for rf biasing of ECR and helicon etch tools follow from this observation. First, a
significant fraction of the rf power can appear in
this mode rather than going into ions at the sheath.
More importantly, the helicon power causes additional ionization which peaks on axis and thus distorts an initially uniform plasma density profile
(Fig. 2). The fraction of power going into the helicon mode is determined by a voltage division between the sheath impedance and the helicon radiation resistance (Fig. 5). This fraction increases with
the frequency of the rf bias. The circuit model in
Fig. 5 was combined with a model for the plasma
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density which assumes that the helicon causes additional ionization only along magnetic-field lines
intersecting the chuck. The later assumption is justified by the fact that the helicon wave fields were
observed to be localized on those magnetic-field
lines. This model explains the relative amount of
density peaking, the resulting dc bias voltage on
the chuck, and the substrate impedance as a function of rf bias frequency and background plasma
density. The measured and modeled density peaking factor, defined as the plasma density on axis
with rf bias divided by the density without rf bias,
is plotted versus microwave power and frequency
in Fig. 6. These data provide a detailed understanding of the underlying mechanisms for rf biasing in
a magnetic field, whereas previously manufactur84
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Figure 6. (a) Measured and (b) modeled density peaking
factor versus microwave power and rf frequency for 20 W
of rf bias.
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ers had relied on empirical results to choose the
bias frequency.
Laser-induced fluorescence (LIF) measurements were made of various ion and molecular species in the ECR plasma. It has been postulated that
the SiF2 radical is an important reactant product
during fluorine (F) etching of silicon (Si) surfaces,
in addition to volatile SiF4. Figure 7 shows the relative intensity of SiF2 versus distance from the wafer surface for several different ion current densities. The largest SiF2 concentration occurs just in
front of the wafer and decreases rapidly away from
the wafer surface, indicating that the only significant source of SiF2 is the wafer. A model assuming
SiF2 production at the wafer surface and diffusion
in the plasma fits the data reasonably well. Figure
8 shows that there is a direct correlation between
ion energy flux to the wafer and the SiF2 generation at the wafer surface. In addition, the SiF2 radi-
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Inductively Coupled
and Helicon Plasma
Etch Reactor
A new rf-inductively coupled plasma reactor
(RFI) (Fig. 9) was constructed and successfully operated in 1993. This tool is based on a flat spiral
antenna design and operates at the industrial frePPP1_»94X0180
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Figure 7. Concentration of S1F2 versus distance from the
wafer for various ion current densities.
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cal production decreases with wafer temperature
and the fraction of SiF2 to SiF4 also decreases with
temperature. Absolute SiF2 concentrations were not
determined in these experiments. Additional laserinduced fluorescence measurements set an upper
limit to the metastable fluorine lifetime in the
plasma of x < 10 usee.

quency of 13.56 MHz. Based on the rf biasing work
in the ECR tool, it was found that the RFI tool could
also be operated as a helicon source with the application of a weak (greater than 5 G) magnetic field.
Helicon sources up to the present time have always
utilized coil windings around the outside of a plasma
column necessitating a separate source chamber,
whereas this source locates the coil at one end of
the process chamber. Figure 10 shows the penetration of the 13.56-MHz Be fields into the plasma as
a function of applied external magnetic field. Note
that for B > B = 4.8 G, the rf fields penetrate into
the plasma as a helicon wave, while for B = 0 the
field penetration (and plasma formation) is limited
to within a skin depth of the plasma surface. Technical advantages of this type of helicon source are
that the geometric aspect ratio (height to diameter)
can be increased to optimize pumping of the reac-
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strate temperature, and ion energy at the substrate
surface. C D . Zuiker (Astrophysical Sciences) made
laser-induced fluorescence measurements of the
relative SiF2 concentrations in the plasma and set
an upper limit for the metastable fluorine lifetime.
C.W. Cheah (Chemical Engineering) investigated
various sheath effects in parallel plate and ECR
etch reactors utilizing impedance measurements
and other plasma diagnostics. R. Jarecki (Chemical Engineering) will complete an investigation into
the effect of low wafer temperature (T < -120 °C) on
the chemistry of the silicon-fluorine system.
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Pure Electron Plasma Experiments
The Electron Diffusion Gauge (EDG) experiment applies the physics of pure electron plasmas
to the measurement of pressure. The EDG is a
Malmberg trap, with a demonstrated confinement
time of longer than a minute. This level of confinement is possible for nonneutral plasmas because of
a combination of magnetic and electrostatic trapping. Because the state of the confined plasma can
be accurately characterized, the rate of plasma expansion due to collisions with a background of neutral helium can be computed. The comparison of
the calculated to the observed expansion forms the
basis for a pressure standard. The goal of these
experiments is to measure critical scaling laws, and
use them to find the range of parameters where
the pressure can be accurately determined. In previous experiments, the confinement of the EDG
plasma was demonstrated. In FY93, the EDG operating regime was explored and pressure dependent operation was demonstrated.

Underlying Principles
Pressure measurement using a pure electron
plasma is of interest because of the well-defined
state of the confined plasma. Trapped electrons relax to a quasi-equilibrium state in which their velocity distribution is easily determined. Using this
velocity distribution, the rate of gas interaction can
be calculated more accurately than in other types
of pressure gauges.
A Malmberg trap confines electrons radially using a uniform magnetic field and axially using electric fields produced by biased collinear cylinders. A
trapped-electron cloud is considered a plasma if its
Debye length, given by Ac = (kT /47ine ) , is much
shorter than the characteristic system size. These
plasmas are unique because they have confined
quasi-equilibrium states. The confined states occur
because the plasma must give up its angular momentum to reach the wall, and in a single-species
cylindrically symmetric system it has no way to do
2

so readily. In the ideal case of constant angular
momentum, there is a bound on the number of electrons that can ever reach the wall.
The trapped electrons relax to a state in which
their rotation frequency about the axis of the cylindrical system is independent of radius. This rigidrotor equilibrium is a function of three parameters:
the total number of electrons, the total energy, and
the total angular momentum. In real systems, imperfections in the symmetry of the fields (misalignment or irregularity) allow the angular momentum
of the plasma to change slowly. This leads to radial
expansion of the plasma and sets a limit on its confinement time.
If neutral gas is present, collisions between electrons and neutrals will also perturb the plasma.
This is the underlying principle of the pressure
measurements. The three parameters mentioned
above that are required to describe the plasma state
will be measured as a function of time. At base pressure, this will determine the angular momentum
change caused by field asymmetries. At higher pressures the effects of field asymmetries can be subtracted or neglected, and the evolution is due to the
neutral gas. Using a reference value for the elastic
momentum transfer cross section of the neutrals,
the required neutral gas density for the observed
evolution will be computed.

EDG Apparatus
The Malmberg trap used in this experiment
(Fig. 1) resides inside a 21-inch-long solenoid with
a 10-inch-inner bore. The strength of the main
PPPU93X0191
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Figure 1. Schematic of the plasma confinement structures of the Electron Diffusion Gauge (EDG) apparatus.
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magnetic field is up to 3 kG. Two sets of trimming
coils cancel the earth's magnetic field and give precise alignment of the electric and magnetic fields.
The estimated azimuthal asymmetry of the magnetic field in the plasma region is less than 0.1%.
The m a i n vacuum chamber for the EDG is
made of aluminum to avoid modifications to the
applied field due to permeability. Experiments this
year were performed using a sputter ion pump and
a t i t a n i u m sublimation p u m p . Because t h e s e
pumps do not have high pumping speeds for helium, a turbomolecular pump with a molecular
drag stage was installed at the end of the year. The
new pump, in combination with a piezoelectric leak
valve, will allow regulation of helium pressures
down to the 10" Pa level. A quadrupole mass spectrometer was also installed to allow measurements
of gas composition.
The source of the EDG plasma is a directly
heated, thermionically emitting filament in the
shape of a flat spiral. Emitted electrons stream
along magnetic field lines through a sequence of
collinear cylinders. The inner surfaces of the copper cylinders have a gold sputter coating to minimize their surface oxidation and resistance. Voltages applied to the cylinders cause electrostatic
reflection of the electron beam. Electrons can be
trapped between any two nonadjacent cylinders by
biasing first the downstream and then the upstream
cylinder to a negative voltage. The trapped-electron
cloud will form a plasma if the correct voltages have
been applied to the source filament.
The electron plasma can be dumped onto an
analyzer by returning the downstream cylinder to
ground potential. The analyzer consists of a movable plate for collecting the bulk of the electrons,
with a Faraday cup behind a hole for collecting the
electrons along a particular magnetic field line. The
hole position is moved radially to build up a profile
over a sequence of shots. Energy information on axis
is found by dumping a small fraction of the plasma.
Axial electrons with high energies are the first to
escape from the trap. From this measurement, the
parallel temperature for high-energy electrons can
be found. Experiments elsewhere have demonstrated that the high-energy parallel temperature
is equal to the perpendicular temperature unless
perturbed. If the plasma temperature is spatially
uniform, then the plasma total energy and angular
momentum can be determined.

The shot sequences are controlled using custom
software on a Macintosh computer. Voltage sequences for a single shot are written in a simple
language. The sequences are compiled by the software into byte streams to be sent to custom control
hardware. Nested cycles of shots varying time, voltage and analyzer position can be generated. Signals are digitized and stored in a format readable
by most analysis software. Other portions of the
control software record the vacuum system pressure and display its status. This year the control
system migrated to a more powerful computer and
control of filament power was also automated. Filament regulation can be used to maintain the voltage, current, power, resistance or emission constant.

6
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Goals of EDG
For a primary pressure standard based on the
EDG to work, two conditions on plasma behavior
must be met. First, the presence of gas in the system must be a small perturbation to the rigid-rotor
equilibrium. Second, the diffusion due to field asymmetries must be smaller than the diffusion due to
the gas. The first condition ensures that the plasma
is in a known state whose evolution can be calculated from theory. It is met when the relaxation to
equilibrium process is faster than the diffusion process. The second condition allows neglect of processes not fully understood.
The parameter regime where both conditions
are met simultaneously is unknown. Experimental
measurements of the scaling of plasma behavior
with density have not been performed, and that is
the immediate goal of this work. Other system parameters, such as plasma temperature, may also
need to be manipulated to satisfy the required conditions. Once the proper parameter set is determined, then actual operation will be demonstrated,
assuming the requisite parameters are within the
capabilities of the EDG.

Experimental Results
To achieve the goals of the EDG, measurements
of the total charge, angular momentum, and energy of the plasma as a function of time and control
parameters are required. The angular momentum
is determined from measurements of the radial profile of the plasma and the energy from measure-
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ments of the axial temperature. During the previous year, the total charge was measured as a function of time for a few parameter sets. This year, an
improved detector allowed radial profile measurements. The experiments in FY93 were conducted
in two stages: the first stage explored a full range
of parameters, and the second stage used variations
from an optimal set of parameters to measure specific effects.
The first stage data was used to form an empirical classification system for the plasma evolution. The principal data used for the classification
was the evolution of the total charge and axial
charge density, referred to as the signature of the
evolution. The signatures showed combinations of
several basic features which were related to the
features of the radial profiles.
The most important feature of the signatures
was used to classify plasmas as stable or unstable
to m = 1 diocotron modes. Unstable plasmas move
off axis, causing the central density to reach zero
before the plasma interacts with the wall. After the
wall interaction, the central density recovers and
then decays in a normal fashion (proportional to
1/t). The total charge stays approximately constant
before the wall interaction, falls off rapidly during
the interaction, and finally decays slowly afterward.
Growth of diocotron modes in plasmas with peaked
profiles has been explained by the ion resonance
instability. Ion production is the result of the use of
residual gas rather than helium for the background
and possibly the result of higher plasma temperatures than expected. The production of ions by EDG
plasmas is marked by initial increases in the total
trapped charge. The conditions for ion resonance
depend on ion mass and magnetic field, but the
theory has not been used for accurate explanation
of experimental data. The EDG shows magnetic
field dependence related to the ion resonance instability similar to other experiments. Later experiments used an improved pumping system to reduce
the effects of residual gas.
For plasmas stable to diocotron modes, the signatures depend on filament conditions. If the filament is too cold, the reproducibility of the plasmas suffers. For a sufficiently warm filament, the
plasma depends only weakly on the filament temperature, but strongly on the filament central voltage. For a range of voltages, the initial plasma
depends on the voltage but all plasmas converge

with time toward a particular evolution. Outside
the range, at both higher and lower voltages, the
initial trapped charge is smaller and it decays
more rapidly than in the convergent range. Thus,
it is possible to make plasmas insensitive to the
precise filament conditions, though there are multiple limits.
The second stage experiments used stable plasmas with the robust filament conditions just described to investigate the effects of field asymmetries and neutral pressure. The effect of field
asymmetries was measured using the magnetic
trimming coils, while neutral pressure measurements used residual gas.
The lowest available pressures were used during measurements of the effect of field asymmetries,
but some pressure dependence was still seen. The
cross-sections for residual gas collisions can be up
to 500 times larger than for the same pressure of
helium. A field tilt of 0.1 degree (0.2%) increased
the rate of expansion the equivalent of almost 10"
Pa of residual gas. The effect of field tilt could 'also
be seen in the flattening of radial profiles, indicating increased rates of internal diffusion.
The residual gas pressure used ranged from 2
x 10" Pa to 4 x 10" Pa. Over that range, significant changes in composition were possible, with increasing of the water vapor component at the highest pressures. As a result, though the rate of plasma
expansion increased smoothly and monotonically,
it was nonlinear (Fig. 2). Measurements with controlled gas composition are required for an improved
assessment of pressure dependence.
6
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Figure 2. Time for half of the plasma to be lost. Data
shows dependence on residual gas pressure.
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The Theoretical Division has several roles in
the Laboratory's research program: it works with
experimental groups to interpret results of experiments and suggests new experimental approaches;
it works to propose new theories for existing and
undiscovered phenomena; and it works to aid in
machine design for future experiments. In addition,
the Division plays an active role in the Graduate
Studies Program and has an involvement in nonfusion areas of plasma physics. The group also has
an extensive ongoing collaborative effort with
groups in the US and abroad.
Some of the major new efforts include:
• Development of advanced tokamak operating regimes consistent with the bootstrap
current and the exploitation of the benefits
of non-monotonic safety factor, q, profiles.
There is also a strong focus on the external
kink mode and the initiation of studies of the
effects of resistive shells and feedback mechanisms.
• Coupling of experimental results with theory,
including the toroidicity-induced Alfven
eigenmode (TAE) mode analysis, sawtooth oscillations mechanism, island formation, disruptions, and more detailed comparisons of
Tokamak Fusion Test Reactor (TFTR) results
with the PEST code. There have also been
some very encouraging comparisons of experimental plasma transport results with gyrokinetic simulations.
• Developments in t h e u n d e r s t a n d i n g of
Onsager symmetries and the effect on plasma
transport due to non-monotonic q, sheared
flow, the proximity to the magnetic stochastic threshold, and selectively applied magnetic perturbations as a means of ash removal
and burn control.

Other efforts include the interaction of intense magnetohydrodynamic (MHD) waves with its background fluid, wave propagation in dielectric media,
studies of magnetospheric stability, and neutral gas
release from spacecrafts.
This report is divided into four sections covering magnetohydrodynamics, microinstabilities and
transport, energetic particle phenomena and nonfusion studies. There is substantial overlap among
these categories. Because of recent progress, for
example, some MHD components will include significant non-MHD effects, and, conversely, some
microinstabilities and transport effects will depend
strongly on their background MHD.

Magnetohydrodynamics
New Tokamak
Operating Regimes
Advanced tokamak configurations make use of
cross-sectional shaping and plasma profile control
to obtain confinement and beta exceeding contemporary scalings, and a bootstrap fraction approaching unity.
In advanced tokamak plasma configurations,
the current profile control would be provided by a
combination of proven current-drive techniques,
including neutral-beam current drive (NBCD),
fast-wave current drive (FWCD), and lower-hybrid
current drive (LHCD). The relatively low efficiencies of these methods of current drive is compensated largely by the high fraction of current being
carried by the bootstrap effect. Thus, the bootstrap
current greatly leverages the external current
drive to produce a configuration which has been
shown by the ARIES studies to scale to an attractive reactor.
Density and temperature profile control in the
advanced tokamak plasma configuration is obtained
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by controlling the boundary conditions and by affecting the local transport coefficients. The goal is
to obtain self-consistent profiles in the sense that
the largest gradients occur in the regions where the
relative transport is predicted to be the lowest.
The most promising new regime for advanced
tokamak operation identified so far is called the nonmonotonic q configuration. The principal feature of
this configuration is a plasma region with significant negative magnetic shear. In this configuration,
the shear is negative over the central region of the
plasma and then returns to the conventional positive shear near the plasma edge. This is illustrated
in Fig. 1 where the safety factor for a negative shear
.

PPPLI93X0331

both low and high-n instabilities. Negative magnetic shear can also contribute to improved plasma
confinement by acting to help suppress the primary
destabilizing mechanisms for trapped-particle
modes.
Several other potentially attractive advanced
tokamak configurations were also examined during the year, but do not look as attractive overall as
the non-monotonic q mode. These include a secondstability configuration similar to the equilibrium
used in the ARIES-II reactor study, but with a
reversed current layer near the plasma boundary
to help stabilize the n = l kink mode. Second stability configurations with very high values of the axis
safety factor have been studied, but they were found
to have such low values of stable beta as to be impractical.
4,5
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An ideal-MHD stability analysis was carried out
for the non-monotonic q configuration using the
CAMINO and BALMSC codes for the high-n idealMHD ballooning modes and the PEST2 code for the
low-n ideal-MHD kink modes. The high-n ballooning modes are found to be stable for this configuration up to a normalized beta (P|j) value of 7.2 for the
negative magnetic shear case and 5.1 for the conventional shear case. Above these values, high-n instability occurs in the region where the magnetic
shear begins to rise rapidly near the plasma edge.
Stability to n=l, 2, and 3 external kink modes with
boundary conditions corresponding to a conducting
shell at infinity and at 1.3a, where a is the plasma
minor radius were examined. This shell position of
1.3a was chosen to represent the stabilizing effects
of the conducting structures and vacuum vessel. For
no conducting shell, the highest stable P ^ values for
the negative magnetic shear and conventional shear
cases are 2.5 and 4.2, respectively. However, for the
more realistic conducting shell scenario, the values
are 7.2 and 6.4, respectively. Combining the results
of the kink and ballooning stability, the p ^ limit is
7.2 for the negative magnetic shear case and 5.1 for
the conventional shear case.
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Figure 1. The safety factor profiles for the negative magnetic shear and conventional shear cases at fl* values of
6.3 and 5.1, respectively.
N

configuration is compared with that from a conventional configuration. The associated plasma current
density in the negative shear case is hollow. Negative magnetic shear has several beneficial effects.
Among these are complete stability to high-n idealMHD ballooning modes in the negative magnetic
shear region. This implies that ballooning mode
stability does not impose any constraint on the pressure gradient there. It permits strong peaking of
the pressure profile, which can allow a large ratio
of bootstrap current to total plasma current and also
produce a bootstrap current profile with favorable
shape for stability. The hollow current profile associated with the negative magnetic shear enables
raising the safety factor at the axis without simultaneously raising it at the edge, thereby allowing
the plasma current to remain high. Raising the
safety factor at the axis is known to be beneficial to
2,3
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Feedback Kink Study
Theoretical MHD studies of the external kink
mode in the Tokamak Physics Experiment (TPX)
device with a nearby conducting shell generally
show that the n = l mode is the most dangerous, the
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higher modes generally setting in at higher beta
values, or when a closed shell is further from the
plasma, or a partial wall is less enclosing. This is
convenient since any proposed active feedback
scheme could then be designed with relatively
simple electromechanical structures. In order for
the active feedback to be effective, the mode growth
must be slowed to tolerable time scales by the use
of passive stabilizer plates. This is done by positioning the plates such that they would at least completely stabilize the kink modes if they were perfectly conducting; then, since the actual plates
would have finite resistivity the modes will be
slowed down to roughly the order of the L/R time of
the plates, which is designed to be long enough to
accommodate the active feedback. Theoretical models have been constructed to simulate and assess
the effect of using these plates. Experimental results from the use of passive stabilizer plates in the
Princeton Beta Experiment-Modification (PBX-M)
device are providing an experimental data base.
Using this data base together with the theory, which
so far neglects the resistivity of the plates but closely
simulates the real geometry, the stabilizer plates
envisioned for TPX are being designed.
Active feedback requires knowing the physical
characteristics of the kink mode in order to properly shape the feedback coils and also to design the
pickup loops outside the plasma that will trigger
the feedback circuits with the correct phase. To do
this, a theory has been developed that calculates
and displays the eddy currents in a conducting shell
due to a simulation of a growing kink mode. Since
these currents are also exactly those needed to suppress the mode, by keeping the shell at a constant
distance away from the plasma, it can be ascertained from the current distribution where the feedback forces should be optimally distributed. An example shown in Fig. 2, taken from a simulation of
a proposed TPX plasma discharge, shows that the
feedback must be localized mostly at the unfavorable curvature side of the plasma to be effective.
This is unfortunately also where one needs to gain
access to the plasma discharge for neutral-beam and
wave heating, current drive, diagnostics, etc. The
passive plates and the feedback mechanism must
therefore be carefully and creatively designed.
The pickup (Mirnov) loops simulation, also theoretically calculated, provides a more realistic scenario since, apropos of the real situation and un-
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Figure 2. The simulated eddy current pattern in a closed
conducting shell due to an external kink perturbation in TPX.
The shell is unfolded to a two-dimensionall $ versus I g plane
over one toroidal and poloidal period in which I $ and I Q are
normalized to the local major and minor circumferences
respectively. The plot shows the helical structure of the
currents strongly localized in the outer-major-radius side of
the torus.

like the passive plates, they do not provide any stabilizing forces of their own.

Comparison of TFTR
and PEST Results
It is generally believed that the predictions of
ideal-MHD stability studies are useful indicators
of tokamak performance. For this reason, a PostProcessor is being developed and improved for the
ideal-MHD stability code PEST. This has made
possible the analysis of experiments where density
(p), pressure (p), and safety factor (q) profiles are
determined from TRANSP studies of the experimental data. The PEST code is a linear code and
the predicted mode structure is only valid during
the linear phase of the mode's growth. However,
quasilinear theory would suggest that the nonlinear evolution will maintain the key elements of the
linear mode structure.
In a recent TFTR experiment, deuterium neutral beams with approximately 100-keV energy
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were injected into a TFTR plasma in a 2.5 tesla
toroidal magnetic field with the plasma current kept
at 420 kA. The beam power was raised in three
steps, with the energy increasing with power up to
the level of 10 MW and then saturating with no
further increase with the last power increment. The
ion and electron temperatures became broader at
the highest beam power level, primarily due to a
decrease in the central temperatures with an enhanced heat transport in the plasma core. The MHD
diagnostics indicated that the deterioration of confinement in the core was correlated with a strong
MHD signal, with the Mirnov coils identifying the
mode numbers as m/n=3/2, where m and n are the
poloidal and toroidal mode numbers, respectively.
The density fluctuation associated with this mode,
measured on the plasma mid-plane by beam emission spectroscopy, showed that the mode amplitude
was localized near the plasma core, in the same
region where the plasma thermal diffusivities exhibited large enhancement. The X-ray imaging system saw the mode in those channels where the
sightlines passed through the plasma core, consistent with data from the beam emission spectrometer (BES). However, the X-ray data was insufficient to independently identify the mode number.
Stability analysis indicates that there was an
ideal internal mode with a toroidal mode number
n=2 which had several poloidal components, with
the m=2 behavior inside the q = 1 surface primarily responsible for the degradation even though
the Mirnov signals were mainly m=3. Although
boundary conditions corresponding to a conducting
wall at infinity were used, the mode structure was
that of an internal mode, Fig. 3, with a dominant
m=2 feature localized in the plasma core inside the
q = 1 surface and, as was expected, there was a
substantial 3/2 contribution with its maximum amplitude at the q = 1.5 surface. Since the 3/2 component was larger near the plasma edge, it was
more readily detected by the Mirnov coils. Nevertheless, the 2/2 component was probably responsible for the observed enhancement of thermal
diffusivity in the plasma core during high-power
neutral-beam heating.
This is supported by comparing the predicted
density fluctuations due to this instability with the
BES measurements. The local density fluctuation
(8p) was calculated from the fluid continuity equation and then the expected BES signal was con94
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Figure 3. Amplitudes of the significant poloidal harmonics
(m) for the radial displacement of the n = 2 internal mode.

structed by integrating over the toroidal angle.
Because of the toroidal rotation, this is equivalent
to taking a time average at one spatial location. The
amplitude of the displacement (£) was chosen such
that the calculated values of 5p had the same magnitude as the experimental measurements in the
plasma core, and the radial profile of 8p was found
to be in reasonable agreement with experimental
data, as shown in Fig. 4. The BES data clearly indicates that the perturbation virtually vanishes at,
and outside, the q = 1.5 surface and is large only
inside it.
Other low-n modes were examined using the
PEST code. The n=l internal mode was stable; however, an external kink mode was found, with a radial structure localized near the plasma boundary.
It was not seen in the experiment, possibly because
of the stabilizing effect of the vacuum vessel. Other
low-n modes were found to be stable.
This study strongly enforces a previously noted
instability behavior. In a finite-aspect-ratio tokamak, the dominant m-numbers adjust to the q-value
on each surface and the mode may have a rich
poloidal spectrum. The mode number observed on
the external magnetic loops is not necessarily the
dominant mode in terms of its effect on the plasma.
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The onset of sawtooth oscillations and their stabilization in TFTR plasma supershots exhibit tendencies which are unexpected based on conventional
theories. In TFTR, the sawtooth-free phase corresponds to peaked pressure profiles with central
poloidal beta values of 1-1.5, which significantly
exceeds the Bussac threshold beta value of 0.3 for
the ideal m = l mode. This threshold is generally
accepted to be related to triggering of sawtooth oscillations.
Thirteen TFTR supershot plasmas with sawteeth and sawteeth-free phases, as well as transitions between them, and with a good set of magnetic pitch-angle measurements and TRANSP code
plasma profile simulations were analyzed. It was
found that linear theory, which takes into account
collisionless reconnection and ideal (with and without effects of hot particles) m = l modes, contradicts
experimental data.
In contrast, it was found that the two-fluid criterion of GO* stabilization,
1.4|3 ' ln'R/nl
2

Figure 4. The PEST-code predicted beam emission spectrometer signal compared with actual measurements.

The mode that agrees with the experiment has a
different external signature, 3/2, from its dominant
structure, 2/2. This is a good example of why it is
dangerous to be guided too strongly by cylindrical
models where such a coupling does not exist.

Two-Fluid Theory
of Stabilization and Onset
of Sawtooth Oscillations
in TFTR Supershots
A fast equilibrium reconstruction code was developed for T F T R .
It uses as an input the magnetic pitch-angle values from the motional Stark
effect (MSE) experimental data base and pressure
profiles from the TRANSP data base. The code is a
modification of Electrodynamic Moment Equilibrium (EMEQ) code developed earlier in the Kurchatov Institute in Moscow. Its speed (0.3 sec/equilibrium) allows both interactive and conveyor modes
for treatment of experimental data and study of
effects of their accuracy on equilibrium reconstruction. The code has been intensively used for investigation of sawtooth stabilization.
11,12

3

2/3

Ip'R/pl^ > q r ,

is in very good agreement with the onset and stabilization of sawtooth oscillations in TFTR plasmas.
Here, n' is the plasma density, p' is the total pressure gradients, R is the major radius, and q'r is the
shear. All quantities have to be calculated at the q
= 1 surface. Moreover, several TFTR shots show
sawtooth oscillations with irregular periods when
this criterion is marginal. Also, analysis of the cases
with pellet injection (less reliable because of lack of
MSE data) show good consistency of the criterion
with sawtooth suppression and extension of the
sawtooth period in a number of shots.

Disruptions, Islands
As a tokamak plasma progresses, it should, except in the case of disruption, most likely move
through a series of three-dimensional (3-D) equilibria, since the plasma is subject to error fields and
or three-dimensional instabilities. These equilibrium states are presumably the nonlinear saturated
state of linear and nonlinear instabilities of the
axisymmetric plasma. The PIES code, originally
built to study 3-D stellarator equilibria with islands
and stochastic regions, is ideally suited to study
such plasmas and has recently been modified for
tokamak applications.
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The first application was to generic TFTR plasmas that generally displayed saturation in beta
with the occurrence of m/n=3/l and 2/1 modes.
These plasmas were studied by M. Hughes and M.
Phillips with a linear resistive code, and agreement with the experiment was found if the pressure profile in the region of the rational surface was
flattened; this was necessary to avoid the very large
stabilizing terms for tearing modes arising from finite b e t a . This is not self-consistent since the evolution of the tearing modes themselves is supposed
to be responsible for the flattening. The PIES code,
on the other hand, does provide a self-consistent
treatment that flattens the pressure profile as the
island grows. In general, the nonlinear saturated
islands were found to be very small.
Next, the PIES code was applied to TFTR plasmas with good electron cyclotron emission (ECE)
data on the size of the islands, using pressure and
current profiles from the YTRANSP code as input.
For high (3 shot 61150, at 3.9 seconds into the
plasma discharge a large 2/1 island of about 8% was
observed by the ECE. The PIES code did indeed
showed a 2/1 mode, but it is only about half as big
as that observed experimentally (see Fig. 5). Similar results were found for high-beta (P = 2.5%) shot
61148 at 5.9 seconds into the plasma discharge.

Experimentally, the shot was found to have a 3/1
island of about 6% of the plasma radius. The PIES
code results shown in Fig. 6, show an island of about
3%. The discrepancy observed here in saturated
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Figure 6. Poincare plot for a TFTR equilibrium with 3/1 islands. Here, p = 0.10%. The 2/1 islands occupy about 3%
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island width, about a factor of two, may be due to
the fact that the PIES simulations were done with
a conducting wall on the plasma. To check out this
possibility, modification of the code has been started
to allow simulations in a free boundary mode.
Encouraged by these results, the PIES code has
been used in studies of the proposed TPX experiment. Of TPX's many possible modes of operation,
the ARIES-I mode and the non-monotonic q mode
have been investigated. The ARIES-I is a compromise between high (3 operation, favorable for bootstrap current drive, and high beta toroidal, favorable for an economic reactor. Figures 7 and 8 show
that the PIES code finds a large 2/1 island mode at
P = 0%, (Fig. 7) and a somewhat smaller island at P
= 1.4% (Fig. 8). However, as beta is increased, this
stabilization of the 2/1 was replaced by destabilization of higher mode numbers and the result, shown
in Fig. 9, is that a large fraction of the plasma is
occupied by islands and stochastic regions.
The non-monotonic q mode was suggested by
the very good results of the Joint European Torus
(JET) in England and the DIII-D in San Diego in
p
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achieving high beta and good confinement. Studies
have found this mode of operation to be capable of
very high bootstrap fraction and good stability to
ideal high-beta modes with a stabilizing wall some
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the flttx surfaces at a beta of 3.1%. More details of
this investigation are published in Ref. 15.

Studies Using the MH3D Code
The MH3D code is a fully toroidal, nonlinear
resistive, 3-D initial-value MHD code, which in the
past, has been used extensively to investigate the
physics of internal modes in tokamak plasmas.
Recently, a vacuum region and a resistive wall were
added to the MH3D code so that it can be used to
study external modes, including the effect of a resistive wall. Since the MH3D plasma model includes
poloidal and toroidal flows, the code is well suited
to study the influence of plasma rotation on external modes in the presence of a resistive wall. Presently, the external mode results are being benchmarked with linear analytic solutions.
16

VMEC calculations, which was done earlier for a
particular Advance Toroidal Facility (ATF) configuration at <(3> = 0% and <(3> = 1%, to higher values
of beta. Good agreement was achieved for <p> = 2%,
with reasonable agreement at <p> = 3%, as can be
seen in Fig. 11. The shapes of the magnetic surfaces
agree well for <p> < 2%. At <P> = 3%, the PIES code
calculations show magnetic islands that cover approximately 5% of the plasma cross section.
PPPLt»3X0270
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Stellarator Studies
During the next decade, the international fusion research community will build and operate
facilities t h a t will decide whether the tokamak
(Tokamak Physics Experiment) or stellarator (W7-X
and the Large Helical Device) will be the superior
steady-state magnetic fusion reactor candidate. The
Stellarator Studies Project at the Princeton Plasma
Physics Laboratory (PPPL) is intended to bring
PPPL's unique computational capabilities to bear
on three-dimensional MHD equilibrium and stability areas and to increase the Laboratory's interactions with stellarator programs in other parts of
the world. In addition, the codes have important
applications to tokamak research, particularly in
assessing the consequences of magnetic field errors.
Most of the effort to date has been with the PIES
code which treats configurations with magnetic islands. In contrast, the standard VMEC code assumes nested toroidal flux surfaces. A program to
examine stellarator stability with the KSTEP code
(in which three-dimensional equilibria are averaged
over the toroidal angle and PEST-like analyses are
carried out) is continuing.
Collaborations continued with A. Salas (Madrid,
Spain) in using the PIES code for TJ-II heliac equilibrium studies and with P. Merkel (Garching, Germany) on PIES code calculations of W7-X heliac
equilibria with magnetic islands, where configurations with <P> = 3.3% have been found. A major
effort has been to extend a comparison of PIES and
98

Figure 11. Rotational transform (I/2K) as a function of toroidal flux Q¥) for the Advance Toroidal Facility torsatron.

The KSTEP code was extended a few years ago
by scientists at Kyoto University in Japan to investigate the linear stability properties of an equilibrium configuration produced by the VMEC code. A
finite-aspect-ratio Green's function has been incorporated into the code, improving its effectiveness
for free-boundary stability considerations. Application of this code indicates that the ATF configuration is unstable with respect to a free-boundary kink
mode if <P> > 2%. The Oak Ridge National Laboratory ATF group believes that this mode can be stabilized by modifying the externally imposed quadrupole field. It is planned to use the VMEC and
KSTEP codes to investigate t h e appropriate
changes. Collaborations with Japan on the KSTEP
code form a part of an international effort to benchmark and compare a variety of stellarator stability
codes; a test case for benchmarking has been selected. Good agreement has been achieved for a
particular Large Helical Device configuration with
results from KSTEP (run by Nakamura at Kyoto
University in Japan) and TWIST (run by Drozdov
in Moscow, Russia), and it is expected that Cooper
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(Lausanne, Switzerland) and Anderson (Livermore)
will do the calculations with the TERPSICHORE
code, Schwab (Garching, Germany) will use the
CAS-3D code, and Garcia (Madrid, Spain) will try
with an Oak Ridge National Laboratory code.

PPPL»93X0333
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Microinstabilities
and Transport
Transport Implications of
Non-monotonic q Tokamak
Plasma Configurations
Confinement consequences are assessed here by
comparing an operating mode for the present design of the TPX, characterized by a non-monotonic q profile, or negative magnetic shear, with a
more conventional operating mode characterized by
a monotonic q-profile. A comprehensive kinetic toroidal eigenvalue c a l c u l a t i o n
is employed to
investigate high-n toroidal microinstabilities destabilized by the combined effects of ion temperature
gradients and trapped particles. If sufficiently large,
the negative magnetic shear has the effect of reversing the "bad curvature" of the trapped particles
and thereby suppressing the collisionless trappedelectron mode instability mechanism of magneticdrift precession resonance. At the same time, temperature and density profiles which optimize the
bootstrap current are such that the ion-temperature-gradient-mode (ITG) is stable in the same radial region. Thus, it is possible t h a t drift-type
microinstabilities could be completely stabilized
there. This is in fact seen for this TPX negative
magnetic shear case in Fig. 12. If, as is often suggested, these instabilities are primarily responsible
for the experimentally observed anomalous transport in tokamak plasmas, then this negative magnetic shear scenario could produce an effective
"transport barrier" in the plasma interior.
17
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Figure 12. The maximum linear growth rates of the electrostatic toroidal drift mode for the negative magnetic shear
and conventional shear cases.

of the gyrokinetic equations in the presence of toroidal sheared flows. The formalism has been applied to investigations of the influence of velocity
shear on the (ITG) driven modes with comprehensive results obtained for the familiar sheared slab
geometry. Applications to toroidal geometry have
also been carried out and results obtained. Implementation of these important dynamics in gyrokinetic and gyrofluid simulations will be pursued.
21
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Atomic Physics Effects
on Tokamak Edge Drift-Tearing
Modes
The effects of ionization and charge exchange
on the linear stability of drift-tearing modes are
analytically investigated. In particular, the linear instability threshold A , produced by ion sound
wave coupling is modified. In the strongly collisional regime, the ionization breaks up the near
cancellation of the perturbed electric field and the
pressure gradient along the magnetic field, and increases the threshold. In the semicollisional regime,
both ionization and charge exchange act as drag on
the ion parallel velocity and, consequently, decrease the threshold by reducing the effectiveness
of ion sound wave propagation.
22
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Kinetic Studies
of Sheared Flow Effects
The influence of sheared equilibrium flows on
the confinement properties of tokamak plasmas is
a topic of much interest presently. A proper theoretical foundation for the systematic kinetic analysis of this problem has been provided by derivation

Gyrokinetic Simulation
The gyrokinetic particle simulation activity at
PPPL is a part of the national consortium for the
Numerical Tokamak Project, which has been iden-
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tified by the Department of Energy (DOE) as one of
the nine Grand Challenge Applications for the High
Performance Computing and Communication Initiative (HPCCI). Our involvement with high performance computing on the massively parallel computers started in 1989. Presently, 3-D gyrokinetic
particle codes are running on the CM5 at the Los
Alamos National Laboratory and the C90 at the
National Energy Research Supercomputer Center.
The highlights of the research activities by the
gyrokinetic group for the past year are as follows:
(1) The development of the fully nonlinear weighting 8f scheme based on the perturbation expansion
to allow simulations with minimum noise and, consequently, with more realistic parameters. (2) Use
of the PPPL three-dimensional toroidal code based
on the above scheme to study ion-temperature gradient-drift instabilities. As shown in Fig. 13, the
resulting fluctuation spectra resemble those of the
TFTR plasma obtained by the beam emission spectroscopic (BES) measurements. Hopefully, this
correlation could help to achieve a better understanding of the relationship between microturbulence and anomalous transport in tokamaks.
25
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Comparisons of the results using different minor
radii in the simulation confirm the existence of elongated ballooning structures and, in turn, seemingly
give a non-gyro-Bohm scaling. Such a trend would
indicate a favorable isotope scaling, which has subsequently been verified by the simulation. (3) Use
of the same code to study impurity transport due to
microturbulence. Here, it has been demonstrated
for the first time that microturbulence-induced inward pinch of the impurities can indeed exist in
tokamak plasmas. Its signature is the Z/m scaling
due to the parallel electric field modified by the
curvature effect on the E x B advection. Comparisons of the simulation results with those from the
trace tritium experiments are in progress.

Turbulent Transport
and Gyrokinetic Interpretation
The goal of developing a theory for tokamak
turbulent transport which correctly predicts observed confinement characteristics has proven elusive, because of many sources of uncertainty, in both
theory and experiment. Since gyrokinetic simulation of a tokamak plasma is now possible, it can be
compared with the same types of theoretical expectations (but with the advantages of simplified physics and far more detailed diagnostics) to permit the
development of a reliable theory of gyrokinetic turbulent transport and to help isolate where the
anomalies between theory and experiment arise.
Analysis " of a gyrokinetic tokamak plasma with
electrostatic fluctuations and adiabatic electrons
indicate that transport is consistent with the theoretical expectations tested thus far. The radial profile of the ion heat flux falling toward the plasma
edge is consistent with that predicted by either
Bohm or gyro-Bohm expressions, contrary to observations on real machines. The time dependence of
the ion heat flux is consistent with the quasilinear
expression, given the numerically determined harmonics dominating the transport. These harmonics have spectra sharply peaked in frequency,
indicating a weak turbulent treatment may be adequate, and there are only a few principal couplings
of the dominant modes, which should simplify the
task of predicting saturation values. Further studies comparing scalings with global parameters, and
to develop a more detailed picture of the nonlinear
physics, are now underway.
27

0.6
Radial
TFTR
Shot 61304
r/a=0.73

Figure 13. Comparison of turbulent fluctuation spectra in
simulation and experiment (arbitrary units).
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Transport Near
the Stochastic Threshold
Collisional heat transport in a stochastic magnetic field configuration is investigated in the vicinity of stochastic threshold. A numerical solution
of a Chirikov-Taylor model shows the transport
above threshold to be dominated by longtime trapping in the vicinity of islands in the stochastic sea.
This trapping gives rise to subdiffusive behavior
for short times, followed by diffusive behavior, both
determined by the spectrum of islands in the stochastic sea. Below stochastic threshold the particle diffusivity is ambipolar but the electron heat
diffusivity is enhanced to equal the ion h e a t
diffusivity.

Onsager Symmetries
for Turbulence
A cornerstone of near-equilibrium thermodynamics is the famous Onsager principle, which
may be stated as follows: To a system in thermal
equilibrium, make small perturbations (AX ) in several macroscopic quantities X , for example, X =
density, X = temperature. These perturbations will
relax back to thermal equilibrium according to
dAXVdt = - ZjM-AXj, where Mj are the transport
coefficients. The principle states that the transport
coefficients enjoy a certain symmetry—specifically,
if C'J is the cross-correlation matrix of the steadystate fluctuations, then the Onsager matrix IP =
ZkM^C^ is symmetric (in the absence of a magnetic field). Roughly, the theorem states that the
off-diagonal transport coefficients are not independent; it serves as a powerful consistency constraint
on the interpretation of experimental data.
Unfortunately, the steady states of confined
laboratory plasmas are far from thermal equilibrium; they exhibit microturbulence and "anomalous" transport. Attempts to generalize the Onsager
principle to such situations have generated a great
deal of confusion. On the one hand, intuition based
on (somewhat vague) thermodynamic principles is
often used to argue in favor of some sort of Onsager
principle for turbulence; on the other hand, various analytic calculations (see citations in Ref. 31)
have failed to demonstrate such a symmetry.
In recent research, this confusion has been
resolved with the aid of several key observations:
30
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(1) The theorem applies to "incremental" transport
coefficients, not the steady-state fluxes. (2) Rather
than M, it is L that is symmetric and L is a "combination" of the incremental transport coefficients M
and the steady-state fluctuation intensities C; both
M and C must be calculated or measured before
the symmetry can be analyzed. (3) In many cases,
a "generalized" symmetry holds, not the original
one. However, it can be shown that in some common and useful turbulence models the original symmetry indeed holds, contrary to some recent claims
(Ref. 31, Appendix C).
These results have been proven rigorously and
also demonstrated with the aid of exactly soluble
models. These results are presently being applied
to the important problem of the influence of turbulence on neoclassical transport.

Energetic Particle
Phenomena
MeV Ion Transport
Techniques are being studied for inducing energy-selective transport in energetic ions by applying magnetic perturbations. The principal focus has
been to develop a feasible, energetically inexpensive ash-removal mechanism. The techniques could
also be adapted to performing burn control, profile
control, and could be used as a diagnostic.
Two basic techniques have been investigated.
The first makes use of the energy-selective scalings
of collisionless stochastic t r a n s p o r t . More recently, a new technique has been found to induce nonstochastic, energy-selective radial transport by sweeping the frequency of the applied
perturbation. The latter technique makes some use
of the energy scalings underlying the earlier stochastic mechanism to provide further energy selectivity, but also has the advantages of requiring
smaller-amplitude applied perturbations, and less
refined tailoring of the shape of the perturbations
to achieve the needed energy discrimination.
32
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Stability Analysis of TAE Modes
Recent experiments showed that the toroidicity-induced Alfven eigenmode (TAE) mode can be
strongly destabilized by energetic beam ions in neutral-beam-heated plasmas and by fast minority ions

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

101

Theoretical

Studies

in ion-cyclotron radio-frequency-heated plasmas,
and can in turn lead to large losses of energetic
particles. The stability threshold of the TAE modes
has been c a l c u l a t e d ' using the global kinetic
stability code NOVA-K in general equilibria with
the effects of the energetic particle's finite orbit
excursion due to magnetic drift, the collisional damping of trapped electrons, and Landau damping of
thermal ions and electrons included. Continuum
damping effects can also be computed with the resistive MHD code NOVA-R. The results include:
34
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• The calculated stability threshold usually
agrees within a factor of two with the measurements in TFTR experiments involving
neutral-beam and ion-cyclotron radio-frequency heating.
• The effect of finite equilibrium beta reduces
the energetic particle drive, but it enhances
the collisional damping due to trapped electrons.
• The finite banana width effect of the trapped
energetic particles is always stabilizing, but
for circulating energetic particles, the finite
orbit width effect can be either stabilizing or
destabilizing, depending on the ratio of the
particle speed and the Alfven speed.
• The collisional damping of the trapped electrons is found to have a much weaker dependence on the collision frequency than
previous analytic estimates. In addition, the
contribution of the curvature term to collisional damping is much smaller than previously predicted.
• Numerical results obtained with NOVA-R
code indicate that the continuum damping
due to resonance at the plasma center is negligible; however, the damping rate near the
edge can be significant — on the order of a
few percent of the real frequency.
• For the parameters of TFTR deuterium-tritium experiments, the TAE modes are expected to be unstable in the moderate ion
temperature regime. In the high ion temperature regime, the ion-Landau damping
can be significantly enhanced and stabilizes
the TAE modes; however, the neutral-beam35
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injection ion species is usually found to have
a destabilizing effect.

Studies Using
the MH3D-K Code
The MH3D-K code, an extension of MH3D code,
includes hot particle effects. The code treats thermal species as fluids and hot particle species as
gyrokinetic particles. The effects of the hot particles
are coupled to the MHD equations through the pressure tensor in the momentum equation. The calculated linear growth rate, the mode frequency, and
the mode structure of the TAE modes agree reasonably well with those of the linear code, NOVA-K.
For the nonlinear cases studied, the modes saturate due to wave particle trapping, rather than
MHD mode coupling or particle loss. A new m=0,
n=l global Alfven eigenmode is found to be excited
with mode frequency about three times the TAE
frequency.
38

Non-Fusion Studies
Intense Waves in Fluids
It is often the case in MHD that the MHD waves
are so intense they affect the motion of the mean
background fluid. In turn, the waves are affected
by the fluid changing their energy and momentum.
If the wave length of the waves is short compared
to the scale of variation of the smooth fluid quantities such as pressure, magnetic field, and fluid velocity, then these two processes can be handled by
the Wentzel-Kramers-Brillouin (WKB) approach.
The first process, the effect of the waves on the fluid,
can be handled through the idea of a wave pressure tensor that should be added to ordinary fluid
pressure in the fluid equations. The second process,
the effect of the fluid on the waves, is often treated
by making use of the well-known idea of wave action density which satisfies a conservation law.
In order to expedite this procedure of dividing
the motion up into the large-scale motion of the
fluid and the small-scale motion of the waves and
their interaction, the fact that the complete MHD
equations are derivable from a Lagrangian by
means of an action principal is used. In fact, the
fluid equations can be thought of as the conservation equations for mass, momentum, and energy.
That is to say, there is a four-dimensional space
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— time tensor, the energy momentum tensor of the
fluid whose four-dimensional divergence yields the
required MHD equations. Now, it is shown in
Landau and Lifshitz classical theory of fields that
if the Lagrangian density is given in general space
time coordinates, then the energy-momentum tensor is given simply by differentiating the Lagrangian with respect to the metric tensor associated with the general coordinates. This is the case
that has been verified. This is also the case when
waves of significant amplitude are present. Thus,
to handle the breakup into waves and fluid one only
needs to expand the Lagrangian to second order in
the amplitude of the waves in the limit of small
wavelength for the waves. As usual, the first-order part of the Lagrangian vanishes. The zero-order part of the Lagrangian leads to the ordinary
energy-momentum tensor for the smooth fluid,
whose divergence yields the familiar MHD fluid
equations. But to this energy momentum tensor
must be added the energy momentum tensor given
by the second-order part of the Lagrangian. This
is, of course, the energy momentum of the waves
whose divergence when added to the divergence of
the smooth fluid Lagrangian gives just the additional term needed, the force on the fluid produced
by the wave pressure.
Because in this procedure time is involved, one
is led to work in four-dimensional space time. The
natural way to proceed leads one to the special relativistic energy momentum tensor for the fluid. However, since we are working in general coordinates
with a general metric the equations are actually
valid for general relativity. It is possible, if one so
chooses, to employ a trick in the procedure to avoid
relativity altogether and arrive directly at the nonrelativistic equations. However, it is more natural
to derive the relativistic equations first, and then
pass to the nonrelativistic limit.
An example in which it is necessary to include
the wave pressure in the fluid equations is provided
by the case when the waves are set up by instabilities associated with streaming energetic collisional
particles. The energetic particles excite Alfven
waves. In the process, the energetic particles are
slowed down, giving their energy and momentum
to the waves. The resulting wave pressure then can
accelerate the fluid. In this way, the energetic particles transfer their energy to the fluid without
collisions.

Wave Propagation
in Dielectrics
A new initiative in the nonlinear optics has begun in collaboration with Professor H. Abe who is
visiting PPPL for one year. A new computer simulation model was developed which can be used to
study wave propagation in a dielectric media. The
model makes use of a classical Lorentz model and
its nonlinear extension to represent motion of an
electron in the dielectric. The model is shown to be
able to produce linear wave propagation and nonlinear modification such as solitons in the fiber optics. It is planned to use the model to help design
nonlinear optical switches. The work on the nonlinear optics has been supported by the PPPL's discretionary fund.
39

Space Physics Studies
Theory of Ballooning-Mirror Instabilities
for Anisotropic Pressure Plasmas
in the Magnetosphere
A kinetic-MHD field-aligned eigenmode stability of low-frequency ballooning-mirror instabilities
for anisotropic pressure plasmas in the magnetosphere is analyzed. The ballooning mode is mainly
a transverse wave driven unstable by pressure gradients in the bad curvature region. The mirror mode
with a dominant compressional magnetic-field perturbation is excited when the product of plasma beta
(P) and pressure anisotropy is large. The fieldaligned eigenmode stability analysis takes into account the coupling between the ballooning and the
mirror modes. Without the energetic trapped-particle kinetic effects, the MHD modes with symmetric field-aligned structure of parallel perturbed
magnetic field and electrostatic potential have a
lower beta instability threshold than the antisymmetric modes. Pressure anisotropy greater than one
reduces the beta threshold for ballooning and mirror instabilities. However, in the limit that the wave
frequency is smaller than the energetic trappedparticle magnetic-drift frequency, which is usually
much smaller than the energetic trapped-particle
bounce frequency, the symmetric ballooning-mirror mode is completely stabilized by the energetic
trapped-particle kinetic effects. On the other hand,
the antisymmetric ballooning-mirror mode is only
weakly influenced by the energetic trapped-particle
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kinetic effects and has the lowest beta instability
threshold.
For symmetric modes, the energetic trappedparticles experience the bounce-averaged wave
structure due to their rapid bounce motion, and
their nonadiabatic kinetic pressure response cancels with their fluid pressure response so that they
don't contribute to the stability of the symmetric
mode. Physically the energetic trapped-particle stabilization of the symmetric mode results from the
condition that the energetic trapped-particles proceed very rapidly across the magnetic field, and
their motion becomes very rigid with respect to lowfrequency symmetric MHD perturbations. For antisymmetric modes, the energetic trapped-particle
nonadiabatic (kinetic) pressure response from the
northern hemisphere cancels with that from the
southern hemisphere in a bounce period, and thus
the instability beta threshold is mainly determined
by the energetic particle fluid-free energy. The fieldaligned perturbed magnetic-field structure of the
antisymmetric mode changes from a ballooning
mode with dominant transverse magnetic-field components when the anisotropy exceeds one to a mixed
mirror-ballooning-type mode with comparable
transverse and compressional magnetic-field components near the equator as anisotropy increases.
With large plasma beta and pressure anisotropy at
the equator the field-aligned wave structure of antisymmetric ballooning-mirror mode resembles the
multisatellite observations of a long-lasting compressional Pc 5 wave event during November 1415, 1979. By comparing the plasma stability parameters computed from the satellite particle data
with the theoretical values the study provides a
theoretical model for understanding the internal
excitation mechanism of ultra-low frequency (Pc 45) waves.
40

Table I. Intensity
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Generation of High Intensity rf Pulses
in the Ionosphere by Means of In Situ
Compression
The modification of ionospheric properties by
means of irradiation by radio-frequency waves is
a subject of continuing interest; see, for example,
Ref. 41. When the frequency of the heater radiation is high enough so that the reflection point lies
in the F-region (typically at a height of about 300
km), it is well-established that, at sufficiently high
intensity, generation of short-wavelength plasma
turbulence occurs in the vicinity of the turning
point.
The growth r a t e of t h e nonlinear,
parametric processes leading to transfer of energy
from the electromagnetic heater (pump) field to the
electrostatic plasma (decay) waves have thresholds
and growth rates dependent on the pump intensity.
It obviously would be interesting to study the
plasma behavior for larger pump amplitudes. Construction of a continuous source of substantially
higher power would be costly. Using a simple
model, high-intensity pulses can be generated, by
making use of the dispersive properties of the ionosphere, from a modifier of much lower intensity
whose frequency is a parabolic function of time.
Such a frequency-chirped pulse can be constructed
so that its various components overtake each other
at a prescribed height, resulting in large (up to
one hundred times) transient intensity enhancements as compared to those achievable from a
steady modifier operating at the same power. For
example, Table I shows the intensity enhancement
achievable for various prescribed relative transmitter frequency variations (defined as the frequency interval containing 95% of the pulse energy), and the corresponding pulse durations (in
usee) both at the height of peak intensity and at
the transmitter. These values are derived for a typi4 2 , 4 3

and Duration.

Aoo/oo

Intensity
Enhancement

Enhancement
Duration

Launch
Duration

0.25
0.05
0.01
0.003

150
30
6
2

0.4
2.0
10
30

940
420
188
109
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cal ionospheric electron density scale height of 50
km and for a 5-MHz nominal transmitter frequency.
Intensity enhancements of greater than 100 are
readily achievable. One possible application is
briefly examined: the enhancement of plasma wave
amplitudes which occur as a result of the interaction of such a compressed pulse with pregenerated
turbulence. Estimates, based on parametric decay
theory, indicate appreciable changes of ionospheric
Langmuir turbulence will occur for chirped transmitter facilities with an effective radiated power
exceeding 120 MW.
This technique may provide a cost-effective way
of accessing a new high-intensity regime for ionospheric modification. A practical application of these
ideas to a real ionosphere would need to consider
additional effects including: relaxation of the onedimensional assumption taking into account the
frequency dependence of refraction, magnetic-field
effects, and understanding the sensitivity to incomplete knowledge of the density profile and the effect of small-scale density inhomogeneities.

This work has been supported by the Air Force Office of Scientific Research.

Collaborations
The Theoretical Division is involved in a wide
variety of projects with non-PPPL scientists from
the US and abroad. A sampling of the topics covered during FY93 includes:
• Alpha-power channeling, current drive, and
harmonic generation with intense lasers.
(Jean Marcel Rax, formerly of Cadarache,
France, now professor at the University of
Paris at Orsay.)
• Tests of a stochastic transport mechanism
and its possible applications as an ashremoval scheme. (W.W. Heidbrink, R.J. Lahaye, and Ed Carolipio from General Atomics and the University of California at Irvine.)
• The PIES code development and applications.
(Angel Salas, CIEMAT, Madrid, Spain; Caiyi
Wang, Columbia University; and Peter
Merkel, Institut fur Plasmaphysik, Garching,
Germany.)

Stability of the Magnetopause
The magnetopause boundary layer separates
the solar wind plasma from the geomagnetic dipole
field. The structure, stability, and plasma transport across the layer has been studied by means of
two-dimensional particle simulation. It was found
that the boundary layer is unstable with respect to
various plasma instabilities such as drift-cyclotron
and magnetic reconnection. These instabilities
broaden the boundary layer to a few ion gyroradii.
In addition, a presence of a normal magnetic field
in the solar wind broadens the layer leading to formation of the low-latitude boundary layer. The work
on the boundary layer has been supported by the
National Aeronautics and Space Administration
and the National Science Foundation.

• A gyrofluid model of toroidal drift resonances.
(Ron Waltz of General Atomics.)

44

• Field-line coordinates for efficient flux-tube
simulations. (S.C. Cowley of the University
of California at Los Angeles.)
• A study of how large-eddy simulation methods (which have been very successful in
Navier-Stokes turbulence) might be applied
to plasma turbulence problems. (S.A. Orsag,
Program in Applied and Computational
Mathematics at Princeton University.)
• Numerical Modeling of dielectric materials
and, in particular, fiber optics to study nonlinear optics including optical solitons. (Professor H. Abe of Ryukoku University, Japan.)

Neutral Gas Release from Spacecrafts
In collaboration with Edgar Choueiri at the
Mechanical and Aerospace Engineering Department of Princeton University, a plasma simulation
model was developed which can follow xenon neutral gas release experiments on board the space
shuttle in real time. The model predicts that a substantial xenon gas ionization should take place i n
the first one msec after the release of the gas. This
appears consistent with the space observations.

Graduate Education
Theoretical Division personnel continue to play
a major role in the training of graduate students
through teaching and supervision of Ph.D. theses
and guidance of the "second year theoretical project"
which is an important first step in the initiation of
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s t u d e n t s to t h e rigors of t h e theoretical method.
D u r i n g FY93, t h e r e were seven s u c h theoretical
projects covering gyrofluid modeling, t r a n s p o r t of
energetic ions by low-n m a g n e t i c p e r t u r b a t i o n s ,
tearing-mode equilibria, ion-resonance instability,
fluid model of p l a s m a echoes, lower-hybrid r a y tracing, a n d t h e calculation of rf-driven c u r r e n t s for t h e
full wave code.
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Divertor Modeling

The activities of the Divertor Modeling Group
are focused on the development of computer codes
to model the behavior of divertor plasmas. These
codes are used in understanding current experiments at the Princeton Plasma Physics Laboratory
(PPPL) and the Massachusetts Institute of Technology (MIT) in designing new experiments such
as the Tokamak Physics Experiment (TPX) and the
International Thermonuclear Experimental Reactor (ITER).
The PLANET and B2 codes are two-dimensional
fluid codes for the study of edge plasma phenomena.
These are primarily used to study divertor parameters such as the heat load on the divertor. However,
they are also used to study nondivertor tokamaks
such as the Tokamak Fusion Test Reactor (TFTR).
The DEGAS code is a Monte Carlo code, which
is used to model neutrals in a tokamak plasma, particularly near the plasma edge and in a plasma
divertor. It can be used with fixed plasma profiles
or coupled to a plasma code to provide a self-consistent solution.

Gas Target Divertor
for ITER
The fluid model used in the PLANET-TD code
has been extended by the addition of particle, energy, and momentum transport equations for the
neutral (atomic) hydrogen gas. A short (compared
to the density length scales) charge-exchange mean
free path has been assumed.
The PLANET-TD code has been used to study
the Gas Target mode of ITER divertor operation.
In this mode, the divertor plasma is cooled by radiation, ionization, and charge-exchange to a temperature below 1 eV, resulting in an ionization-free
volume in front of the divertor plate. Such conditions have so far been observed only in small-scale

(linear) experiments. The results described here
represent the first self-consistent two-dimensional
solutions of the Gas Target mode.
The outer portion of the ITER scrape-off layer,
including the (outer) divertor has been modeled in
the geometry defined by one of the computed magnetic equilibria. A power of 220 MW has been injected into the scrape-off across the separatrix and
a solution obtained for the plasma and neutral gas
parameters, assuming 100% recycling from the
divertor plate. Starting with this solution, neutral
(hydrogen) gas has been injected from the plate,
for a period of time, with the purpose of forming a
neutral gas region between the plasma and the
plate. The solution has then been followed in time
to a new steady state.
The new (Gas Target) solution is characterized
by a cold (T < 1 eV), weakly ionized plasma region
in front of the divertor plate, an ionization/recombination front more than ten centimeters away from
the plate and, most importantly, negligible particle
and power fluxes on the plate. In this type of solution, most of the power is converted into (hydrogen) radiation.
The main drawback of the Gas Target mode is
that it appears to result in very high ( n > 1 0 cm" )
mid-plane/separatrix plasma densities, which may
not be compatible with the main plasma conditions.
The precise value of the mid-plane density will not
be known for some time because it is dependent on
the atomic physics processes, such as radiation
emission, transport and absorption, for which the
model is not yet available. Additionally, the lack of
molecular hydrogen in our model could be causing
an overestimate of the plasma density.
Most of the consequences of the Gas Target
mode are positive. The main problem of excessive
power loading is solved and the concerns associated
with the toroidal asymmetry are nullified. If all else
fails, the excessive density could be reduced by the
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judicious use of impurity radiation to reduce the
amount of power converted into hydrogen radiation.
The main result is that the Gas Target mode offers
a real possibility of reducing the peak plate power
flux to a more than satisfactory level.

DEGAS Applications
The most important components of the DEGAS
atomic physics package are the reaction rates used
to describe the interaction of neutral and ionized
hydrogen with plasma electrons. Under conditions
typical of most fusion devices, one needs to consider
both the radiative and collisional processes undergone by neutral hydrogen atoms (excited as well as
ground state). The "collisional radiative" model used
heretofore in DEGAS to describe the electron-hydrogen interactions under these conditions has been
determined to be inadequate for situations in which
hydrogen recombination is significant, such as is
expected to be the case in the ITER divertor (and
possibly in the detached plasmas of present-day
tokamaks); the previous model also made unwarranted assumptions about the density of ground
state atoms. The model has been revised accordingly and now properly treats recombination, particularly its effects on the electron energy balance.
The resulting data tables have been made available to the fusion community using the uniform
resource locator:
"nle^/ftp.pppl.gov/pub/atomic/H_data/ehrl.README".

In a related project, an attempt has been made
to compare the spectrum of hydrogen B aimer alpha emissions as calculated by DEGAS with that
seen in TFTR. The width of these spectral lines
provides information about the velocity distribution
of neutral hydrogen. Hence, it should be possible to
benchmark the atomic and surface physics which
give rise to that distribution in DEGAS against the
experiment. Initial efforts in this project have focused on matching DEGAS spectra with those observed in colliding beam (electrons and molecular
hydrogen) experiments; numerous examples of the
latter can be found in the literature. In this case,
one reaction dominates the others, and one can
readily calibrate the parameters used in DEGAS
to describe that reaction in order to match those
reported from the experiments.

110

B2-EIRENE Applications
The EIRENE Monte Carlo neutral transport
code (developed by D. Reiter of Kernforschungsanlage, Julich, Germany) shares some of its heritage with the DEGAS code. However, its Monte
Carlo scoring algorithm is much more efficient
in high-recycling regimes than the one used in
DEGAS. Furthermore, much of the work done with
EIRENE over the last several years has been geared
towards coupling it with edge plasma codes like B2,
and research using such coupled codes have successfully simulated a number of high-recycling divertor systems.
The Laboratory h a s acquired a copy of the
coupled B2-EIRENE codes to use in addressing immediate modeling needs and to serve as a reference
point in the development of the revised DEGAS code,
DEGAS 2. The B2-EIRENE code has been used at
PPPL to determine the optimum gaps separating the
TPX divertor targets from the baffle plate that rests
between them. As part ofthis effort, interesting physics behavior have been noted in the coupled neutralplasma system. While the design efforts and pumping calculations have utilized a low temperature
divertor plasma solution, it has been found that a
much higher temperature solution can be computed
with the same boundary conditions for the system.
Furthermore, an apparent time-dependent oscillationbetweenlow and very high density solutions near
the inboard divertor target has been seen. Further
investigation would be required to determine the
relevance of these observations to actual experimental operation.

DEGAS 2 Development
A major effort is underway to rewrite DEGAS
so that it could address present and future needs
more effectively. The new version of DEGAS has
two major goals: (1) to run fast enough to allow it to
be routinely coupled to an edge fluid code such as
PLANET or B2 and (2) to make it easy to add new
physics (i.e., new impurities, new wall materials,
new reactions, etc.). During this year, the development of DEGAS 2 continued. At this time, the geometry handling routines are completed and basic
reaction handling capabilities are in place.
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High-Field Magnet Project

The N a t i o n a l Science F o u n d a t i o n (NSF)
awarded a grant to Princeton University for construction of a high-field magnet at the Princeton
Plasma Physics Laboratory (PPPL). The proposal
requesting NSF support was submitted from the
Physics and Electrical Engineering Departments,
with support from the PPPL Engineering Department. The effort described here is on high-field
magnet concepts which would utilize PPPL power
supplies. The magnet would be a general-purpose
facility, primarily intended for condensed-matter
physics research, but other uses would be considered. This is a three year project, begun in the summer of 1992. The magnet is proposed to be located
in the Princeton Large Torus (PLT) area at PPPL's
C-Site using the available generator connections.

Magnet Design
The magnet is a small-bore, pulsed, cylindrical
solenoid providing central fields of 60 tesla or more.
The design shown in Fig. 1 is a six-coil magnet. This
subdivision provides spaces for liquid nitrogen flow
between coils and permits cooldown after a pulse
in times of the order of one hour. This also allows
placement of structural reinforcement periodically,
within the winding, so that the innermost layer of
any coil is not too distant from a strain-limiting
structural support tube.
Power for the outer five coils is provided by the
PPPL C-Site motor generator (MG) sets. This is a
12-generator supply rated at 200 MW, 400 MJ, with
a maximum current per generator of 22.3 kA and a
voltage per generator of 750 volts. Twelve pairs of
leads are required to connect the coil to the generators. The innermost coil is powered by a rectifier
supply with an open-circuit voltage of 3 kV, a cur-

Figure 1. Cross section of the six-coil magnet with internal support cylinders. The magnet coils are represented
by the rectangles with the crosses. (93E0624)

rent rating of 22 kA, and a voltage of 1.1 kV at full
current. The outer coil is powered first and, as the
current approaches its maximum value, the small
inner coil is then pulsed with a 0.1-second flattop.
The outer coils may also be operated separately,
with the inner coil removed, to provide more than
40 tesla in a 13-cm bore.
The conductor materials proposed to be used
include the new high-conductivity copper-nickelberyllium alloy for most of the coils and the conventional chromium-zirconium copper for the outer
coil, where stresses are lower.
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Engineering Department

The Engineering Department is responsible for
managing the Princeton Plasma Physics Laboratory's (PPPL) engineering resources. This includes the Engineering Analysis, Computer Systems,
Mechanical Engineering, Electronic and Electrical
Engineering, and Facilities Engineering Divisions,
as well as the PPPL Office of Technology Transfer
(see pages 137-140). Some of the engineering staff
are assigned to project organizations such as the
Tokamak Fusion Test Reactor (TFTR), Tokamak
Physics Experiment (TPX), and the Princeton Beta
Experiment-Modification (PBX-M). The majority of
the staff are assigned to the Engineering Department where work is managed by the respective functional (i.e., electrical, mechanical, etc.) divisions.
Major research activities supported by the Engineering Department during the past fiscal year
include TFTR deuterium-tritium (D-T) preparations, the TPX Conceptual Design Review (CDR),
and PBX-M operations. More detailed progress during this period is reported below.

Engineering Analysis
The Engineering Analysis Division (EAD) supports the physics programs of PPPL and the national fusion effort. Conceptual and preliminary engineering design, evaluation and planning of new
and upgraded experiments, and systems engineering are among the services performed by the Division. The Division is divided into the Plasma Engineering Branch and the Thermomechanical Branch.

Plasma Engineering Branch
The Plasma Engineering Branch performs design analyses in systems engineering, electromagnetics, power supply and energy storage, and
neutronics. Most of the year's effort was in support
of the Tokamak Physics Experiment. Design studies were performed for the Superconducting
Supercollider (SSC) under a contract between PPPL

and the SSC. The Branch also performed work in
support of the TFTR D-T Project and the Princeton
Spherical Tokamak Experiment (PSTX).

Tokamak Physics Experiment
The Branch supported the preparations for the
TPX Conceptual Design Review, held in March,
1993. Most of the effort was in the area of power
systems design and analysis. Schematic diagrams
of power system components were completed, and
layout drawings of cabling in the TPX building were
produced. A list of power system components was
generated. Conceptual design of the protective
dump circuits for the superconducting coils was
completed. A simulation of a current dump was
performed in order to assess the behavior of these
circuits. The entire poloidal-field power system was
simulated to aid in design optimization. A cost estimating program was developed for the power
systems.

Tokamak Fusion Test Reactor
Most of the effort on TFTR was devoted to preparation for D-T operations. Radiation shielding for
many diagnostics, including the TV Thomson scattering, alpha charge exchange, alpha charge-exchange recombination spectrometer, visible impurity photometric spectrometer, and ultraviolet
survey spectrometer systems, was designed and
analyzed. The shielding consists mostly of lead and
borated polyethylene, and the thickness ratio is
optimized based on the characteristics of the detector response function for each diagnostic. Neutronics analysis was performed on penetrations in the
Test Cell wall and floor that will remain unsealed
during D-T operations. The access restrictions that
will be necessary during and after a D-T experimental period were examined. Detailed calculations
were performed for the ion cyclotron range of frequencies (ICRF) penetration labyrinth and for the
activation of the fluorinert coolant.

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

113

Engineering Department

Superconducting Supercollider
Sensitivity studies for the magnetic field quality of the corrector dipole magnet design were performed. Systematic and random variations in coil
geometry, and position and properties of the iron
laminates, were examined using two-dimensional
numerical calculations. Simulations for quench
propagation were also performed to examine the
effects of coil inductance, copper to superconductor
ratio, and uncertainties in some of the material
thermal properties.

Princeton Spherical Tokamak Experiment
Electromagnetic analysis of the Princeton
Spherical Tokamak Experiment vacuum vessel
during a plasma disruption was performed (Fig. 1).
Eddy current forces were generated for use in an
analysis by the Thermomechanical Branch.
PPPL#94X0222

of the year's effort was in support of TPX and TFTR.
A training course in the use of the MSC/XL preand post-processor for MSC/NASTRAN was held
in order to enhance the analytical capabilities of
the Branch. The Branch also participated in work
on the Superconducting Supercollider and the
PSTX.

Tokamak Physics Experiment
Branch personnel participated in the conceptual
design of the TPX in support of the successful Conceptual Design Review. Major contributions were
made to the development of the TPX structural and
cryogenic design criteria, including one key individual coauthoring the Criteria Document. Several
members of the Branch were actively involved in the
conceptual design of the modifications of the TFTR
neutral-beam lines required for use on TPX. Primary areas of technical responsibility were the design and analysis of the bellows assembly between
the TPX neutral beams and the torus connecting
duct, the design and arrangement of the heat absorbing elements for steady-state operation, including the various beam scrapers, the ion dump and the
calorimeter, and the structural and seismic design
of the neutral-beam line's enclosure support stand.

Tokamak Fusion Test Reactor

Figure 1. Eddy currents in the Princeton Spherical Tokamak Experiment (PSTX) vacuum vessel due to a plasma
disruption.

Thermomechanical Branch
The Thermomechanical Branch performs stress
and thermal analysis and mechanical design. Most
114

Technical oversight and analysis support was
provided to the TFTR TF (toroidal-field) Fluorinert
PF-5070 Cooling System Project through installation and commissioning. The TF coil algorithms for
the TFTR coil protection calculator (CPC) were
updated to reflect the new cooling system performance. The new CPC algorithms were developed
on the basis of new thermal models and simulations for the TF coils, combined with existing structural finite element models, electromagnetic loads
generators, and analysis methods. As part of the
overall technical assurance of the CPC algorithm
update task, a new 360-degree nonlinear model of
the TFTR TF coil was developed (Fig. 2) and used
to validate the results from the existing 180-degree
models. The new model included the coil bundle,
coil case, internal support structure, yokes, and
shear compression panels; Nonlinear "GAP" elements were used to simulate contact between the
coil bundle and coil case.
In support of the D-T preparations on TFTR,
numerous small design and installation tasks were
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Figure 2. A 360-degree, nonlinear model of the TFTR toroidal-field coil.

performed during the 1993 scheduled outage. A
number of seismic analyses were performed.

Superconducting Supercollider
A senior member of the Branch was sited at SSC
for approximately four months to work directly with
the SSC Installation Group and the magnet design
teams on the mechanical and structural aspects of
magnet alignment and support stands. Additionally, design and analysis tasks were performed at
PPPL under the Division's contract with the SSC.
A thermal and mechanical analysis of the linear
accelerator beam window was completed. Conceptual design and analysis of support stands for the
collider dipole magnets and collider spools was performed. A modified end can for the Accelerator System String Test Facility was evaluated. Finite element modeling and stress analyses of selected
superconducting corrector magnets were performed
to asses the impact of material properties and fabrication-related mechanical parameters on magnet
performance.

Princeton Spherical Tokamak Experiment
A finite element model of the PSTX tokamak
structure was developed (Fig. 3). The model included one q u a r t e r of the vacuum vessel, the

Figure 3. Finite element model of the SPTX tokamak
structure.

poloidal-field coil assembly, and the toroidal-field
coil assembly.

Computer Systems
The Computer Systems Division (CSD) is responsible for all scientific and engineering computing at PPPL. The Division accomplishes this mission through the planning, procurement, design,
implementation, and operation of hardware and
software systems associated with general purpose
and special purpose computing in both central and
distributed computing environments.
In FY93, support focused on providing a high
degree of operational reliability for the PPPL experimental projects. In addition, the general user
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community was provided with both the tools and
the expertise necessary to migrate to and develop
applications for newer technologies. Central support was provided to an evolving UNIX workstation environment. Scientific visualization techniques were introduced and employed, giving
scientists the ability to interactively render visual
interpretations of their data sets.

Project Support
Support for the Laboratory's TFTR and PBX-M
Projects continued to focus on operational support
and on system enhancements to improve throughput, data analysis capabilities, and reliability. The
CSD also provided a conceptual design for the TPX
Instrumentation and Control System and continued
to support the International Thermonuclear Experimental Reactor (ITER) US Home Team communications.

Tokamak Fusion Test Reactor
The TFTR presently produces more than 100
MBytes of data per full load shot. Approximately
220 result waveforms are automatically computed
and made available for graphical display for each
shot. Providing adequate computing facilities for
acquiring, analyzing, storing, and archiving these
large amounts of data is a continuing challenge.
The Diagnostic Applications Section developed
and installed software to support important new
D-T diagnostics. The COTETRA, a neutron spectrometer, was developed in Japan and installed on
the Central Instrumentation, Control, and Data
Acquisition (CICADA) System and several existing
diagnostics received major upgrades in their software capabilities. The TFTR experimental run period was also supported with enhancements to
transport analysis codes.
In FY93, the Tritium Remote Control and Monitoring System (TRECAMS) was expanded. The
TRECAMS now provides a remote alarm system
for the TFTR area and stack tritium monitors, automated area and stack tritium monitor testing and
performance reporting, stack tritium effluent
integration's and reports, archival of analog data,
general alarm display, and remote monitoring of
the tritium-related heating, ventilating, and air
conditioning (HVAC) systems.
The Tritium Hardware Interlock Control System (THICS) was implemented using TRECAMS.
116

The THICS provides the TFTR Shift Supervisor in
the TFTR Control Room with the final authority
over the delivery of tritium to the various TFTR
tritium-injection systems. Additional control consoles were added in the Tritium Control Room, the
HVAC Control Room, and the TFTR Main Control
Room.
The TFTR neutral-beam computer system was
expanded to provide an easy-to-use windows and
graphics environment for the TFTR neutral-beaminjection system. Two SUN Microsystems workstations are now used for interactive analysis and display of neutral-beam diagnostic and operational
data. Physicists use X-window and OSF/MOTIFbased graphical user interfaces (GUIs) on the diagnostic workstations to display interactive analyses
of diagnostic data. Neutral-beam operations' engineers also use a similar GUI to display interactive
summary, power, and ion source waveforms on the
operations workstation.

Princeton Beta Experiment-Modification
The amount of data generated during a typical
PBX-M shot increased approximately 60% during
FY93, with a maximum data rate of 26 MBytes every four and one-half minutes. A variety of configuration changes and software enhancements were
made to support this additional load. There was an
increased number of users on the computer systems,
due to numerous collaborations in the PBX-M
Project.
Data acquisition and control software was provided for a second lower-hybrid current-drive system, the Oak Ridge National Laboratory magnetohydrodynamics (MHD) fluctuations diagnostic was
greatly expanded, and several other new diagnostics were supported. A new interface was provided
to integrate IDL (Interactive Data Language) procedures into the automatic analysis system. This
permitted users to easily add their own codes.
The PBX-M equilibrium code was improved to
make approximations of important physics parameters quickly available and modified to run automatically between shots.
User support was a significant activity in FY93
for the national and international collaborators.
Also supported were teachers and students who
worked with the PBX-M staff during the summer
under the sponsorship of a variety of PPPL/Department of Energy (DOE) educational programs.
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Tokamak Physics Experiment
The CSD contributed to the Tokamak Physics
Experiment design effort. The CSD collaborated
with Lawrence Livermore National Laboratory to
provide a conceptual design and cost estimate for
the TPX Instrumentation and Control System.
The CSD provided an Network File System
(NFS)-based file sharing system, allowing national
users to share electronic documents at the desktop
level.

International Thermonuclear
Experimental Reactor
The Laboratory continued to be a contributor
to the Engineering Design Activity for the International Thermonuclear Experimental Reactor. The
design effort relies heavily on improved electronic
communications between PPPL scientists and their
counterparts at other fusion laboratories in the US,
Europe, Japan and the Russian Federation.
The Deputy Head of the PPPL Computer System Division, a member of the ITER US Home
Team, led efforts to improve communications and
provide recommendations and review of the proposed electronic configurations at the Joint Central Team design sites (San Diego, California;
Garching, Germany; and Naka, Japan).
The Laboratory provided an NFS-based file
sharing system, allowing international users to
share electronic documents at the desktop level.

General Support
Networking
The CSD is responsible for the local area and
wide area network infrastructure at PPPL. Engineering manpower is provided for the planning,
design, implementation, and operations of this critical element of scientific computing at the Laboratory. The network consists of more than 500 individual data service outlets, 15 Cabletron network
hubs, 25 Appletalk gateways, 2 Cisco routers, numerous terminal servers, modem banks, Integrated
Services Digital Network (ISDN) bridges, and a
large asynchronous RS-232 switch.
A three-year initiative to expand and upgrade
the existing Laboratory network was proposed and
accepted this fiscal year. Year one will concentrate
on providing data service outlets throughout the
PPPL campus and experimental areas, as well as

providing redundancy and uninterruptible power
to primary network hubs. By the end of FY93, the
central PPPL Laboratory Office Building (LOB) was
approximately 50% wired for data service. Also successfully completed was a complex effort to segment
the existing Ethernet, providing isolation of high
data rate experimental operations and general Lab
traffic. Year two efforts will concentrate on providing a fiber optic backbone between all network hubs
in preparation for a high speed network upgrade.
Year three efforts will focus on the design and implementation of an Fiber Distribution Data Interface
(FDDI) or Asynchronous Transfer Mode (ATM) network infrastructure which will be capable of providing network bandwidth of more than 100 megabits per second at the desktop.

Computer-Aided Drafting and Design
Laboratory engineers and designers employed
Computer-Aided Design and Drafting (CADD) tools
to create models and drawings to support PPPL
projects and facilities. The CADD capabilities presently range from traditional two-dimensional representation to three-dimensional modeling. Visualization software presents picture-like renderings
of three-dimensional design modules for models,
which are used for design integration, checking, and
display. The CADD configuration consists of six
SUN workstations, one server, and 25 PC workstations running Computervision CADD application
software. Four plotters are employed to generate
prints for construction and documentation.
A large data base of drawings, and translation
procedures were prepared in preparation for the
TPX Conceptual Design Review. Several hundred
tape archives of the TPX designs were prepared and
sent to bidders involved in TPX subcontracts.

Central Computing Services
VMScluster Computing Facility
The VMScluster Computing Facility, manufactured by Digital Equipment Corporation (DEC),
underwent significant changes during 1993. This
facility is the primary central computing facility
supporting both TFTR and PBX-M data analysis.
Most of the on-site DEC VAX workstations and computers were incorporated into the VMScluster facility, raising the cluster node count to twenty-five.
This was done to improve the coordinated availabil-
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ity of these clustered elements, as well as simplify
the configuration management and resource allocation of this facility.
Performance enhancements to this facility were
significant. A new, five-drive, magnetic tape cartridge subsystem, capable of handling six gigabyte
tape cartridges, was successfully integrated into the
VMScluster. These magnetic tape elements are responsible for all experimental data archiving. In
addition, client and server configuration changes
were implemented at the cluster level allowing for
a doubling of the VMScluster's data base performance. The most significant cluster performance
enhancement occurred with a configuration change
from a VAXcluster, made up of only DEC VAX hardware architectures, to a VMScluster, made up of
both the DEC VAX and Alpha hardware architectures. The addition of two DEC Alpha machines,
the world's fastest computing architecture, has allowed for significant enhancement to TFTR's between shot data analysis capability, providing scie n t i s t s w i t h much more timely guidance in
experimental operations.

t
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Figure 4. Animation of hard X-ray emission and computed
values from the PBX-M.
PPPLH94X0183

Central UNIX Services
The Laboratory's main general purpose computer, the User Service Center, was decommissioned and replaced with a modern, multiprocessor UNIX-based facility manufactured by Silicon
Graphics Inc. This new, four-processor, Central
Computing Facility (CCF) provides a computer
server environment for all generalized engineering
and scientific computing requirements at the Lab.
The UNLX-based workstation population grew from
9 to 24 units during 1993. Due to explosive growth
in workstation computing, a plan was developed to
fully integrate all UNLX-based computing platforms
into a Lab-wide UNLX cluster facility.

General Services
Two additional Lab-wide services were put into
place during FY93. VideoLab, a complete video laboratory environment, was added to the existing CCF
hardware graphics subsystem to produce a stateof-the-art visualization facility, capable of the hardware rendering of engineering and scientific models as well as animation (Figs. 4, 5, and 6). In
conjunction with optical video disks and video tape
recording equipment, these changes have produced
a very capable movie making environment that fa118

Figure 5. Temperature and heat flow (shading) of a TFTR
poloidal cross section at various times during a sawtooth crash.

cilitates the understanding and presentation of complex scientific data sets.
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the User Support Group staff or other PPPL employees, one-on-one training, and self-paced training. Approximately 188 employees attended formal
classes in FY93.

PBX Soft X-Ray image

Technical Planning
and Evaluation Group
The Technical Planning and Evaluation Group,
composed of representatives from each Laboratory
division, finalized the nine recommendations of the
PPPL Site Statement of Strategy for Computing and
forwarded it to the Director of the Laboratory for
consideration. The annual review of this strategy,
including the statusing of the recommendations,
took place in June, 1993. The nine recommendations were:
• Promote a seamless computing environment.
• Encourage and support the increased use of
modern cost-effective workstations.
100

• Encourage the systematic replacement of
aging, uneconomic equipment.

200
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• Encourage the availability of necessary computing-oriented products.

Figure 6. False color image of data from CCD camera.

• Laboratory management should encourage
PPPL personnel to remain current in modern information technology.

A site-wide electronic mail server, based on a
SUN SPARC workstation, was placed into operation. This server provides mail forwarding services
as well as desktop platform Post Office Protocol
(POP) services for the Macintosh and IBM/clone.
The server is based on the Simple Mail Transfer
Protocol (SMTP) and provides intra-Lab as well as
INTERnet gateway electronic mail services.

• Assist in providing a d e q u a t e access to
supercomputing.
• Provide and support an efficient and effective network utility.
• Investigate the development of a Lab-wide
data management system.
• Undertake necessary security services in a
way that is consistent with the needs of the
research community.

Desktop Computing
The Distributed Computing Services (DCS),
User Support Group provides customer service and
support to PPPL staff members. During FY93, this
included support for 1000 Macintosh personal computers, 500 IBM personal computers, and peripherals. Users needing assistance call one number for
both their hardware and software problems. User
requests are handled immediately over the phone
or by a scheduled service call. Service calls completed during FY93 totaled approximately 6,300.
A variety of training was available to users including in-house classroom instruction taught by

Mechanical Engineering
A large percentage of the Mechanical Engineering Division (MED) staff is assigned to projects via
the matrix structure implemented by the Laboratory in 1988. Through this matrix structure, the
Mechanical Engineering Division provides engineering and technician services to the projects, as
well as the home division. These services include
engineering calculation checking and sign-off, seis-
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mic analysis, design review, writing of technical
policies and procedures, setup and maintenance of
hoisting and rigging procedures and management
of critical lifts, modification and maintenance of the
non-TFTR experimental utility hardware and
equipment, and shop services. A summary of the
shops and their services is given below.

CDX-U
The fabrication, welding, and machining of the
large-diameter upper and lower vacuum vessel
flanges and Inconel center column structure (Fig.
8) for CDX-U was completed.

Shops
Six shops provide mechanical, electrical,
vacuum brazing, machining, and material test technology to the Laboratory's experimental projects
and facility maintenance and operations. The shops
provide qualified and certified technicians using upto-date tools and equipment to perform a wide variety of tasks. The tasks range from vacuum oven
brazing of dissimilar materials to ultrahigh vacuum
welding and leak checking, as well as precision
machining, shop fabrication, and on-site installation of hardware. Major tasks in the Mechanical
Engineering Division shops in fiscal year 1993 are
listed below.

PBX-M
A second 1-MW lower-hybrid coupler (Fig. 7) for
PBX-M was completed. The machining and vacuum
brazing of the 32-port PBX-M lower-hybrid currentdrive torus interface flange that allows transmission of radio-frequency power from atmosphere to
plasma in a high vacuum was completed also.

Figure 8. The CDX-U upgrade hardware, including upper
and lower vacuum vessel flanges with Inconel center column. (93X3151-7)

TFTR
On the TFTR the following tasks were accomplished:
• Fabrication of more than seventy Type A and
Type B tritium waste containers.

Figure 7. The PBX-M lower-hybrid current-drive coupler,
including a second transmission line to allow for up to 2
MW of lower-hybrid current-drive radio-frequency power into
the plasma. (93X3017)
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• Machining, welding, and assembly of the
thirty-three torus and neutral-beam tritium
gas injectors (Fig. 9).
• Fabrication and installation of the toroidalfield coil fluorinert cooling system, including
the separation of the toroidal-field coil from
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the other coils in the component cooling water system.
• The transfer of a substantial portion of the
TFTR ac power circuits off the overloaded
emergency diesel generator to the utility
power system.
• Installation of special equipment such as
washers, dryers, and fume hoods in the TFTR
decontamination facility.
• Fabrication and installation of four lead-polyethylene shielding structures to protect diagnostics close to the TFTR vacuum vessel.
• Fabrication and installation of supports on
Test Cell and Test Cell Basement hardware
to meet the Final Safety Analysis Report seismic requirements for tritium operation.

Figure 9. The TFTR tritium torus gas injector assembly
without outer shell. (93E0470)

Drafting
Most of the FY93 efforts were in support of
preparations for D-T experiments on TFTR with
some support provided to the TPX Project.
Presently, all of the Drafting Section's direct
employees are computer-aided design and drafting
(CADD) trained. The Computer Systems Division
provided software applications support in an effort

to develop a program to assist the Drafting Section
in the release and control of drawings and in the
management of the drawing data base file. This
system, when complete, will allow users to search
to files via user-friendly on-line software.
In FY94, the Section expects to acquire a large
document scanner. It will provide the capability to
scan large, manually created engineering drawings
for importing into CADD applications. In addition,
it will reduce paper storage requirements and provide archiving capabilities.

Electronic and Electrical
Engineering
The Electronic and Electrical Engineering Division (EEED) is organized into five skill and activity units. For the report period, the majority of the
staff was deployed in a matrix structure supporting the TFTR Project. Work performed by the
matrixed EEED employees is reported in the individual sections of the host projects. Work activities
directly managed by the home organization are
described in the following sections.
During FY93, the Laboratory has, in the main,
entered the operational phase of its activity cycle.
To accommodate this transition from what had previously been a design and development-centered
workscope, the EEED conducted several intensive
training programs. In concert with the new work
orientation, the staff has been significantly involved
in the development of procedures and other requisite documentation. Systems have been upgraded
and greater focus has been placed on adherence to
standards and procedures.

Electronic Calibration
and Maintenance Facility
During the FY93, a total of 2,770 items were
processed through the facility. This processing includes calibration, repair, and field testing. The
calibration program data base contains 1,623 items,
with approximately 95% calibrated within the appropriate period. This compares favorably with established records and goals. The Apple Product
Repair Program continues to run at maximum capacity. During the report period, 466 service operations were performed.
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In an effort to track the technological advances
in the test equipment field, the facility initiated an
equipment upgrade program to enable higher efficiency and quality in the performance of its assigned
tasks.

Electronic Fabrication Facility
In preparation for the TFTR tritium experiments, a large volume of Work Requests were processed by the facility. A concerted effort by PPPL
fabrication employees and contract employees met
the tight schedule requirements without relaxing
the high quality standards.
During the report period, a new air control system was designed and installed in the facility which
enabled the use of a chemical board cleaning station. In the category of upgrades, a new computerized engraving system was procured and installed.
This has resulted in broader and more efficient engraving capability. The Lab-wide solder and electronic construction training and certification program was continued and expanded during the
report period.

Motor Generator Section
The Motor Generator (MG) Section is responsible for the maintenance, repair, upgrade, and operation of two equipment constellations. One, consisting of three shafts and twelve generators, is
located at C-Site and supplies energy to PBX-M and
other smaller experimental machines. The second
MG set, consisting of two vertical shaft machines,
is located at D-Site and supplies energy to TFTR.

D-Site Motor Generators
The motor generator system for the TFTR
Project operated in FY93 with an availability of
100%. Total operating time for TFTR in FY93 was
four months. Table I gives the total starts and stops,
operating hours, and pulses for each MG set since
fiscal year 1988. Figure 10 shows the number of
pulses by MG set by fiscal year since 1988. Since
initial start-up in December 1981, MG #1 has a total of 16,194 operating hours with 1,724 start and
stop cycles. Motor Generator #2 has operated for a
total of 13,619 hours with 1,263 start and stop cycles
since July 1984. The life expectancy "used" for the
MG sets for pulses is 5.4 % and for start and stop
cycles is 17%.
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Figure 10. Number of pulses for D-Site Motor Generator
Sets #7 (grey) and #2 (black) by fiscal year since 1988.

In addition to normal run operation, two generator field windings, #16 and #28, of MG #2 were
fabricated and replaced due to a problem with insulation between turns. Motor Generator #2 was
also rebalanced to reduce the shaft runout to within
the operating limits. It should be noted that MG #2
has been balanced within the last year.

C-Site Motor Generators
Shaft #1 generator winding insulation was
cleaned and varnished. The insulation resistance
improved substantially. The spacers between Generator #2 risers were replaced by surge cord. Replacement of the remainder of the generator spacers is recommended and awaits budget allocation.
Generator #2 rotor was rewound at an ABB (Asa
Brown Boveri) facility. This generator flashed over
in 1990 due to carbon dust tracking.
Shafts #1, #2, and #3 (10 generators) were configured to supply power to the PBX-M. All acceptance tests were successfully completed. The C-Site
MG system produced a record 39.5 kA of power to
the PBX-M toroidal-field coil.

AC Power Section
Early in the fiscal year, the Laboratory's incoming 138-kV line and associated switchyard were
deenergized to allow replacement of faulty standoff insulators on the line's service entrance tower.
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Table 1. Total Starts and Stops, Operating Hours, and Pulses for D-Stte Motor Generator Sets #1 and #2.
(Fiscal Year 1988 through 1993)

MG#1
Start/Stops
Operating
Hours
Number
of Pulses

MG#2

MG #1

FY91

FY90

FY89

FY88

MG #2

FY92

MG #1 MG #2 MG#1 MG#2

MG #1

MG #2

FY93
MG#1 MG#2

95

104

44

39

265

262

47

35

116

110

84

88

1132

1163

576

570

3726

3784

519

392

1567

1493

991

1036

2249

2479

1474

1684

13269

13229

3324

1702

7074

6691

3918

3918

During this replacement, the Laboratory's base load
was supplied from its 26-kV backup service.
An extensive justification evaluation was conducted on the TFTR standby (diesel generator)
loads, resulting in installation of additional automatic load shedding to the low-voltage power system. Subsequent load tests were conducted on the
TFTR standby diesel generator that confirmed the
unit is applied within its rating capacity.
TFTR-associated short circuit and coordination
studies were conducted by a consulting engineering firm. These multi-volume studies were completed in the latter part of the fiscal year and are
presently undergoing evaluation.
The Section maintained its support role for the
successful passage of the TFTR operational readiness review and evaluation—a prelude to the project
pursuing final programmatic milestones.
Throughout FY93, the Section continued to
carry out a broad and varied range of support tasks.
These included the existing electrical preventive
maintenance contract (a major reason for the improved availability and reliability of the Laboratory's ac power system), the project for investigating and identifying panelboard circuit loads
(thus providing enhanced drawing integrity for the
Laboratory's seven-hundred low-voltage panelboards), and the review and inspection of various
construction-related designs and activities.

Facilities Engineering
The Facilities Engineering Division (FED) is
comprised of five branches defined by their functional activities. These are: the Fire Protection
Branch for fire protection engineering; the Project
Engineering Branch for design and construction of

new facilities, modifications to existing facilities,
and site improvements; the Maintenance Operations Branch for maintenance, operation, repair,
and inspection of existing facilities; the Maintenance Engineering Branch for engineering and
planning associated with maintenance and operation of existing facilities; and the In-House Energy
Management Branch for in-house energy management.
The Division Office is responsible for integrating the activities of the FED branches; providing
internal financial controls; designing, maintaining,
and operating Division administrative data systems; and maintaining appropriate interfaces with
DOE and Laboratory management. In FY93, substantial effort was devoted to preparing facilities,
systems, programs, and personnel for TFTR D-T
operations. A variety of reviews were performed of
PPPL's readiness for tritium. These reviews included close examination of the role of the Facilities Engineering Division. The Division's activities
and accomplishments for the fiscal year are given
below.

Fire Protection
The primary focus of the Fire Protection Branch
is centered around the Safety and Fire Protection
Improvement (SFPI) Line Item Project. This $4.8
million, multi-year project provides for improvements in fire protection system design and correction of Life Safety Code discrepancies. Considerable progress was made towards the completion of
the Project in FY93. In particular:
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• Sprinkler installation projects providing
sprinkler protection for the RF Building, the
Shop Building, the CS Building, the COB
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Building, the CICADA areas and the Upper
and Lower DARMs were completed. Sprinkler installation projects are continued in
several other areas.
• Building alarm projects for the CAS Building, RESA Building, C-Site Cooling Tower
Pump House, Warehouses, CS Building, COB
Building, Lab Office Building, RF Building,
Engineering Wing, Shop Building, and Administration Building were completed. Building alarm system projects continued for the
C-Site MG Building, ESAT Building, Rectifier Room, QA Trailers, Radiological Environmental Monitoring Laboratory, and Medical
Building.
• Preliminary design work was completed for
a new site-wide fire alarm reporting and recording system and a Request for Proposal
was issued.
• Construction was completed on three new
exit stairwells needed for Life Safety Code
compliance.
• Construction is nearly completed on interior
modifications for Life Safety Code compliance.
• Construction is nearly completed on fire walls
to separate the facility into fire zones. These
walls are expected to contain any fire within
the individual zone.
In addition to the work done under the Safety and
Fire Protection Improvements Line Item Project,
several other fire protection improvement projects
were completed or are in progress. Those completed
include:
• A dry chemical system in the TFTR Vacuum
Pump Glove Box.
• Improvements to the sprinkler system in the
TFTR Basement.
• Smoke detection systems installed in the
HVAC duct work for the TFTR experimental
areas.
• Sprinkler and alarm systems in the new twostory addition to the Laboratory Office Building (LOB) and the new Module 6.
• Smoke detection in the TFTR Decontamination Area.
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• Improvement of the detection system in the
TFTR Test Cell with the addition of a VESDA
system to provide earlier detection and to
replace an ionization system which was subject to spurious alarms during machine pulsing.
• A Fire Hazard Analysis was completed for
the TFTR nuclear areas.

Project Engineering
The FED Project Engineering Branch is responsible for the design and construction of site improvements, new facilities and modifications to existing
facilities throughout the Laboratory. In this capacity the Project Engineering Branch acts as the interface with the Department of Energy's (DOE)
Princeton Area Office (PAO) and Laboratory management in developing construction project priorities, formulation of design concepts, and the development of engineering design, drawings, and
specifications for the solicitation of bids. The FED
Project Engineering Branch provides technical support to the Procurement Division in contractor selection for both architectural and engineering design and small business construction contractor
services.
The Branch provides project management and
oversight during the construction phase of all facility projects serving as the focal point for the coordination of a variety of activities, including:
• Compliance with Davis Bacon requirements
through the DOE/PAO.
• Quality management through the proper integration of Quality Assurance and Environmental, Safety, and Health (ES&H) personnel.
• Adherence to Occupational, Safety, and
Health Administration (OSHA) and specialized Laboratory training requirements.
• Field supervision of construction operations
performed by contractor personnel.
The principal responsibility of FED Project
Engineering is the management of the Laboratory's
General Plant Projects (GPP) Program. Fifteen GPP
projects valued at $3.5 million were completed during the fiscal year. Principal GPP projects were the

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

Engineering Department
construction of the Two Story Addition to the LOB
East Wing and construction of Modular Unit No. 6
to house ES&H and Environmental Restoration and
Waste Management (ER/WM) personnel. These
structures added 17,102 square feet of new space
to PPPL. During the same period, an additional
$220,000 in subprojects were completed as part of
the multi-year funded Computer Network GPP
Project.
The level of field supervision was particularly
emphasized this fiscal year due to the large number of construction projects funded through a variety of sources. During FY93, FED Project Engineering provided construction management services for
the 15 GPP projects, 13 Line Item Funded fire and
life safety subprojects, the disassembly of the elevated water tower (Fig. 11), the reroofing of Mods
I and II which was operating funded, and site improvements associated with an ER/WM remediation
project on the south side of the FED building.

Laboratory requirements for new facilities and
the modification of existing facilities continued to
keep the FED Project Engineering workload at a
high level. At the conclusion of the fiscal year, design was completed for eight GPP projects totaling
$3.0 million for construction and scheduled to begin in the first half of FY94. Also completed were
conceptual designs for three major projects that
were submitted to DOE for future Line Item Funding consideration. The line item submissions were
for (1) Roofing system improvements for ten C- and
D-Site structures estimated at $2.4 million; (2) RF,
CS, and MG buildings wall assembly replacements
valued at $2.5 million, and (3) proposed construction of a new Rad Waste Handling Facility at DSite in FY95 at a cost of $2.0 million.
The FED Project Engineering Branch is also the
PPPL organizational unit assigned the responsibility of compliance with DOE Orders for Site Development Planning, most particularly DOE Order
4320. IB and the related Order 4320.2 for Capital
Asset Management Process. In June of 1993, FED
Project Engineering completed and submitted to
DOE the Laboratory's Integrated Facility Plan detailing PPPL's site development growth projections
and identifying facility requirements necessary to
satisfy and support future programmatic goals and
objectives. The FED Project Engineering Branch
has been conducting a comprehensive site mapping
program over the last two years to collect site profile data information for use in site planning and
project design development. The Geographic Information System (GIS) Program was launched in
February of 1992 when baseline information was
obtained using aerial photography. The GIS, when
completed will provide site topographic data, delineate wetlands and flood plains which limit site
development, accurately locate all structures, utilities, and paved areas, and identify existing land
use for site development planning.

Maintenance Operations

Figure 11. Disassembly of the water tower at PPPL.
(93PR029-17)

Fiscal year 1993 was a busy year due to numerous new projects, events, and equipment failures.
Operation of TFTR was temporarily restricted due
to the failure of the south gearbox in the Cooling
Tower. A repaired gearbox was installed, and the
Cooling Tower resumed full operations in October
1992. A safety project to connect all emergency light-
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ing circuits to generator standby power was completed in November. A violent storm on December
12, 1992 caused extensive damage to trees on the
Forrestal Campus but relatively minor damage to
PPPL buildings and equipment. The storm highlighted the need for refurbishment of some roofs
and walls.
The major event of the year was the transfer of
responsibility for the operation and maintenance
of the TFTR liquid effluent collection, experimental HVAC, and negative pressure and vent stack
systems to FED Maintenance Operations. The
transfer required a significant effort by the staff to
finish the tritium modifications, calibrate the systems, perform preoperational testing, and complete
operator qualification procedures. The level of effort by FED Maintenance Operations personnel was
very high in preparation for the TFTR Operational
Readiness Review. Before TFTR was "closed" for
D-T experiments, it was decided that a PPPL Open
House should be held for the general public. The
preparation for the event involved extensive cleaning, painting, and repairs to the facility.
Special attention was given in FY93 to improving technical training. Staff were sent off-site to
attend special training courses which included:
•
•
•
•

Mobile Crane Inspection and Safety.
Pyrotronics System 3.
Battery Technology.
Back-flow Prevention Devices.

During January 1993, an efficiency survey was
conducted by a DOE subcontractor on the boiler and
steam system. The central plant system was determined to be in very good condition with only minor
suggestions for improvement. The summer maintenance and inspection of the boiler systems in the
Central Plant resulted in the replacement of Boiler
#2 tubes.

Maintenance Engineering
The FED Maintenance Engineering Branch is
responsible for engineering and planning associated
with the maintenance and operation of existing facilities. This includes planning and scheduling of
maintenance activities, procurement of materials,
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tracking of maintenance activities, and maintaining an inventory of spare parts. This Branch is also
responsible for efficiency and reliability analysis of
all facility operating systems and implementation
of corrective actions to improve performance as
needed.
In FY93, a total of 7,907 work requests were
logged, 1,647 of which required formal planning.
There were 6,405 preventive maintenance work
orders with 85.7% being completed on time. A total
of 96,169 man-hours were spent on all types of maintenance work during the fiscal year. The implementation of new TFTR Nuclear Procedures has greatly
affected the formal planning of work orders. The
required documentation for each formal work order has increased.
Throughout the year improvements were made
to the Formal Work Order and Preventive Maintenance computer systems. As the systems continue
to be utilized more, many new applications and utilities will be added to enhance FED's reporting capabilities.
In FY93, many enhancements were added to
the FED computer network to standardize information management and accelerate the planning
process. The network now contains drawings,
sketches, procedures, permits, and other various
forms which greatly improve the formal planning
of work. Not only are Maintenance Engineering
personnel using the network, but staff in all FED
branches and other PPPL departments are using
it. The network has been upgraded from Telenet to
Ethernet which has greatly enhanced speed and
reliability.
The formal procedure program initiated in FY92
is under constant review, and improvements have
been numerous. Although this effort is continuing,
the completion rate of procedures has slowed due
to budgetary limitations.
The FED Maintenance Engineering Branch has
also completed a review of the DOE Condition Assessment Survey system. This is a new program
created by DOE for control and repair of real property. The system will provide DOE with standardized procedures for the assessment and repair of
real property. It will also provide the justification
and funding for the upkeep of real property across
all DOE facilities.
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Environment, Safety, and Health
and Quality Assurance
Environment, Safety,
and Health
In fiscal year 1993 the Environment, Safety, and
Health (ES&H) Division responded to self-assessments, unresolved Tiger Team audit findings, and
Operational Readiness Reviews for accepting tritium on-site. The ES&H documents were updated,
and the ES&H internal document control system
was expanded to meet new requirements. Environmental issues continued to be a high priority. Environmental status and monitoring were reported to
the Department of Energy (DOE) and to the general public through the eleventh "Annual Site Environmental Report."
The ES&H staff stabilized in 1993. An Occupational Safety and Health Administration (OSHA)
Engineer and an Area Safety Coordinator/Cognizant Area Supervisor (ASC/CAS) Coordinator and
Trainer made significant progress in reducing the
number of industrial accidents. An Industrial Hygienist, who joined the staff in 1993, initiated Labwide job hazard analyses to reduce and/or eliminate potential hazards of Laboratory work.
The ES&H staff participated in and attended
many DOE workshops and conferences on topics
such as the National Environmental Policy Act,
OSHA, and DOE Energy Research Environment,
Safety, and Health meetings, so that the DOE philosophy can be quickly implemented into the Laboratory culture. The ES&H Division also participated
in Science Education's Summer High School Teachers' Institute program, providing hands-on experience in the Radiological Environmental Monitoring Laboratory. In addition, the staff also provided
safety input for Trenton schools as part of the
Princeton Plasma Physics Laboratory (PPPL)-Trenton Partnership.
Commitment to the technical community was
demonstrated by the ES&H staffs active participa1

tion in professional and governmental committees
such as the New Jersey State Commission for Regulating Utility Transmission Lines, the National Fire
Protection Association Technical Committee for
Electrical Equipment, the Health Physics Society
Standards Committee, the DOE Training and Resources Data Exchange, and the New Jersey LowLevel Radioactive Waste Disposal Facility Siting
Board.

Safety
The Industrial Safety Section is staffed by an
Industrial Safety Engineer, an OSHA Engineer, a
Construction Safety Engineer, and the ASC/CAS
Program Coordinator and Trainer. The tasks assigned to this group continue to increase as safety
crosses disciplinary boundaries. As the key OSHA
compliance arm of ES&H, the staff must be aware
and up-to-date with industrial hygiene, electrical,
environmental, hazardous materials, health physics, and fire protection issues.
The ASC/CAS program continued to expand and
mature. A total of six training courses were developed and presented. Areas covered included: introduction to ASC duties, emergency preparedness,
electrical safety, inspection procedures, lockout/
tagout, and hazardous materials. Other training
was wholly developed or partially developed for the
Laboratory in office ergonomics, back safety, laser
safety, general employee training, ladder safety,
forklift safety, bloodborne pathogens, lockout/
tagout, and lead training. This year ASCs also participated in one-on-one consultations with the ASC/
CAS Program Coordinator and Trainer to provide
support and technical assistance.
The ASC/CAS incentive program continued
with the second annual recognition lunch for all
ASCs and CASs. In addition, three ASCs attended
the National Safety Council Convention and Exposition and DOE's Occupational Safety Program held
in conjunction with the National Safety Council
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meeting. The incentives reward personnel who
make special efforts and contributions to ensure the
safety of fellow employees, Laboratory property, and
to the environment.
Members of the Safety Section are also active
in the Laboratory's program for assisting local
schools. Assistance was provided to local high
schools in the areas of hazardous material control
and bloodborne pathogen safety.
The Occupational Safety Section of the PPPL
ES&H Manual is being finalized, with more than
13 chapters rewritten and several new chapters
added. Other policies written by the staff and currently in review include Bloodborne Pathogens,
Ergonomics, and Variances.
The annual DOE Occupational Safety and
Health Inspection found 30 minor deficiencies—all
were classified as other-than-serious violations.
This is a stark contrast from the FY92 inspection
with 126 findings (100 other-than serious and 26
serious violations). These improvements may be
largely credited to the efforts of the Departmental
Safety Officers, CASs, and ASCs. At the conclusion
of FY93, there were approximately 280 open items
in the PPPL ES&H Deficiency Reporting System.
This was an improvement from the approximately
600 open items earlier in the year.
The ES&H Division's Industrial Safety Section
provided oversight and offered cost-effective alternatives for Lab-wide safety issues. Examples include: changing the frequency of costly, nondestructive evaluation inspections of forklift equipment
from annually to every three years (or 2,500 operating hours); making recommendations in the areas of worker's compensation and back-to-work programs; and receiving preliminary concurrence
concerning guarding of drilling, milling, and boring machines. This latter item was a significant
milestone necessary to close many Tiger Team Findings.
The Construction Safety Engineer participated
in projects such as National Fire Protection Association/Life Safety Code upgrades, dismantling of
one of the PPPL water towers, construction of an
Laboratory Office Building addition, parking-lot
renovations, construction of a new ES&H Module,
roofing renovations, and numerous other upgrades
and improvements. In addition, Construction Safety
personnel had a busy schedule with work-site inspections, bid reviews, and compliance assistance.
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The Construction Safety Engineer introduced a follow-up reporting system that rates the subcontractors' adherence to safety on-the-job and reports violations found and corrected. This information will
be used for overall bid evaluations made by the subcontractors on future projects.
Two major audits were conducted in the industrial safety area in FY93; one by DOE/Chicago and
one by DOE/Headquarters, Office of Fusion Energy.
Industrial Safety was awarded an excellent rating
by the Chicago visit, and only minor issues were
noted during the Office of Fusion Energy visit.
Projects initiated in FY93 include a site-wide
hazard assessment, machine guarding assessment
and implementation, and the expansion of ES&H
software-based resource for the Laboratory population. This system allows PPPL to catalog and
trend the types of ES&H problems so that root
causes can be identified and corrected.
The Electrical Safety staff participated in design reviews and inspections of electrical installations. The staff produced requirements documents
for safety and accident prevention tags and signs.
The Electrical Safety and RF, Microwave, and Magnetic Field sections of the ES&H Manual were upgraded. The staff participated in radio-frequency
leakage and magnetic field-strength surveys. Biannual in-service reinspections of stored energy systems and recertification of their assessors continued, as did reinspections of the facility's active
personnel safety-interlock systems.
The Electrical Safety Engineer participated on
the technical committee of the National Fire Protection Association (NFPA), which completed a pilot program to harmonize the 1994 version of
NFPA79, "Electrical Equipment of Industrial Machinery," with its corresponding International
Electrotechnical Commission Standard (IEC 240).
Audits were conducted of the line organization to
assure compliance with electrical safety requirements. The electrical safety program was audited
by DOE-Headquarters and was found to be adequate.
The Electrical Safety staff submitted to the DOE
Principal Deputy Assistant Secretary for ES&H a
number of recommendations for areas of research
to be conducted on the effects of electromagnetic
field exposure to humans. An Electrical Safety staff
member participates as a member of the state of
New Jersey Non-Ionizing Radiation Commission for
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the Regulation and Distribution of Transmission
Electric Power Lines.
The 4.8 million dollar fire and life safety improvement project continued in FY93 and is expected to move forward into FY94. When completed,
it will provide sprinkler protection of all areas of
the Laboratory. In addition, this project will result
in the addition of a new, independent, site-wide,
fire-alarm reporting system; new exits, including
enclosed stairwells to meet life-safety provisions;
and the separation of C-Site buildings into fire areas by the creation of fire barriers. The fire and life
safety improvement project will permit the Laboratory to reduce the number of halon fire suppression systems from 30 to 6.

tember 22,1993, with a request for approval to send
these documents to the state of New Jersey for
comments.
Extensive work coordinating the TFTR Project
response to outstanding DOE comments on the
TFTR Final Safety Analysis Report Amendment #2
for D-T Operations was completed. The Final
Safety Analysis Report Amendment #2 was approved by DOE on April 22,1993. Since that time,
about 120 Unreviewed Safety Question Determinations have been prepared by the Nuclear and
Environmental Engineer in accordance with the
requirements of DOE Order 5480.21. Approved by
the TFTR Project, these Unreviewed Safety Question Determinations document the review against
the TFTR Authorization Basis of facility changes
and changes to information and analyses affecting
the TFTR Nuclear Boundary.
Support was provided to the TFTR Project for
the preparation of Technical Safety Requirements
for D-T operations (documented in TFTR Document
OPR-R-23), as required by DOE Order 5480.22.
Support was also given in the preparation and review of TFTR Procedure OP-AD-77, which prescribes the Operating Parameter Requirements for
TFTR. These Operating Parameter Requirements
help ensure that features (e.g., tritium monitors;
heating, ventilating, and air conditioning; fire protection) designed to enhance the safety of TFTR
during D-T operations will be operating or fully
operational when needed.
The Nuclear and Environmental Engineer also
provided radiological dose calculations in support
of Health Physics for TFTR efforts to use grab sampling for stack monitoring of activated air radionuclides for compliance with National Emission Standards for Hazardous Air Pollutants and to support
utilization of perfluoroheptane as the coolant for
the TFTR toroidal-field coils.
The Environmental Section applied for air permits for three dust collectors based on inspection
by the New Jersey Department of Environmental
Protection and Energy (NJDEPE). One permit was
obtained and two are pending. Another permit for
an oil-storage tank vent was modified from #6 oil
to #4 oil. In addition, air permit applications for
two, new, above-ground storage tanks were prepared and submitted to the NJDEPE. A major accomplishment was the completion of a point and
nonpoint source inventory and survey.
2

3

Environment and Health
The Nuclear and Environmental Engineer continued to coordinate ES&H reviews of all proposed
changes to the Tokamak Fusion Test Reactor
(TFTR) configuration through membership on the
TFTR Configuration Review Board. The National
Environmental Policy Act (NEPA) reviews ensure
that all existing PPPL activities and proposed new
activities are reviewed for environmental considerations in accordance with NEPA and the implementing guidelines of the Council on Environmental Quality and DOE. Approximately 180 such
actions received NEPA review during FY93. In the
DOE/Chicago appraisal of PPPL's FY93 environmental programs, the PPPL NEPA review system
was judged "excellent."
A Supplemental Analysis was prepared to
evaluate whether installation of a Tritium Purification System and several other planned changes
to the TFTR Deuterium-Tritium (D-T) Program
would require issuance of a supplement to the TFTR
D-T Environmental Analysis. The DOE/EH determined on January 15,1993, that the proposed modifications to the TFTR D-T Program do not constitute significant changes relevant to environmental
concerns, and no additional review under NEPA is
required for these changes.
Support was given to the preparation of a combined Environmental Analysis for the proposed
Decontamination and Decommissioning (D&D) of
TFTR and for the proposed Tokamak Physics Experiment (TPX) at PPPL. The Environmental
Analysis and the Draft Finding of No Significant
Impact were sent by DOE/ER to DOE/EH on Sep-

4
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The Laboratory's chlorofluorocarbons (CFCs)
and halon inventories were updated. Training of
heating, ventilating, air conditioning technicians for
pending certification requirements was undertaken.
The New Jersey Department of Environmental
Protection and Energy reorganized its permitting
branch, now called the Bureau of Standard Permitting. A new permit writer was assigned to draft
PPPL's surface water permit. Following a site visit,
information was sent to the permit writer to support changes in PPPL's operations, e.g., new Material Safety Data Sheets for cooling tower and boiler
treatments.
The Laboratory continued to monitor groundwater and the outfall of the detention basin according to the New Jersey Pollutant Discharge
Elimination System groundwater and surface
water permits, respectively. The underground storage tank groundwater monitoring program also
continued.
The Stony Brook Regional Sewerage Authority
(SBRSA) met with PPPL and Department of Energy/Princeton Area Office representatives to discuss the pretreatment application submitted because of Laboratory industrial wastewater discharges to SBRSA. The Laboratory had prepared
treatment works approvals for modifications to the
detention basin, its liquid effluent collection (LEC)
tanks, and the Calibration and Service Laboratory
building holding tank. The NJ Department of Environmental Protection and Energy approved the
detention basin modifications and grandfathered
the LEC tanks. The SBRSA has not yet approved
the LEC tanks or the holding tank. Also, PPPL completed and submitted the Sanitary Discharge Inventory to the SBRSA.
Wetlands were delineated tentatively using
aerial photographs. The extent of the wetlands was
found to be slightly greater than previously known.
The proposed wetlands boundaries were flagged,
and a map was prepared. The application for a Letter of Interpretation (LOI) was prepared and submitted to the DOE/Princeton Area Office, The Laboratory expects the NJDEPE to inspect the proposed
boundary in early FY94.
Waste minimization and pollution prevention
activities included drafting a Process Waste Assessment Procedure, attending process waste assessment training, preparing the data for the Department of Energy Waste Reduction Annual Report,
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developing a bar-coding system for chemical tracking within the Laboratory, and collecting the information for a chemical inventory data base.
In accordance with DOE Order 5400.1 (Programs/Plan), a Groundwater Protection Management Plan was revised and issued. In addition, an
Environmental Protection Implementation Plan
was updated and issued, the "1992 Annual Site Environmental Report" was compiled, and an Environmental Monitoring Plan and a Waste Minimization Plan were reviewed.
The Industrial Hygiene Section revised the confined space policy to comply with the new OSHA
regulation and upgraded its general chemical policy
to include more detailed information regarding storage of chemicals and usage topics. The carcinogen
policy and hearing conservation policies, updated
at the end of FY92, were completed and approved
during FY93.
The baseline sampling program was improved
and intensified to include all types of air sampling,
noise surveys, and lighting surveys. The Lab-wide
Job Hazard Analysis Program was upgraded and
carried forward into FY93. To facilitate the accomplishment of all project criteria, a new Industrial
Hygienist was added to the staff. A co-op graduate
student also spent several months working at PPPL
and learning about industrial hygiene in the field
and policy control.
Industrial Hygiene personnel participated in
numerous design reviews and oversight of projects.
An important project initiated in FY92, the Chemical and Waste Management Tracking and ReportGenerating System, was completed in FY93. Designed by PPPL personnel, the system is comprised
of software packages for personal computers and
will be available on-line across the PPPL network.
Benefits of the system are inventory and tracking
controls to manage chemicals and waste products
from procurement through disposal and improved
report preparation capabilities for compliance with
local, state, and federal regulations.
The Material Safety Data Sheet (MSDS) system was completed in FY93 and includes the placement of more than fifty Right-to-Know Information
Stations throughout the Laboratory. These stations
enable all personnel to access the MSDSs for their
areas at any time of the day. Stations are controlled to provide constant updates for the MSDSs
and indexes.
1
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The Industrial Hygiene Section began a proactive look into Indoor Air Quality at PPPL. The
program includes survey and inspection forms, as
well as questionnaires for the personnel in areas of
concern. Industrial Hygiene training was further
strengthened with improvements to all courses including the General Employee Training program.

Health Physics
During FY93, The Health Physics (HP) Branch
provided oversight and support to PPPL projects
in the areas of training, field operations, radiation
measurements, radioactive waste operations—including decontamination and decommissioning—
and material control and accountability of nuclear
materials.
Preparation for TFTR tritium operations was a
major support function of the HP Branch. Self Assessments of the HP program, in addition to DOE
Operational Readiness Reviews evaluated the regulatory compliance, conduct of operations, and HP
policies and procedures for tritium operations and
monitoring. The HP program was optimized during actual tritium systems tests with valuable experience being obtained in the successful effort. This
experience and success will be translated to the HP
programs for full power D-T operations.
The Radiological Environmental Monitoring
Laboratory (REML) maintained its sample collection and analysis program for air, water, soil, sod,
and biota. The REML analyzed these samples for
tritium and gamma-emitting radionuclides. During
FY93, the REML applied for certification to the
state of New Jersey for photon (gamma) emitters
in drinking water, which will augment the existing
certification for tritium analysis. This certification
is pending and anticipated to be received in FY94.
Additionally, the US Environmental Protection
Agency (USEPA) approved the TFTR stack sampling system, which will monitor elemental and
oxide forms of tritium under the National Emissions Standards for Hazardous Air Pollutants
(NESHAPs) requirements. Health Physics staff and
the Nuclear and Environmental Engineer worked
with DOE/Princeton Area Office during this threeyear process to obtain USEPA approval, which was
received on August 13, 1993. Activated air analysis capability was also established in support of
NESHAPs requirements. The REML will continue

to verify the environmental feasibility and safety
of fusion technology during TFTR full power D-T
operations in FY94.
Radioactive waste operations activities were
extensive in support of tritium operations in FY93.
Various audits of the program by the disposal site
and Operational Readiness Reviews demonstrated
the adequacy of the program to support tritium
operations. In addition, a TFTR Decontamination
Facility was established where radioactive waste
is compacted and prepared for shipment.
The Calibration and Service Laboratory (CASL)
personnel calibrated and tested tritium monitors
(Fig. 1) and added activated air calibration capability to the program. The PPPL engineering and
CASL staffs worked together to optimize the performance of the present on-site tritium monitors.

Figure 1. Tritium monitor calibration in fume hood at the
PPPL Calibration and Service Laboratory (CASL).
(93E0675)

The Material Control and Accountability
(MC&A) plan, which addresses the accountability
program during TFTR tritium operations, was approved by DOE/Chicago. Tritium operations and
Health Physics procedures were developed to implement the MC&A plan.
Training for Health Physics and PPPL staff was
extensive during FY93. All the procedures that were
developed to support tritium operations required
training. Further, the HP staff was qualified to the
requirements of DOE Order 5480.20, "Personnel,
Selection Qualification and Training." The HP
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training program was expanded significantly with
on-the-job, classroom, and practical sessions being
conducted.

Quality Assurance provides several specialized
services for the projects and the Laboratory. It is
responsible for establishing Laboratory-wide quality programs, the performance of audits and surveillances, the collection and analysis of failure
data, the collection and analysis of daily log data
for TFTR, reliability, availability, and trend analysis, procurement quality assurance, and other general quality assurance and reliability support.

Two audits were performed of vendors that provide ES&H services in testing hot sticks and electrical gloves. Neither audit had findings.
Six audits were performed on PPPL ES&H-related systems resulting in nine findings. The systems audited were the Hazardous Materials and
Waste, Radiation Environmental Monitoring Laboratory, Lockout/Tagout-electrical, Lockout/Tagoutnonelectrical, Industrial Hygiene, and the Safety
Analysis and Review System . The most serious
problems were found in an area with frequent contractor personnel turnover. Corrective actions are
currently being implemented.
One audit was performed on the Quality Control functions of the QA/R Division resulting in three
findings, primarily in the area of procedures. Corrective actions are currently being implemented.
Finally, five audits were performed on other
PPPL systems resulting in eight findings. Areas
audited were Training for TFTR Procedures, Security, TFTR Maintenance, Procurement, and the
Disposable Molecular Sieve Bed Project.

Institutional QA Plan

Quality Surveillances

Quality Assurance
and Reliability
The Quality Assurance and Reliability (QA/R)
Division is organized into two Branches: Quality
Assurance and Quality Control.

Quality Assurance

The Institutional QA Plan was approved in
early FY93 to meet the requirements of the new
DOE order for Quality Assurance, 5700.6C. This
DOE order defines additional requirements that are
part of the total quality management (TQM) approach. In FY93, the Laboratory made progress on
the difficult transition to a TQM environment, especially in the area of self-assessment and continuous improvement. In addition to continuous
improvement efforts within each Division, Laboratory-wide improvements should result from the creation of the Quality Improvement Renewal Committee. These efforts are still in their infancy though
early benefits have been apparent.

Quality Audits
Twenty quality audits were performed in FY93,
down from the twenty-two in FY92. Continuing this
year were audits of analysis laboratories and transporters and treatment, storage, and disposal vendors of PPPL's hazardous wastes. Six of these vendors were audited resulting in seven findings. For
one vendor, the problems found were serious enough
to discontinue usage. The vendor had its American
Industrial Hygiene Association certification for
metals analysis revoked.
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New in FY93 are quality surveillances. These
are "mini-audits" of narrowly defined activities that
can be completed in approximately two days. For
example, they may be used to assess the implementation of a narrowly defined system requirement,
such as log keeping in the calibration laboratories
or monitoring the groundwater sampling performed
by a vendor. In FY93, ten surveillances were performed: five of various segments of the PPPL Hoisting and Rigging system, one verifying tracking of
DOE implementation plan commitments, one witnessing environmental sampling by PPPL staff, and
three witnessing environmental sampling by subcontract personnel. Improvements to the hoisting
and rigging system have been taken as a result of
these surveillances. The surveillance program has
been a cost-effective way to quickly determine if an
area is working properly.

Tracking and Trend Analysis System
The Tracking and Trending System continued
to be enhanced in FY93, with major improvements
to the data base systems that are an integral part
of the system. The improvements resulted in data
base systems that provide a consistent, intuitively
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obviously interface, improved capabilities, and
easier access by non-QA/R personnel.

Table f.
TFTR Systems Availability for the Period
June 28 through July 30,1993.

TFTR Availability Analysis
Due to the work required on TFTR for the support of tritium operation, the actual exercising of
TFTR in FY93 was limited to two time periods —
from October 1 to November 8,1992 and from June
28 to July 30, 1993. The first time period was reported in the FY92 Annual Report (PPPL-Q-50) so
that the statistics for the run that began in July
1992 could be complete.
For the run from June 28 to July 30,1993, the
availability was 70.1%. The system availabilities
are given in Table I and a plot of TFTR availability
versus time from October 1984 until July 1993 is
given in Fig. 2.

AC/MG
Computing
Diagnostics
Energy Conversion System
Neutral Beams
Pellets
Radio-Frequency
Tokamak

Procurement Quality Assurance

99.9%
95.0%
98.7%
95.8%
98.7%
99.4%
100%
86.2%

base, movement toward increasing the ability to
monitor the progress of the procurement by QA/R
staff, and the ability to integrate vendor information,
such as nonconformances, into one comprehensive
data system. Another improvement was the standardization of the maintenance of the paper documents associated with this activity.

The QA/R Procurement Quality Assurance program grew in FY93 with the extension of the existing data bases to support these requirements. Included were the capability to generate quality
requirements for statements ofwork or specifications
directly from the standard list provided by the data

PPPL#94X0238

10/84
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8/86
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Fiscal Year
Figure2. Long-term TFTR availability chart from 1 October 1984 through 30 July 1993.The straight line represents the longterm trend of TFTR availability. The broken line is the "actual" TFTR availability for this period. Machine openings are
indicated by the breaks in the actual TFTR availability. Experimental run periods contained within one calendar month and
preceded and followed by openings are represented by a dot.
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Procurement QA personnel were actively involved in the procurements related to fabrication
of Type A and Type B containers for the shipping of
radioactive waste. Initially the containers were to
be procured. However, it was determined that PPPL
had the capability to build them in-house. It was
then decided to approach the task as if the in-house
fabricator were a vendor. Because of the usage, a
more formalized system was required to track and
document the procured material, construction, and
testing. Quality hardware was developed and, as a
by-product, improvements made to the Procurement
Quality Assurance and Quality Control systems.
Procurement QA personnel also participated in the
procurement of the High Integrity Containers for
the long-term subterranean storage of the Type B
containers.
Procurement QA staff were also involved in the
procurement of the Tritium Purification System
(TPS), to be delivered in early calendar year 1994.
The TPS will be used to "recycle" tritium at PPPL,
thereby reducing the costs associated with receiving tritium and shipping tritiated wastes off site.
The system should be cost effective in reducing both
the risks and costs associated with the use of tritium at PPPL.
In addition, working with the TPX Quality Assurance Representative, Procurement QA staff began to take part in the process for major Tokamak
Physics Experiment procurements included in the
PPPL workscope. These procurements included the
Vacuum Vessel, System Integration, Construction
Management, and Plasma Facing Component Contracts. These contracts are expected to be awarded
in FY94.

TPX Quality Assurance
After completing a successful Conceptual Design Review, the TPX Project progressed to a point
where a QA Representative was needed. The representative is considered part of the Project team
and has been included in the TPX organization
chart. Although shown reporting to the TPX Project
Director, an independent reporting relationship to
the PPPL QA/R Head has been retained.
The TPX QA Representative is responsible for
developing a TPX QA Program. The first task, development of a Project QA Plan, is nearly complete.
The plan will be submitted for DOE approval in
the first weeks of FY94. This plan is the first step
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in documenting an overall TPX/QA Program. As a
collaborative effort involving DOE laboratories,
universities, and industry as participants, the TPX
Project QA Program will consist of tiers of QA Plans.
The Project QA Plan describes, in general terms,
the controls TPX will use to comply with DOE Order 5700.6C. It includes requirements for the TPX
participant's QA Plans. The participant's QA Plans
will describe, in more detail, the systems used to
meet the requirements of the Project QA Plan. The
participants then pass appropriate requirements on
to each of their subcontractors who will have to
specify their controls applicable to the subcontracted work.

Quality Control
Quality Control is responsible for all on-site
inspections of installations on research devices, fabrication inspection of critical components in shops,
inspections of facility-related work, receiving inspections of components fabricated by vendors,
mechanical calibration of tools for eleven shops
within the Laboratory, and nondestructive examinations of material and lift equipment at the Laboratory.

Work Permits
The TFTR Work Permit System requires Quality Control to assure that: (1) all work performed
in the Test Cell and Tritium Area follows procedures and is approved by Operations prior to implementation, (2) the system and location where the
work will take place is identified, (3) the lead person and individuals performing the work have been
identified, and (4) the work is inspected upon completion to assure that it has been performed correctly and that all tools have been removed from
the work area. Quality Control was involved with
approximately 2,200 work permits during FY93.

Inspection Activities
Inspection activities are based on the importance of the task being performed. Due to limited
resources, unless special requests for inspection
services are received, only those items considered
to be critical are inspected. In order to evaluate the
importance of the task, a Risk Assessment Plan
(RAP) is generated for each job. Within the RAP a
determination is made whether to perform an in-
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spection and if so, what type of inspection. In some
cases only a final inspection is performed, while in
other cases the task is inspected as the operation
proceeds. In FY93, two-hundred and ninety-five
Risk Assessment Plans were generated by Quality
Control.
Two-hundred and fifty-eight RAPs were generated for the TFTR Project in FY93. Quality Control
responsibility for these tasks required daily monitoring during ongoing activities, weld inspection,
termination inspections, torque verification, testing verification, assuring compliance to procedures
and drawings, and final walk-down inspections.
Major activities included the TFTR opening from
November 1,1992 to June 30,1993 for deuteriumtritium components installations, shield wall in Test
Cell, and 102 jobs for tritium injection.
Fabrication shops throughout the Laboratory
are monitored on a daily basis. Eight inspection
plans (Risk Assessment Plans) were developed for
critical components being fabricated as part of the
work request system and special processes performed during the fabrication. Included in this was
the verification by Quality Control that all code
welding throughout the Laboratory is performed by
qualified welders using qualified procedures.
Approximately 500 weld inspection reports were
documented consisting of approximately 3,500
welds that were inspected. Most of the welds were
for tritium-related work.
Inspections are also conducted on Facility Construction Branch projects. During FY93, thirty-four
RAPs were developed requiring the following types
of activities: concrete inspection and testing, weld
inspection, electrical and mechanical system testing, and final inspections.
Inspection of critical vendor components is performed either at PPPL Receiving Inspection or at
the vendor's site. In FY93, thirty-nine RAPs for
vendor inspections were generated. Two-hundred
and nine material inspection reports were made for
the parts that passed through receiving inspection.
Quality Control performed 35 in-process inspections
at the vendors site. Fabrication of the shield wall
in the Test Cell and fabrication of the tritium valve
required many of the vendor visits.
Finally, the PPPL Lift Program requires Quality Control involvement for visual inspection of lifting equipment (hooks and lifting fixtures), witnessing of lifts, and load testing lifting equipment.

Nonconformances
A nonconformance report is generated whenever inspections identify a process or work performed differently t h a n specified in drawings,
procedures or specifications. A total of 119 nonconformance reports were generated in FY93, including 23 for material and items supplied by vendors.
A total of 209 lots with 4,537 pieces were inspected
at PPPL receiving. Table II shows the type and
number of nonconformances reports in FY93.

Table 11. Type and Number of Nonconformance
Reports in FY93.
Nonconformance
Deviation from Documents
or Procedures
Workmanship Problems
Out of tolerance
Identification or Control of Items
All Others
Total

c

3% -:«'.V~"
r

33
23
22
20
* 21
119

Mechanical Calibration
Quality Control is responsible for the calibration and maintenance of all mechanical inspection
devices throughout the Laboratory site. The calibration is typically performed on a quarterly basis
during the operational period of TFTR when inspection activity slacks off. During FY93, a total of 373
items were cleaned, calibrated, and adjusted as
necessary.

Certification and Training
In FY93 one person from the ES&H Division
successfully completed the QA/R Audit Training
Class. In addition to the PPPL regularly sponsored
courses such as Radiation Protection or confined
space, the following courses were taken:
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• Two staff members attended the three-day
1991 NFPA Life Safety Code training sponsored by the DOE Office of Environment,
Safety, and Health, and developed by Kofel
Associates, Inc.
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• One staff member attended the ten-day DOEsponsored Fire Protection seminar given by
Factory Mutual.
• Two staff members attended the three-day
Total Quality Management course given by
the American Society for Quality Control.
• One staff member attended the two-day Successful and Proven Methods to Dedicate Commercial Grade Equipment and P a r t s for
Nuclear Safety Related Service, given by the
American Society for Quality Control.
• One staff member attended the four-day ISO
9000 Internal Auditor Training given by StatA-Matrix, Inc.
• One staff member attended the one-day
Trenching and Shoring course offered at
PPPL.
• One staff member attended the Suspect/
Counterfeit Parts Training Workshop sponsored by DOE Defense Programs and developed by EG&G Energy Measurements, Inc.
• One staff member attended the two-day Basic Hazardous Waste Module sponsored by
DOE.
• One staff member attended the three-day
Basic Radioactive Materials Workshop sponsored by DOE.
• One staff member attended the three-day
Environmental Auditing course sponsored by
DOE.
• One staff member attended the two-day
Train-the-Trainer course for Quality Improvement sponsored by DOE and given by
Turner, Harper, and Associates, Inc.
• One staff member attended the three-day
Train-the-Trainer course for 5700.6C spon-
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sored by DOE and given by Turner, Harper,
and Associates, Inc.
• One staff member attended the four-day
training workshop on the National Electric
Code sponsored by the NFPA.
• Two staff members attended the supervisors
skills development courses sponsored by
Princeton University.
Members of the QA Branch also developed and
presented courses to the other members of the
Branch on quality assurance issues for analytical
laboratories and auditing hazardous waste transporters or treatment, storage, and disposal sites.
In addition, some staff members completed
college-level courses on their own time in order to
increase their skills and knowledge base.
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Technology Transfer

The Office of Technology Transfer (OTT) is responsible for the transfer of technologies developed
at the Princeton University Plasma Physics Laboratory (PPPL) to the private sector, as defined by
the National Competitiveness Technology Transfer Act of 1990. The OTT is headed by a full-time
senior professional staff member who reports directly to the Head of the Engineering Department.
The Head of the OTT is PPPL's representative to
the Federal Laboratory Consortium (FLC), a federally mandated organization of Technology Transfer Officers from all federally funded laboratories.
The Office of Technology Transfer is engaged
in a variety of programs to transfer technology to
industry, including:
• Cooperative Research and Development
Agreements (CRADAs), whereby industry
and Laboratory researchers work together on
problems of mutual interest.
• Sponsored r e s e a r c h (Work for Others),
whereby industry pays the Department of Energy (DOE) for work performed at PPPL.
• Employee exchange, where researchers from
industry assume a Laboratory work assignment or Laboratory staff work in an industrial setting.
• Licensing of inventions or technologies.
The approach to technology transfer at PPPL
has evolved from one of technology "push," in which
PPPL seeks to find an industrial partner whose
needs are compatible with the PPPL technology
developed, to one of also being a technology "resource." As a technology resource, PPPL seeks to
provide its unique expertise to solutions of industrial problems. PPPL has also endeavored to enhance its contact with area small businesses, and
to provide technological help and guidance where
possible.

Cooperative Research
and Development
Agreements
Cooperative Research and Development Agreements (CRADAs) are one of the primary means for
transferring technology from the laboratories to the
private sector. A CRADA is a contractual agreement
between a federal laboratory and one or more industrial or university partners, in which collaboration, cost sharing, and the results of a particular
R&D (research and development) program are equitably shared. One of the limitations on the ability of PPPL to enter into a CRADA is the requirement that the CRADA research must be either in a
programmatic area related to PPPL funding, or be
funded by a DOE agency willing to sponsor the particular CRADA. The following CRADAs are in various stages of process.

CRADAs
Sapphire-to-Metal Bonding
The Laboratory's first CRADA is with a small
business located in New Hampshire that develops
high-performance products based on sapphire. The
CRADA is for the development of a sapphire-tometal bonding technique which will produce a firm
seal for the end caps on high-intensity lamps. Over
the years, PPPL has developed a method of bonding ceramics to metals using a titanium hydride
technique suitable for applications that must withstand extreme themomechanical loads. The CRADA
combines contributions from the industrial partner,
including the material, expertise in the design and
testing of high-intensity lamps, and commercial
manufacturing, with the Laboratory's existing
knowledge and experience in bonding ceramic to
metal. The objective is to develop a seal between
the metal and the sapphire that can withstand in-
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tense conditions of high temperature, thermal
shock, and operation under a vacuum. Two advantages of the new high-intensity lamps are that the
source of light is less yellow than present sources,
and that the source of illumination approaches a
point source of light. Applications for the high-intensity lamps, which may operate to as high as
35,000 watts, include rapid thermal drying, lithography, and robotic recognition of circuit boards by
TV cameras.

Plasma Chemical Synthesis
Negotiations were completed on PPPL's second
CRADA with a major chemical company to explore
the potential for synthesizing a chemical of proprietary interest with commercially viable purity and
yields. The CRADA is for a proof-of-principle study
in which a small-scale reactor will be constructed
and a plasma composed of the feedstock chemicals
created. In the microwave-heated moderate-pressure (1-10 Torr) plasma, energetic electrons will
dissociate the feedstock chemicals. The study will
determine the optimum conditions for the dissociated products to recombine into the chemical of interest. The dissociated species will be monitored using plasma spectroscopy, and the chemical produced
will be analyzed to determine which chemical reaction paths are in play, the process efficiency, and
the optimization of quality and yield.

CRADAs for FY94 Funding
Advanced Computer Modeling
Environment Project
This CRADA is directed at the development of a
high-level computational environment, which allows
diverse computational modules to be rapidly and
easily integrated into a computer model by the end
user. Applications exist both in the fusion energy
program and the commercial sector. The industrial
participant is a small business located in Oregon.

Chemical Tracking
and Report Generating System
This CRADA is directed at enhancing and upgrading the Chemical Tracking and Report-Generating System that has been developed and implemented at PPPL for commercial applications. This
system would provide industrial users of chemicals
the means to generate all of the necessary Envi138

ronmental Protection Agency state and federal
forms and information regarding purchasing, storing, and using chemicals. The industrial participant
is a small business located in Rhode Island.

Personnel Exchanges
Work continued on the two Personnel Exchanges that had been funded by DOE Energy
Research.
The Direct Soft X-Ray Imaging with CCDs
Project proposes to measure experimentally the sensitivity of commercially available thinned, back-illuminated CCDs, at both normal and grazing incidence, to provide a sound basis for the subsequent
commercial development of soft X-ray imaging instruments and spectrometers. The industrial participant is a small business in Trenton, New Jersey.
The Advanced Computer Modeling Project was
completed this year, and involved a three-way DOE
laboratory/university/industry collaboration focused
on the development of advanced computer modeling environments. The shared research and development goal for these three partners was to enhance
productivity and competitiveness in research, education, and industry by greatly improving the ease
with which the power of advanced computer modeling could be brought to bear on practical applications in these areas.

NASA Center
for Technology
Commercialization
In the fall, PPPL and the National Aeronautics
and Space Administration's (NASA) Center for Technology Commercialization (CTC) signed a Memorandum of Understanding to establish the New Jersey
regional office of the CTC. This office will work closely
with the Federal Laboratories, the New Jersey State
Commission on Science and Technology, and PPPL to
augment technology transfer efforts using resources
and data bases developed by NASA. The establishment of this office, in which PPPL will donate the
facilities and NASA/CTC will provide the financial
support, is the first activity within the DOE to implement the DOE/NASA Memorandum of Understanding between former Secretary of Energy J a m e s
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Watkins and NASA Administrator Daniel Goldin for
cooperation on technology transfer. One of the major
efforts of the CTC Office will be to promote the Technology Reinvestment Program in which military technology is converted to peaceful uses.

Licensing
The OTT is active in promoting the licensing of
inventions and software through the Office of Research and Technology Assessment of Princeton
University. There were two projects with which the
OTT was active this Fiscal Year.
Princeton University has retained future licensing rights to a PPPL-invented, High Level Nuclear
Waste Containment System and an associated weld
technique. Patents have been filed on both technologies, and a licensing and marketing company
retained to commercialize the technology. Foreign
patents will be filed also on these two technologies.
A major licensing firm has elected to manage the
technologies under their Technology Transfer Enabling Agreement of August 1991 with Princeton
University. They will file the foreign patents, market, license, and commercialize the technologies.
A second licensing effort was centered on a software program developed at the Laboratory to transmit documents in which many equations are embedded. This software is being marketed directly
through the Princeton University Office of Research
and Technology Assessment.

Small Business Contact
Another method to enhance US competitiveness
through technology transfer is to work with small
high-tech businesses in the local area. To this end,
the PPPL Office of Technology Transfer maintains
contact with the Small Business Development Center in New Jersey, the Corporation for the Application of Rutgers' Research, and the Technology Executives Roundtable (a forum for the owners of
small high-tech businesses in central New Jersey).
Typical areas in which OTT contributes are providing businesses with information about the technologies available from PPPL and providing access
via OTT to the Federal Laboratory Consortium for
help in solving technical problems.

Another mechanism available to the OTT to
enhance technology transfer activities of small business is Small Business Innovative Research (SBIR)
Partnerships. The Laboratory provided technical
support for four SBIR submissions, with one being
awarded a Phase I Grant.

Patent Awareness
Program
The primary vehicle for protection of the intellectual property associated with technological developments at PPPL is the Patent Awareness Program. The Committee on Inventions has as its
charter the fostering of disclosure of inventions and
the copywriting of software. This is done by raising
the consciousness of the staff to the value of intellectual property by providing appropriate recognition and modest monetary rewards to the inventors. Twenty-eight invention disclosures were filed
(see PPPL Invention Disclosures for Fiscal Year
1993, page 149) in fiscal year 1993, and thirty-seven
staff members shared in the distribution of $4,800
in incentives.
Two patent applications were submitted in
FY93:
• A Method for Sputtering with Low Frequency
Alternating Current.
• Method and Apparatus for Welding Precipitation Hardenable Materials.
Also, in FY93, five patents were issued:
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• Method of Measuring the Momentum, Energy, Power, and Power Density Profile of
Intense Particle Beams.
• Plasma Momentum Meter for Momentum
Flux Measurements.
• Injection of Electrons with Predominantly
Perpendicular Energy into an Area of Toroidal Field Ripple in a Tokamak Plasma to
Improve Plasma Confinement.
• Reflection Soft X-Ray Microscope.
• Low Volume Flow Meter.
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Office of Human Resources
and Administration
In FY93, the Office of Human Resources and
Administration continued to devote considerable
effort in support of the Tokamak Fusion Test Reactor (TFTR) Project, with particular emphasis on the
development of qualification and certification programs to assure that individuals perform their jobs
correctly and competently. In support of TFTR Deuterium-Tritium Operations, 213 individuals representing 34 different work groups were either certified or qualified in accordance with applicable
Department of Energy (DOE) Orders.
The Office of Human Resources developed two
critical personnel policies covering extended relocation and drug testing. For the second consecutive year, a specialized pay equity study was conducted that resulted in the adjustment of salaries
for certain minority and women staff members at
the Princeton University Plasma Physics Laboratory (PPPL).
The Information Services Division developed a
comprehensive proactive public relations campaign
designed to draw the public's attention to the
Laboratory's accomplishments and future plans.

Occupational Medicine
In addition to performance of the routine tasks
of physical evaluation of personnel for assignments,
return to work, and periodic examination, the Occupational Medicine Office (OMO) accomplished a
number of other functions and services during the
year. Physical qualification documents were prepared for personnel authorized to use Class 3 and
Class 4 Lasers and Laser Systems and for Health
Physics Technicians. The Occupational Medicine
Office (OMO) also provides help to supervisors in
the preparation of new job descriptions that comply with the "Americans with Disabilities Act."
A Drug Screening Procedure in support of the
Laboratory's new drug testing policy was formu-

lated. Arrangements were completed to assure
proper chain-of-custody documentation for urine
specimen acquisition. Additionally, the entire protocol was modified to incorporate t h e H u m a n
Resources Division into the Random Selection Process. This will assure further, the avoidance of the
possibility of perceived bias in the selection of
examinees.
During the June PPPL Open House, a facility
to test blood pressure for visitors was provided. It
was a resounding success! In September, with the
support of a pharmaceutical company and local
urologist, a Prostate Cancer Awareness and Screening Clinic Program was conducted. Eighty-three
men took advantage of the opportunity. It was decided to reduce the bi-yearly Red Cross Blood Bank
Drive to once a year, reflecting the preference of
many staff members to give blood in their home
areas.
The Medical Waste Management Program was
modified in FY93 so that disposal responsibility was
assumed by the Environmental Restoration and
Waste Management Division.
All OMO personnel were able to participate
in professional training sessions this past year.
One nurse continues in the Bachelor's in Nursing Program. There has also been an increase in
OMO staff participation in Department administrative functions and in several Laboratory committees, including the Director's Advisory Committee on Women's Issues and the Health Review
Committee.
The third annual DOE Medical Office Audit was
conducted in March. "No Significant Findings" were
noted. Items from previous audits were resolved.
Several items which do not apply to this facility have
been submitted for waiver.
Other ongoing Occupational Medicine Office
functions include the treatment of occupationally
incurred injuries, monitoring of both occupational
141

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

: ^W'T:^iV5~' ^ • ^ ^ E - ' ® i : ^ . « ^ ' n . / ^ : ^ ? 3 ^ f ^ m ^ ^ ? ^ ' J "
:

r

^.7-"

Office of Human Resources and

Administration

and nonoccupational illness absences, visits for the
treatment of minor personal medical problems, and
counseling and/or referral for stress and other personal emotional conditions.

Security and Emergency
Preparedness
The Security and Emergency Preparedness Division supports the Laboratory on an "around-theclock" basis, 365 days per year, providing services
in the areas of Security, Fire Protection, Medical
Emergency Response, and Emergency Management
and Planning.
During the past year, emphasis was placed on
providing a cost-effective and efficient organization
supporting the Laboratory's major goals. The Division was reorganized which significantly reduced
the operational costs and placed individuals into
positions consistent with their career objectives and
skill sets. The Division also changed its schedule
configuration to provide for work teams and team
training which is necessary for effective response
to emergencies. A comprehensive training program,
which will further enhance the skills of Division
personnel, is being developed to ensure the health
and safety of the public, PPPL employees, and for
the protection of Laboratory property. Several other
vital projects were undertaken by the Division during FY93.
Security Unit management conducted an extensive vulnerability assessment ofthe Laboratory. The
assessment was reviewed by key security personnel
in the DOE Chicago Operations Office and received
high marks. In September, 1993, the Security Program was evaluated by the Department of Energy
Security Inspection Team. The Program received
the highest rating available and was praised by the
team for the many enhancements which have been
made for protection of life and property.
The Security and Emergency Preparedness Division played a key role in support of the TFTR
Project, developing detailed policies and procedures
for the protection of critical systems and experimental source materials.
PPPL's aggressive emergency response drill and
exercise program continued during FY93. Three
DOE-evaluated exercises conducted during the year
were all found to meet DOE standards. The Emer142

gency Preparedness Unit also developed an extensive Emergency Readiness Assurance Plan (ERAP)
which was evaluated and accepted by the DOE without major comment. The Plan was sighted as an
example for other laboratories for use in developing a comprehensive ERAP.

Certification and Training
The Office of Certification and Training continues in its mission to develop and administer training systems and programs at PPPL. Since its inception in 1991, the Office has been responsible for
training, qualification, and certification of Laboratory personnel to assure that they can perform their
jobs correctly and competently. Among the major
efforts for FY93 were the development of qualification and certification programs for TFTR Operations' personnel in support of Deuterium-Tritium
Operations, the initiation of a Laboratory-wide
General Employee Training (GET) program, and
the support of TFTR Conduct of Operations issues.
Under the Manager of Certification and Training, the Office staff is now composed of two training specialists, a training coordinator, a training
support administrator, and two office staff assistants. To augment the staff in FY93, three subcontract training specialists were hired to support
training, qualification, and certification activities
for the TFTR Project, and one of the support staff
positions was dedicated to assist in the management of training files and data bases.
The Office of Certification and Training coordinates the development of training and examination
materials. It reviews training and examination
materials for training content and compliance with
requirements, and approves them for use. These
materials include learning objectives, course outlines, lesson plans, student text material, audiovisual aids, and oral, written and practical tests. The
Office also coordinates the registration and scheduling of training sessions, sends out training scheduling memoranda, publishes a monthly training
calendar, assists instructors in planning their training sessions, arranges and sets-up the training facilities and audiovisual equipment, and prepares
the attendance sheets, course materials, and tests
for use.
This year the Office of Certification and Training has revised and approved many Environmen-
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tal Safety and Health (ES&H) courses. A major
program providing ongoing monthly training for
Area Safety Coordinators and Cognizant Area Supervisors was also implemented. The issuance of
the DOE Radiation Control Manual resulted in
major changes to the PPPL Radiation Safety Training Program and General Employee Training materials. The effort to incorporate revised requirements will be completed in FY94.
In support of TFTR Deuterium-Tritium Operations, 213 engineers, operators, supervisors, technicians and emergency service personnel from 34
different work groups were either certified or qualified according to DOE Order 5480.20 (Personnel
Selection, Qualification, Training, and Staffing Requirements at DOE Reactor and Non-Reactor
Nuclear Facilities). This process entailed rewriting
or creating training procedures or training matrices for each area, and required individuals to take
training courses, complete on-the-job training requirements, and to pass written and/or oral examinations. Development of oral examinations, in accordance with DOE good practices, to support
certified positions, such as TFTR Shift Supervisor,
Tritium Shift Supervisor, and Tritium Operator,
was of itself a major undertaking. This attention to
detail contributed to the Training Office's successful review during the Tritium Systems Test Operational Readiness Review. Deuterium-Tritium Operation is scheduled to continue through FY94, the
training, qualification, and certification of operations personnel (including training on the operating, emergency, and alarm response procedures)
and support positions completed in FY93 will continue throughout FY94. In order to comply with
DOE Order 5480.20 requirements to support the
Tritium Systems Test and Deuterium-Tritium Operations, several training documents were approved. It should be noted that the Laboratory has
successfully submitted three major revisions of the
Training Implementation Matrix to the Department
of Energy's Chicago Field Office for approval since
fiscal year 1992.
A number of training initiatives were launched
during FY93 that will continue into the next fiscal
year. A program for the continued qualification of
instructors and subject matter experts (employees
assigned to other organizations who are loaned to
teach) and the enhancement of instructor presentation skills was initiated. Development of com-

Office of Human Resources and Administration

puter-based instruction and testing was piloted and
evaluated for use. A comprehensive PPPL Information Handbook was initiated and will be published
in FY94. Coordination of small group meetings was
begun and will be supported on an ongoing basis.
The effort to develop comprehensive training
systems at PPPL continues. Along with scheduling
ES&H and technical training, this Office also coordinates skills training for Managers and Supervisors, specialized technical training for the engineering staff, and a seminar series for administrative
and support staff. A revised approach to procedure
training was initiated within the past year. Improvements in "how to determine procedure training and how to document it" were made. The Training Office has also implemented a system that
tracks TFTR administrative and operations procedure training, and notifies personnel when training is delinquent.
Fiscal year 1993 saw a number of other accomplishments by this Office: scannable training evaluation documents were designed and implemented
providing valuable feedback about training courses;
alternate test forms and test bank items were created; and the video library was expanded by the
creation of an Emergency Services Unit training
program on the tritium vault area and one for responses to tritium alarms.
The Training Office implements a system for
scheduling training sessions. There is also a system that notifies managers, on a monthly basis, of
retraining needed by personnel under their supervision. This written notification of retraining is provided for the upcoming three-month period. Included in this report are medical examination
renewals.
Employee training is tracked in a data base that
provides records of training, as well as a status for
all employees. The centralized record-keeping system continues to be revised to accurately capture
all training completed by employees (permanent
and temporary). The data base also is a source of
information for all courses given internally and
externally. This computerized training system is
complemented by a hard-copy record system which
was devised to handle course attendance sheets,
training materials, and training correspondence.
Special fire retardant files were purchased for
record protection and security. A resource system
for training videos and catalogs was expanded.
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Several audits and reviews of the training program were conducted. The main focus of these audits and reviews was preparation for tritium-related
operations of the TFTR. Audits performed by the
Quality Assurance organization at PPPL were to
assure management that the training program was
appropriate to the needs of tritium-related operations and would support the requirements of the
DOE Training Order. Members of the DOE Office
in Chicago performed an audit in the area of Industrial Safety and Fire Protection in February, and
a surveillance of the PPPL training program in support of DOE Order 5480.20 implementation. The
PPPL training program was favorably evaluated
by the reviewers, with good practices in the training and examination of certified operators noted.
Staff from the Office of Certification and Training attended a workshop on DOE Order 4330.3A,
addressing Conduct of Maintenance. In addition,
members of the training staff attend the annual
TRADE (Training Resource and Data Exchange)
Conference. This meeting of DOE training professionals addresses ES&H training issues and compliance with DOE Orders, guidelines, and good
practices. Training and records managers and specialists from all DOE Laboratories attend, as well
as DOE personnel from Washington and field offices. During this conference, training workshops,
special interest group meetings, and training seminars are held, and training support and materials
from other DOE-funded facilities are available for
use and retention.

Information Services
The Information Services Division provides
Laboratory Services supporting the preparation and
dissemination of information pertaining to PPPL's
program. Included are public and employee information, technical information, graphic arts, photography, printing, duplicating, records management, and telecommunications services.

Public/Employee Information
The Public and Employee Information Section
of the Information Services Division is responsible
for providing up-to-date information on PPPL's program for the public, news media, representatives
of government and industry, and PPPL employees.
The Section maintains an information kit consist144

ing of brochures, fact sheets, and information bulletins written for the layman. In addition, two employee newsletters, the P P P L HOTLINE and P P P L
News Alert are published. The staff coordinates a
speakers bureau, a Laboratory tour program, as
well as media relations and community relations
activities.
During FY93, forty-seven issues of P P P L News
Alert were issued along with fifteen editions of
P P P L HOTLINE. The P P P L N e w s A l e r t is a
supplement to the P P P L HOTLINE used to disseminate information rapidly to employees.
During FY93, a proactive public relations program was designed to draw the public's attention
to the accomplishments of the magnetic fusion program and plans for the Tokamak Physics Experiment (TPX) and International Thermonuclear
Experimental Reactor. Several public relations projects were successfully completed.
In March, the eight-minute video, "PPPL: An
Overview," was updated to include information on
the Tokamak Physics Experiment. In January and
April, editions of the P P P L Digest were published
on the use of tritium in TFTR. In June, the TFTR
Information Bulletin was updated, and a four-color
TPX fact sheet was published with support from
the publications and graphics staff of the Lawrence
Livermore National Laboratory (LLNL). Also in cooperation with LLNL, work was undertaken to
write and design a four-color TPX brochure, scheduled for publication in December, 1993.
In June, an Open House was held for employees and their families, as well as members of the
local community. This was the last opportunity for
public tours of TFTR prior to final preparations for
deuterium-tritium operations. More than 3,000 individuals attended, a record for such events.
During the summer, the services of two senior
freelance science writers were obtained to provide
articles about TFTR and TPX for inclusion in a special supplement of the P r i n c e t o n Weekly Bullet i n (PWB), published in September. In addition to
the usual distribution of the PWB in the Princeton
University community, the supplement was mailed
to all residents of Princeton and Plainsboro.
A media relations plan was developed with the
goal to use TFTR's unprecedented deuterium-tritium high-power results to maximize and sustain
the interest of national, state, and local print, and
broadcast journalists in the magnetic fusion energy
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program. PPPL's media distribution list was greatly
expanded, and several leading science journalists
were informed and invited to be present for the first
high-power experiments. Also included were plans
for three news conferences during FY94 and the
production and distribution via satellite of a video
news release. To enhance PPPL's visibility generally, the number of news releases issued in FY93
was increased substantially compared to past years,
covering staff appointments, awards, technology
transfer, science education activities, and other
subjects of general interest.
Arrangements were underway at the end of the
fiscal year for the installation of hardware for the
remote control of TFTR facility cameras from the
M.B. Gottlieb Auditorium and TFTR Visitor Gallery, and for the installation of computer hardware
allowing the display of TFTR experimental data for
visiting news media representatives and the general public.

Graphic Arts and Photography
The Information Services Graphic Arts Section
has built a comprehensive capability in the utilization of Macintosh personal computers for the generation of two- and three-dimensional line art and
the design of publications, presentations, and illust r a t i o n s u s i n g Adobe Illustrator
and Aldus
PageMaker software. A total of fourteen hundred
pieces of line art were produced during the year.
To meet the demand for camera-ready graphics, a
600-DPI (dots per inch) printer was added to the
Graphic Services Section during FY93.
The Photographic Services Section performs all
of PPPL's location and studio photography and all
related processing with the exception of color printing. During FY93, thirteen-thousand-six-hundredand-thirty-eight pieces were processed, including
black and white prints, color negatives, 35-mm
slides, and black and white vugraphs. This, together
with location and studio photography, comprised
eight-hundred and two individual jobs.

sional journals, and two-hundred-and-three scientific and technical reports presented at conferences.
Twenty-eight invention disclosures and two patent
applications were filed during the year. Five patents were issued. The PPPL Patent Awareness program recognized fifty-seven inventors for invention
disclosures, patent applications, and patents issued
in FY93.

Duplicating and Printing
Production in the Duplication Center during
FY93 totaled 6.7 million impressions. During FY93,
plans were developed and bidding conducted for the
modernization of the Duplicating Center. Installation of a state-of-the-art high-speed duplicator to
replace the aging Xerox 9500 was planned for the
beginning of FY94. The number of individual printing procurements through the US Government
Printing Office in FY93 was fifty-four with an associated total cost of $43 thousand.

Telecommunication Services
The Telecommunication Services Section is responsible for the provision of cost-effective voice
communication services. The Section recommends
the selection of carriers, systems, and hardware and
supervises and coordinates repairs, installations,
and the billing process for service, equipment, and
all telephone and radio requests. During FY93, the
Section processed four-hundred-and-seven requests
for moves, installations, and changes in telephone
service, and one-hundred-and-forty-eight requests
for radio services. Several projects were undertaken
in FY93, including the following:
• Upgrade of the PPPL Pocket Paging System.
• Provision of Telecommunication Services to
the new LOB East Wing addition and the new
modular building.
• Establishment of FTS 2000 domestic and MCI
international telephone service contracts.

Technical Information

Human Resources

The Technical Information Section of the Information Services Division is responsible for administering the Reports and Patents function. During
FY93, seventy-three PPPL Report Preprints were
distributed, fifty-six articles published in profes-

The Human Resources Division accomplished
the development and finalization of major policies
in extended relocation and drug testing, instituted
programs that address Affirmative Action issues,
and reorganized the employee benefits support func-
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tion to provide a closer link to the University. During
the year, assignment of responsibilities within the
staff changed to focus on these issues resulting in a
shift of all general management and supervisory
training to the Office of Certification and Training.

Policy Development
During the year, the Extended Kelocation Policy
was finalized and approved by the University and
the Department of Energy. The implementation of
this Policy has required the establishment of procedures in managing a complex policy, i.e., support
in selling homes, moving household goods, developing cost of living differentials, and insuring that
the employee receives all the benefits of a University employee while on assignment. In January of
1993, one employee was assigned to the International Thermonuclear Experimental Reactor (ITER)
in Naka, Japan. In September, two other employees were assigned to ITER in San Diego. All are
expected to remain at these sites from 2 to 5 years.
A Drug Testing Policy was finalized during the
year, approved by the University, and received conditional approval by the DOE. The Policy will be
implemented in FY94, when more than 50,000 curies of tritium will be on site. Employees in critical
job categories are affected, and they were notified
60 days prior to the Policy's implementation.

Affirmative Action
As noted in the fiscal year 1992 Annual Report
(PPPL-Q-50), the Director's Advisory Committee on
Women and the Director's Minority Advisory Committee were formed to assist the Director in meeting the Laboratory's Affirmative Action commitments. During this fiscal year, both Committees
have been developing agendas of issues and recommendations for the Director.
The Director's Minority Advisory Committee
recommended a Skills Development Program for
minority employees. A pilot program that provides
in-house mentors, in addition to formal vocational
training, is scheduled to begin in FY94.
The Director's Advisory Committee on Women
convened all the women in the Laboratory so they
could meet with the Director and the Committee
members to discuss their concerns. The Committee
developed a list of agenda items and has made rec146

ommendations to the Director of the most important ones to be addressed.
For the second consecutive year, a pay study
was conducted that resulted in the review and
adjustment of salaries for some minorities and
women, based on an analysis of salaries by rank
within each staff.

Employee Relations
The position of Employee Relations Representative became a full-time responsibility, recognizing the need to provide support in resolving employee concerns and grievances. All Performance
Appraisals were reviewed, responding to those that
indicated performance problems. Additionally, the
Performance Appraisal forms were modified and
simplified, with a further review planned for FY94.

Supervisory Training
The new Supervisory Skills Development Program initiated in FY92 was continued into FY93
with a series of modules developing core skills, followed by several modules devoted to training on
specific subjects such as Preparing an Effective
Performance Appraisal. Administration of this Program was moved to the Office of Certification and
Training during the year.
All supervisors took part in a mandatory program
on Sexual Harassment Policies and Procedures. The
program was presented by the University's Acting
Director of the Sexual Harassment/Assault Advising, Resources and Education (SHARE) Office. The
program was effective in providing supervisors with
a knowledge of their role in providing immediate
response to complaints. This program is being followed up with Sexual Harassment Prevention training programs, developed by the Human Resources
staff, that will be required for all employees in small
group meetings during FY94.

Newsletter for Supervisors
The newsletter begun in fiscal year 1992 continued on a regular basis. As stated at its inception, the newsletter informs supervisors of new
policy developments and provides regular updates
on the implementation of personnel policies and employee relations issues. During this past year, ar-
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tides on the Family Leave Act, pay during travel
time, and benefits issues were included.

Human Resources
Information System
The University is developing a new human resources/payroll system (TESSERACT) that will require the PPPL Human Resources Division to input data for all personnel actions, including
benefits. During the development phase, which has
been ongoing for two years, the staff had to learn
about the system and to support the assignment of
parameters as they apply to PPPL. In FY94, the
system will be implemented and will require the
Division to develop new skills and understanding
of computer data management and reporting.

Administrative Services
The Office of Administrative Services provides
a variety of Laboratory-wide administrative functions. Administrative Services staff generally oversees the Cafeteria operations and manages PPPLleased apartments for intermediate and long-term
visitors—both foreign and domestic. Additionally,
the Office has responsibility for the Laboratory's
recreational activities and social functions and
maintains responsibility for the processing and control of Department of Energy security clearances.
Other tasks include budget preparation and monitoring, maintenance of official Laboratory Organization Charts and Supervisor and Manager listings,
and visa assistance and processing for foreign visitors and staff.
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PPPL Invention Disclosures
Fiscal Year 1993
Enhanced Fusion Reactivity Using Energetic Fusion
N. Fisch and J. Rax

By-Products

Creation of Diamond-Like Surfaces with a Powerful Subpicosecond
S. Suckewer and W. Tighe

Laser

Use of Common Lactic Acid to Produce Naturally Unavailable Chemicals by Means
of Plasma Chemical Reactors
S. Yoshikawa
Synthesis of Chiral Chemicals by Means of Plasma Chemical
S. Yoshikawa

Reactor

A Compact High Intensity, Hyperthermal Atomic Oxygen Source
S. Cohen
Variable Geometry Iron Shims
G. Sheffield
Outboard-Trapped Particle Remover and Inboard-Trapped Particle Generator
T.K. Chu, R. Bell, B. LeBlanc, M. Okabayashi, M. Ono, S. Sesnic, and S. von Goeler
Inside Hole Deburring-Countersinking/Counterboring
Tool
J. DeSandro, J. Wioncek, M. Karlik, and J. Edwards
XMACRO
J. Krommes
Dielectric Antenna for Launching Lower Hybrid Waves
R. Motley and S. Cohen
Computer and Telecommunications
J. Mervine

Glossary

4 Quadrant 6 Pulse Rectifier Bridge
C. Neumeyer, R. Hatcher, and G. Bronner
Hex Pull Screw Applicable to Remote Restraining of Tokamak Tiles
K. Redler
Chemical Tracking and Report Generating

System

P. Del Gandio and W. Slavin

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

149

PPPL Invention Disclosures for Fiscal Year 1993

^ - ^ — ^ ^ ^ — ^ ^ ^ ^ ^ — _

Emergency Operations and Information Management
P. Del Gandio and R. Rossi
Waste Management and Report Generating
P. Del Gandio

System

System

Helium Ash and Impurity Removal by Externally Launched Cold
Ion Cyclotron Waves

Electrostatic

M. Ono
Remotely Operated Tooling for Manipulating and Torquing Bolts in Inaccessible
T.W. Burgess and B.L. Paul

Spaces

Hydrogen Production by Means of Flow of Salt-Water in the Magnetic Field
S. Yoshikawa
Improved Configuration for RF Biasing in an Inductively Coupled Plasma Source
J. Stevens and J. Cecchi
Improved Method for RF Biasing a Substrate
J. Stevens and J. Cecchi
Method and Apparatus for Producing Helicon Wave Plasmas with Planar Antenna
J. Stevens and J. Cecchi
Tokamak Plasma Stabilization and Disruption Avoidance using Segmented Divertor
H. Kugel, M. Chance, J. Manickam, M. Okabayashi, L. Schmitz, and L. Zakharov

Structures

Biasing

Tokamak Plasma Edge Ergodization using Segmented Divertor Biasing
H. Kugel, M. Chance, J. Manickam, M. Okabayashi, L. Schmitz, and L. Zakharov
External Krytron Keep-Alive Device
C. Ancher, H. Anderson, and C. Szathmary
PPPL Tritium Waste Package
R. Rossmassler, L. Ciebiera, F. Tulipano, and S. Vinson
Fuse Assisted Solid State Interrupter
C. Neumeyer and G. Bronner
System for Helium Ash Removal by Frequency
H. Mynick and N. Pomphrey
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of several of the Laboratory's proposals validated the
budget submission. A financial review of PPPL's
budget execution function by DOE concluded that
the budget execution processes are adequate to develop and manage the fiscal year budget.
The Budget Office developed a procedure for reporting uncosted obligations, in response to a new
DOE reporting requirement in FY93. In addition,
monthly reporting of overhead expenses and explanations of variances from targets to the Chicago
Field Office was initiated by DOE. These additional
activities were absorbed by the Division without any
increase in staffing.
The 38th Annual DOE Laboratory Budget
Officer's Workshop was hosted by PPPL. The workshop provides the opportunity to exchange practices
and experiences on various budget subjects in an
effort to improve budget management and processes. Budget personnel from fifteen DOE laboratories attended the workshop.

The Office of Resource Management provides
the Princeton Plasma Physics Laboratory (PPPL)
with financial, procurement, property, and other administrative services. The Office of Resource Management consists of the following seven activities:
Budget Office, Accounting and Financial Controls,
Information Resource Management, Procurement,
Materiel Control, Cost and Schedule Control, and
Environmental Restoration and Waste Management.
Fiscal year 1993 saw a continuation of the increased focus on compliance by the Department of
Energy (DOE). The Office of Resource Management
devoted considerable resources to improve internal
controls and documentation, while simultaneously
meeting its mission as a "service activity" to the
various programs and activities at the Laboratory.
The Office of Resource Management was able to
achieve this objective in a very cost-effective manner; actual expenditures for FY93 were approximately 2% below budget. The positive performance
against budget was accomplished by productivity
improvements in all of the individual activities. The
FY93 expenditures were approximately 2% higher
than FY92 expenditures; given a 5% rate of inflation this reflects an approximately 3% real decrease
in net expenditures for the department.
The succeeding paragraphs will focus on each
of the seven activities comprising the Office of Resource Management and provide highlights and
overviews for each. Tables I and II give the financial activities and staffing levels of the Laboratory
for the last five years, respectively.

Accounting and
Financial Controls
The Accounting and Financial Controls Division
is responsible for recording and reporting the financial transactions of the Laboratory. This includes
payments, accruals, commitments and requisitions
for labor, materials, other operating expenses,
equipment, and construction costs. It is also responsible for the maintenance of the financial records
that meet the requirements of Princeton University, the Department of Energy, and other funding
sources.
During FY93, the Accounting and Financial
Controls Division placed major emphasis on system enhancements, the review of policies and procedures to strengthen internal controls, and the
providing of Laboratory accounting and financial
services at a minimum of cost.

Budget Office
During FY93, the Budget Office provided analytical support to Laboratory management for budget and manpower planning. The preparation of the
Field Work Proposals requesting DOE funding for
FY95 was completed and the proposals were submitted to DOE on schedule; a subsequent DOE appraisal
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Table 1. Princeton Plasma Physics Laboratory Financial Summary by Fiscal Year.
(Thousands of Dollars)

OPERATING (Actual Costs)
Department of Energy
TFTR Diagnostics
TFTR Physics Program
TFTR Computer Facility
TFTR Heating
TFTR Tokamak Operations
TFTR DT Systems
TFTR Decontamination & Decommissioning
TFTR Other
Subtotal TFTR
CIT/BPX/TPX
PBX-M
CDX/CDX-U
Theory
ITER
Applied Physics
Other Operating - Fusion
Change in Inventories
X-Ray Laser Development

FY89

FY90

FY91

FY92

FY93

$12,356
3,804

$11,384
4,406

$10,084
4,329

$9,822

$7,400

4,478
18,956
18,849
6,319
—
2,075

4,214
20,873
19,673
1,027
—

3,863
19,728
15,075
5,904

6,470
3,902
15,040
24,916
21,246

—

—
—

4,316
4,063
15,534
20,217
22,216
—
—

66,837

61,577

58,983

76,168

79,690

14,675
10,003
524
2,771
488

17,073
3,913
440
2,597
513

17,750
5,201
585
2,769
565

14,830

14,691
8,535

1,195
364

1,142
579

938
313
(224)*

4

8
—
677

—
41
1,376

71
—

19
3

3,434
334
50

1,309

1,372

839

1,370

$98,509

$91,732

$89,579

$109,240

$114,751

$1,861

$1,746

$1,108

$3,140

$1,395

Compact Ignition Tokamak
General Plant Projects
Energy Management Projects
Safety and Fire Line Item

$3,500
1,800
325
—

—
$1,479
783

—
$1,608
431

—

—
$2,400

—

—

Total Construction

$5,625

$2,262

$2,039

Work for Others
Total Operating

1,230
1,004

150
—
—
—

66
451
—
—

746

937
810
740

585
2,560
1,691
1,253
539
(96)*

(123)*

Energy Management Studies
Environmental RestorationAWaste Mgt
Science Education
Technology Transfer

1,308

9,940
479
2,882

716
—

—
115

EQUIPMENT (Budget Authorization)
Capital Equipment not
Related to Construction
CONSTRUCTION (Budget Authorization)
$1,858
(350)**
2,600$4,108

(972)**
2,200
. $3,628

' Change of the inventory levels on hand at the end of the fiscal year compared to the previous fiscal year.
Deobligation of funds for completed or cancelled projects.
:
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Table II. Princeton Plasma Physics Laboratory Staffing Summary by Fiscal Year.

Faculty
Physicists
Engineers
Technicians
Administrative
Office and Clerical Support
Total

FY89
4
108
191
359
109
78
849

< FY90
4
104
173
330
102
73
786

FY91
6
99
172
360*
108
73
818

FY92
7
102
171
358
126
72
836

FY93
7
100
171
351
131
69
829

* Includes the transfer of 29 Security staff from Princeton University to PPPL.

Some of the more significant initiatives implemented during the year are:
• Implementation of a new procedure t h a t
records and tracks all subcontract labor
through the personnel data bases and labor
cost distribution system. This provides accurate and real-time information about the
number of people at the Laboratory, where
they are located, and type of skills available.
• Revision of the accounts receivable procedures to incorporate all significant policies
in DOE Order 2200.6 (Financial Accounting).
This includes the requirements for credit
bureau reporting coupled with other current
DOE guidance on this subject.
• Review and revision of the guidelines for
proper classification of PPPL expenditures
into the appropriate DOE fund type. These
changes have been reviewed by DOE/Chicago
Headquarters, and their comments are presently being incorporated.
• Development of a procedure to reimburse employees on extended workweek assignments.
This procedure was prepared in accordance
with Laboratory personnel policies and DOE
contractual obligations.
• Modification of the Accounts Payable process
that will result in significant saving in clerical processing time. An example is the Federal Express small dollar invoices for inbound
and outbound freight requiring extensive review and matching. By reducing some of the
processing procedure requirements for in-

voices with a $25 or less amount a decrease
in processing time of approximately six to
seven hours for each set of invoices has been
realized.
• Implementation of enhanced inventory control procedures that reduce book to physical
variances.
• Implementation of a procedure to have all
travel reservations processed through the
Reservations Office. This allows the Travel
Office more effective control over the use of
the lowest available air and hotel rates, to
better monitor allowability and to increase
the travel commission from the travel agency.

Information Resource
Management
During FY93, the Information Resource Management (IRM) Division continued a number of
projects started in FY92 and completed several new
initiatives as well. Prior projects continued in FY93
were the RAMIS to FOCUS conversion and testing
of the PPLDRCV system. The IRM also began providing PUBSYS training and IBM PC support. This
was accomplished without additional staff through
a reorganization of the Division that eliminated the
Operations Manager position and created a System
Support Specialist's position.
Other tasks accomplished in FY93 are:
• Updated the PUBSYS Training Manual. Developed training manual and conducted classes in the use of PUBSYS.
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• Completed conversions of the COMPSYS,
PERSONNEL, and PAYROLL systems. The
systems were tested and enhancements and
corrections implemented. The PERSONNEL
and PAYROLL systems are scheduled to "go
live" in FY94, after the Cost Distribution system conversion is completed.
• Added an "on-line" Purchase Order Imaging
program to eliminate the need for distributing "hard" copies.
• Added a frozen baseline to the Laboratory's
Project Control System to allow tracking of
changes.
• Added an automated gasoline usage tracking system to reduce the time needed to produce mandatory DOE reports.
• Linked the Automated Receipts Processing
System (ARPS) to the Equipment Tracking
and Control System (ETACS) to allow automatic inclusion of equipment in ETACS as it
is received at the Laboratory.
• Added a system to identify and track PPPL
excess property to the ETACS.

Procurement
The Procurement Division is responsible for
providing the necessary resources for the efficient
operation of the Laboratory. The goals of the Division are to do this in a timely manner, with the
most favorable terms possible, in accordance with
applicable government regulations, and consistent
with good business practices.
Compared to FY92, procurement activity decreased in FY93 by 14% in the number of actions
processed and 15% in total dollars awarded. Nevertheless, the Division awarded more than $31.5
million, mostly in support of TFTR deuterium-tritium operations, in the first six months of FY93,
accounting for about 73% of the fiscal year total.
Two key Tokamak Physics Experiment (TPX) procurements in t h e $1 million range were also
awarded during the year. These were for conceptual and advanced conceptual design of the TPX
Vacuum Vessel and the TPX P l a s m a Facing
Components.
During the second half of FY93, the Division
concentrated on the administration of those pro154

curements necessary for TFTR deuterium-tritium
operations and began planning and preparations
for four major (i.e., greater than $20 million each)
procurements for the TPX. These procurements will
be for the plasma facing components, the vacuum
vessel, tokamak construction management, and
systems integration support.
Several Procurement Division audits and appraisals were conducted this year, including one for
the Small Disadvantage Business Program and one
for the use of GSA (General Service Administration) catalogs and Federal Supply Schedules. Both
audits were performed by the DOE Office of the
Inspector General and "No Significant Findings"
were generated during these reviews. The Princeton
Area Office also conducted a "periodic surveillance"
of the Division's procurement actions. In addition
to the Division audits, Procurement staff participated in the audits of the Laboratory's Resource
Management Division by the University's Internal
Auditor and the Laboratory's Quality Assurance
Division by the Chicago Field Office.
Finally, during FY93, the Procurement Division
processed a high volume of service orders, particularly in the engineering, health physics, and training development areas.

Materiel Control
The primary responsibility of the Materiel Control Division is to provide effective stores, warehousing, property, and transportation services in support of Laboratory operations. During FY93, the
Division continued to maintain a high level of efficiency while seeking opportunities to reduce operating costs. Toward this end, two cost efficiency
initiatives were undertaken and completed: The
schedule and frequency of Laboratory mail service
was evaluated and scaled back from twice per day
to once per day and the shuttle service between CSite and A and B Sites was discontinued and a more
cost effective system reimbursing individuals for use
of their privately owned vehicle was instituted. Two
full-time positions and about $20K in operating
costs were saved through these two initiatives. A
process improvement project was implemented to
integrate certain functions of the receipts processing and equipment tracking computer systems. The
project was successfully completed in July and the
improved systems programming eliminated many
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manual tasks while enhancing the visibility and use
of data base information.
A major milestone was reached this year in
meeting a federally mandated 10% reduction in
gasoline and diesel fuel consumption. For FY93, the
Laboratory achieved a 17% decrease in fuel consumption compared to the fuel used during FY91.
The reduction was accomplished principally
through the increased use of natural gas vehicles,
replacement of gasoline powered vehicles with electric scooters, and reducing the Laboratory's vehicle
fleet size. While the reduced level of fuel consumption must be sustained through 1995, FY93 marked
the first significant drop in gasoline usage.
Other Division projects undertaken during
FY93 were: a comprehensive self-assessment program to measure compliance with DOE property
requirements; a quality assurance program for conducting packaging and transportation operations;
and, installation of a stockroom surveillance camera and document control procedures to improve
internal controls over stores assets.
Several property management audits and appraisals were also conducted this year, including
two Princeton University audits, which noted "no
material weaknesses" and a DOE/Princeton Area
Office appraisal which rated the Laboratory's property management functions as "Excellent."
In the Warehouse Operations Branch, the Receiving Section processed more than 5,500 purchase
orders for more than 9,500 line item receipts. In
the Packaging and Transportation Section, a Laboratory inbound/outbound freight program was
implemented using GSA/DOE commercial motor
freight discounts, and more than 2,800 domestic and
international shipments were made in support of
site programs. The Storage and Distribution Section performed 3,500 heavy deliveries and conducted a comprehensive review of equipment and
material held in storage.
The Stores Operations Branch ended FY93 with
stockroom sales totaling $967K and achieved a 3.26
to 1 sales to inventory ratio. The Stockroom staff
processed 38,000 withdrawals and reduced the inventory budget by $29.5K, while attaining a 97%
fill rate. The Spare Parts Section had $18 IK in sales
with receipts totaling $112K, resulting in a $69K
inventory reduction. A Stores Customer Service
program was implemented this year. As a result,
new items were added to inventory and communi-

cations were initiated with users to address other
stores issues impacting Laboratory support.
Property Administration processed more than
7,300 property transactions and retired 4,900 equipment items in response to DOE Property Bulletin
A-8. The Excess Property Section sold 166,000
pounds of scrap metal and held three public sales
of government property where 362 items were sold.
These activities resulted in a combined return to
the Laboratory of $24K. Reutilization of 56 equipment items, valued at nearly $59K, was also accomplished.
In Transportation Services, more than 600 preventive maintenance inspections and repair actions
were performed on Laboratory vehicles and equipment. The automated Maintenance and Management Program (MMP) continued to provide up-todate m a n a g e m e n t information on preventive
maintenance requirements and costs. The gasoline
computer data base was upgraded this year to enhance reporting capabilities and incorporate natural gas usage data.

Cost and Schedule
Control
The Cost and Schedule Control Division coordinates implementation of the Laboratory's Project
Controls System. This system provides the basic
management functions necessary for successful
completion of PPPL projects, namely: organization,
planning, authorization, budgeting, accounting,
analysis, and change management. Benefits derived
from the system include:
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• A formal process for organizing PPPL work
efforts.
• Assignment of responsibilities and accountability for work scope via the Work Breakdown Structure.
• A formal process for planning and estimating work in support of DOE funding and milestone guidance.
• A formal process for the authorization of work
through the PPPL Work Authorization Process.
• A formal process for monitoring work progress via monthly progress statusing.
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• A formal process for identifying, reporting,
and analyzing schedule and cost problems via
the PPPL variance analysis process.
• Electronic data access to all Laboratory staff.
This on-line network allows for the timely
review of accounting, budget, performance
measurement, and procurement data and
systems.
Specific accomplishments by the Cost and Schedule Control Division in FY93 include:
• Developed and maintained an integrated cost
and schedule data base for the TFTR Project.
This included the development, maintenance,
and analysis of an integrated cost and schedule data base focusing on critical path analyses relative to project milestones. This, in
conjunction with the implementation of daily
project status meetings, led to the successful
beginning of tritium systems testing, the successful completion of FY93 outage tasks as
scheduled, and, in conjunction with performance measurement analyses, helped to
bring TFTR deuterium-tritium operations in
on schedule and under cost.
• Developed and maintained major contract
procurement schedules for the Tokamak
Physics Experiment, t h u s providing biweekly information to the Princeton Area
Office and Project Management in this critical phase of the TPX Project.
• Provided special schedule support to General
Plant Projects and Environmental Restoration and Waste Management Projects. This
helped focus schedule issues and critical
paths.
• Worked closely with the Department of Energy-Chicago and the Princeton Area Office
to document the Laboratory's Project Controls System (PCS) description in support of
DOE Order 4700.5 (Project Control System
Guidelines).
• Supported the development and maintenance
of the Princeton University Plasma Physics
Laboratory Institutional Plan and PPPL
manpower studies.
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Environmental
Restoration and
Waste Management
The Environmental Restoration and Waste
Management (ER/WM) Division provides administrative oversight of all DOE Office of Environmental Restoration and Waste Management (EM)
funded projects and activities. This includes the
preparation and implementation of long-range budgets and schedules and the development of the EM
Five-Year Plan and current year work plans and
baselines. The Division also has functional responsibility for hazardous waste collection, storage, and
disposal; asbestos removal and disposal; and chemical spill response and remediation.
During FY93, the Division performed detailed
cost and schedule estimates for EM-funded activities to be undertaken at the Laboratory between
fiscal years 1994-99. In addition, the Division published an ER/WM Division Policies and Procedures
Manual. The manual included both new procedures
and revisions to existing ones. The Division was
audited by DOE Chicago Headquarters Environment, Safety and Health Division and received a
"noteworthy practice" regarding polychlorinated
biphenyls (PCB) management. The New Jersey
Department of Environmental Protection and Energy performed a hazardous waste management
inspection of the Laboratory in March from which
no violations were issued.
The Waste Management Branch coordinated
the publication of the DOE Moratorium Package,
which consisted of a group of documents related to
the management of mixed hazardous and radioactive wastes on site. Approval of the Moratorium
Package will allow PPPL to certify certain wastes
as nonradioactive based on process knowledge. This
will reduce the amount of surveying required to
characterize wastes originating in radiation-controlled or radioactive material management areas.
At the end of the fiscal year, low concentrations of
PCBs were detected in the detention basin. A successful remediation of the basin was subsequently
completed. During FY93, the Branch processed
more than 620 requests for hazardous waste removal and initiated 42 shipments for the disposal
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of more than 78,062 pounds and 6,008 gallons of
hazardous waste.
The Environmental Restoration Branch completed the initial program plan for the PPPL
Groundwater Remediation Project. This included

development of baselines and current year workplans, and obtaining a Remedial Investigation/Remedial Alternatives Analysis subcontractor. The
Groundwater Remediation Project is expected to
continue for at least the next five years.
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Graduate Education: Plasma Physics
Among the major facilities in the world for research in plasma physics and controlled fusion, the
Princeton Plasma Physics Laboratory (PPPL) is
unique in its direct ties and close proximity to a
leading university. For more than 30 years, PPPL
has maintained a balance between education, fundamental research, and leadership in the fusion
program. That thirty to forty top-notch graduate
students work side-by-side with PPPL staff members is a circumstance that provides invaluable
training and experience for these students and
youthful stimulation and expert assistance for the
research staff.
The Plasma Physics Program was first offered
at Princeton University in 1959 and two years later
was incorporated into the Department of Astrophysical Sciences. In an environment that, over the
past three decades, has seen enormous changes in
the fields of plasma physics and controlled fusion,
the Program has consistently focused on fundamentals in physics and applied mathematics and on

intense exposure to contemporary experimental and
theoretical research in plasma physics.
Graduate students entering the Plasma Physics Program at Princeton spend the first two years
in classroom study, acquiring a foundation in the
many disciplines that make up plasma physics: classical and quantum mechanics, electricity and magnetism, fluid dynamics, hydrodynamics, atomic
physics, applied mathematics, statistical mechanics, and kinetic theory. Table I lists the departmental courses offered this past academic year. These
courses are taught by the members of the Princeton
Plasma Physics Laboratory's research staff who also
comprise the nineteen-member plasma physics faculty (see Table II). The curriculum is supplemented
by courses offered in other departments of the University and by a student-run seminar series in
which PPPL physicists share their expertise with
the graduate students.
Most students hold Assistantships in Research
at PPPL through which they participate in the

Table I. Plasma Physics Courses Offered in FY93 and Instructors.
Fall 1992
Course Title
General Plasma Physfcs 1
Plasma Waves and Instabilities
Experimental Plasma Physics
Analytical Techniques in Differential Equations
Seminar in Plasma Physics
Computational Methods in Plasma Physics

Instructor
N.J. Fisch and C.F.F, Karney
M.OnoandT.H.Stix
R.J. Goldston
S.C. Cow/ey
S. Yoshikawa
S.C. Jardin

Spring 1993
Course Title
General Plasma Physics it
Irreversible Processes in Plasmas
Seminar in Plasma Physics
Laboratory in Plasma Physics
Introduction to Magnetospheric Plasma Physics
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Instructor
R.M. Kuisrud and W.M. Tang
J.A. Krommes
H.P. Furth
S. Cohen
L Chen and H. Okuda
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Table II. Astrophysicat Sciences and Plasma Physics Faculty.
Faculty Members
Nathaniel J. Fisch
Liu Chen
Samuel A. Cohen
Steven C. Cowley
Ronald C. Davidson
Harold P. Furth
Robert J. Goldston
Stephen C. Jardin
Charles F.F. Karney
John A. Krommes
Russell A. Kulsrud
Hideo Okuda
Masayuki Ono
Francis W. Perkins, Jr.
Paul H. Rutherford
Thomas H. Stix
William M. Tang
Roscoe B. White
Shoichi Yoshikawa

Title

:

Professor of Astrophysical Sciences; Director, Program in Plasma Physics;
PPPL Associate Director for Academic Affairs
Principal Research Physicist and Lecturer with rank of Professor
Principal Research Physicist and Lecturer with rank of Professor
Staff Physicist and Lecturer
Professor of Astrophysical Sciences; Director, PPPL
Professor of Astrophysical Sciences; Director Emeritus, PPPL
Professor of Astrophysical Sciences; Head, PPPL Research Council
Principal Research Physicist and Lecturer with rank of Professor
Principal Research Physicist and Lecturer with rank of Professor
Principal Research Physicist and Lecturer with.rank of Professor
Professor of Astrophysical Sciences
Principal Research Physicist and Lecturer with rank of Professor
Principal Research Physicist and Lecturer with rank of Professor
Principal Research Physicist and Lecturer with rank of Professor
Lecturer with rank of Professor; Associate Director for Research, PPPL
Professor of Astrophysical Sciences; Director Emeritus, Program in
Plasma Physics
Principal Research Physicist and Lecturer with rank of Professor
Principal Research Physicist and Lecturer with rank of Professor
Principal Research Physicist and Lecturer with rank of Professor

Laboratory's experimental and theoretical research
programs. In addition to formal class work, firstand second-year graduate students work directly
with the research staff, have full access to Laboratory and computer facilities, and learn firsthand
the job of a research physicist. First-year students
assist in experimental research areas including
Tokamak Fusion Test Reactor (TFTR) diagnostics
development, the Princeton Beta Experiment-Modification (PBX-M), the Current Drive ExperimentUpgrade (CDX-U), materials fabrication process
plasmas, and X-ray laser development and applications. In a similar fashion, second-year students
assist in theoretical research. After passing the
Department's General Examination, students concentrate on the research and writing of a doctoral
thesis, under the guidance of a member of the PPPL
staff. Of the thirty-one graduate students in residence this past year, twenty were engaged in thesis projects—ten on experimental topics and ten on
theoretical topics. Table III lists the doctoral thesis
projects completed this fiscal year.
160

During FY93, one student held a Natural Science and Engineering Research Council of Canada
Fellowship, two held DOE Magnetic Fusion Science
Fellowships, one had a National Science Foundation Fellowship, and one held a DOE Computational
Science Fellowship. Other students held awards
from the Fulbright Foundation and the Fannie and
John Hertz Foundation. Some of these fellowships
are supplemented by partial research assistantships. Table rV" lists the students admitted in FY93
and their undergraduate institutions.
Overall, the plasma physics graduate studies
program in Princeton University's Department of
Astrophysical Sciences has had a significant impact
on the field of plasma physics. One hundred and
fifty-eight have received doctoral degrees from
Princeton. The roster includes many of today's leaders in plasma research and technology in academic,
industrial, and government institutions. The process continues as the Laboratory trains the next
generation of scientists, preparing them for the challenging and diversified problems of the 2000s.
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Table Hi. Recipients of Doctoral Degrees in FY93.
William D. Dorland
Thesis;
Advisor:
Employment:

Gyrofluid Models of Plasma Turbulence
Gregory W. Hammett
Institute for Fusion Studies, University of Texas at Austin

Yong-Seok Hwang
Thesis:
Advisor:
Employment:

Studies of Non-inductive Current Drive in the CDX-U Tokamak
Masayuki Ono
Princeton Plasma Physics Laboratory, Princeton University

Alexander K. MacAulay
Thesis:
Advisor.
Employment:
John S. McCauley
Thesis:
Advisor
Employment:
Fulvio Zonca
Thesis:
Advisor:
Employment:

;

•*

Two Dimensional Time Dependent Simulation of Ablating Hydrogen Pellets
in Hot Magnetized Fusion Plasmas
Steven C. Cowley
University of Alberta, Edmonton, Alberta, Canada
Measurement and Interpretation of D-T Neutron Emission from TFTR
James D. Strachan
Private consulting, Boston, Massachusetts
Continuum Damping of Toroidal Alfv£n Eigenmodes in Finite-Beta
Tokamak Equilibria
Liu Chen
ENEA CRE, Frascati, Italy

Table IV. Students Admitted to the Plasma Physics Program in FY93.
Student

Major Field

Undergraduate Institution

Bryan Fong

Yale University

Physics

Robert Heeter

Stanford University

Physics

Scott Hsu

University of California, Los Angeles

Electrical Engineering

Max Karasik

The Cooper Union

Electrical Engineering

Lufeng Leng

Peking University

Radio Electronics

Karsten McCollam

University of Minnesota

Physics

Hong Qin

Peking University

Space Physics

Vladislav Savchenko

Moscow institute of Physics and Technology

Plasma Physics

Philip Snyder

Yale University

Applied Physics

Dmitri Uzdensky

Moscow Institute of Physics and Technology

Physics
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Graduate Education: Program
in Plasma Science and Technology
One of the most significant benefits of the
Princeton Plasma Physics Laboratory's (PPPL) association with Princeton University is the existence
of faculty and graduate students engaged in technology research areas which are related to areas of
interest to the Laboratory and which complement
its strengths. For example, the Laboratory's expertise in plasma science is highly relevant and complementary to a number of Princeton University research groups which utilize plasmas for a variety
of applications such as the plasma processing of materials, lasers, ion thrusters, and plasma sources
for analytical beams. The Program in Plasma Science and Technology is a graduate program, within
the University's School of Engineering and Applied
Science, which provides a focus for graduate studies involving the application of plasmas in hightechnology fields and provides a vehicle for enhancing the collaboration between PPPL and the science
and engineering departments of the University.
These collaborations provide important extensions
of the Laboratory's technology needs within the
fusion program. They also provide significant couplings for the transfer of Laboratory technology to
other plasma areas of near-term application within
industry. One of the most significant benefits of the
Program is highly-trained students with graduate
degrees who have broad interdisciplinary training
in the important field of plasma science and technology. These students will fill important research
and development positions in fusion research and
in other areas of plasma technology.
The Program is administered by an Interdepartmental Committee. The Committee comprises faculty members representing the departments of
astrophysical sciences, chemical engineering, chemistry, civil engineering, electrical engineering, mechanical and aerospace engineering, and physics.
Each of the members is engaged in research in areas pertinent to the Program and each also serves
as a departmental representative to communicate
the broader Program interests of their respective

departments. The current areas of interest for each
department are listed in Table I. Additionally, the
Committee is responsible for ensuring that graduate courses are available within the participating
departments to cover the educational needs of the
students.

Table I. Research Areas of the Program
in Plasma Science and Technology.
Department

Research Areas

Astrophysical Sciences

Divertors
Limiter Materials
Surface Physics

Chemical Engineering

Plasma Etching and
Deposition
Plasma Polymerization
Microengineering
Processes and Devices

Chemistry

Plasma-Excitecl Beam
Sources
Surface Chemistry

Civil Engineering

Stress Analysis
CoupJed Mechanical and
Eiectrodynamic Forces
Advanced Graphic Displays

Electrical Engineering

Plasma Etching
Plasma Deposition of
Amorphous Silicon
Photovoltaics

Mechanical and Aerospace Advanced Lasers
Engineering
Gomposite Materials
Ion Propulsion
Microengineering
Processes and Devices
Physics
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During fiscal year 1993, students enrolled in
the Program represented six departments: Astrophysical Sciences, Chemical Engineering, Chemistry, Civil Engineering, Mechanical and Aerospace
Engineering, and Physics. Other sources of support
for students in the program were Laboratory funds,
departmental funds, National Aeronautics and
Space Administration support, and SEMATECH
support. The SEMATECH support was provided
through the New Jersey SEMATECH Center of
Excellence for Plasma Etching. In addition to
Princeton University, four other New Jersey institutions participate in this Center, including the New
Jersey Institute of Technology, Rutgers University,
Stevens Institute of Technology, and the David
Sarnoff Research Center. The focus of this Center
is the development of plasma etching reactors and
associated processes to fabricate advanced semiconductor devices. Involvement with this Center has
made available to the students the silicon wafer processing facilities and analysis capabilities of the
David Sarnoff Research Center and surface analytical facilities at Rutgers University. These facilities provide additional capabilities beyond that of
PPPL and the University, significantly enhancing
the research experience of the graduate students.
Three students from the program were awarded
doctoral degrees in FY93 and are listed in Table II.
Y-C Huang modeled the surface chemistry of the
Si-F and SiC^-F processes by isolating "reaction parameters" such as ion current density, fluorine concentration, substrate temperature, and ion energy
at the substrate surface. C D . Zuiker made laserinduced fluorescence measurements of the relative
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SiF concentrations in the plasma and set an upper limit for the metastable fluorine lifetime. C.W.
Cheah investigated various sheath effects in parallel plate and electron cyclotron resonance etch
reactors utilizing impedance measurements and
other plasma diagnostics.
2

Table II. Recipients of Graduate Degrees in FY93.
Y-C Huang
Department:
Advisor:
Degree:
Thesis:

Chemical Engineering
Joseph L. Cecchi
Ph.D.
Characterization of Surface Reaction
during S F Etching of Silicon in
an Electron Cyclotron Resonance
(ECR) Plasma Reactor
6

Chris D. Zuiker
Department:
Advisor.
Degree:
Thesis:

C-W Cheah
Department:
Advisor:
Degree:
Thesis:

Astrophysical Sciences
Joseph L. Cecchi
Ph.D.
Laser-Induced Fluorescence
Measurements in an Electron
Cyclotron Resonance Plasma
Etch Reactor

Chemical Engineering
Joseph L. Cecchi
Ph.D.
Plasma Diagnostics for the
Characterization of Etching
and Deposition Reactors
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The mission of the Science Education Program,
established in 1990, is to use the facilities and resources of the Princeton Plasma Physics Laboratory (PPPL) to improve the science, math, and technology education of students in elementary and
secondary schools.
During 1993, science education activities grew
in size and scope. Funded approximately two-thirds
by program funds of the US Department of Energy
(DOE) and one-third by the General and Administrative account of the Laboratory, the Science Education Program had close interaction with many
dozens of teachers and hundreds of students
through the established programs discussed below
and numerous occasional activities, such as tours
of PPPL, visits by scientists to local schools, and
judging of science fairs.

Programs
The Princeton Plasma Physics Laboratory continued its popular Science on Saturday program.
Organized by members of the research staff, a series of eight lectures geared toward high school
students, but open to all, was presented in January through March. More than 300 students, teachers, parents, and community members attended
each session. Topics were selected from the forefront of research in a variety of disciplines. The
lectures were provided by scientists from PPPL,
Princeton University, and industry.
The PPPL also conducted its Summer Science
Awards Program. Established in 1984, the Summer Science Awards provided an eight-week Laboratory research experience for 14 outstanding high
school students from the Central New Jersey area.
Students worked in plasma theory, diagnostic development, data analysis, surface science, and
engineering.
The Teacher Research Associates (TRAC) Program provided an eight-week summer research ex-

perience at PPPL to twelve high school science and
math teachers, including three from outside the
region (selected through the DOE national TRAC
program). The participants worked in areas such
as data visualization, surface science, health physics, and data analysis. Discussion sessions were
held to enable the teachers to translate their PPPL
experience to their classroom teaching. Comments
from program participants indicate that the program is highly successful and is viewed as an unique
opportunity. Many state that their perceptions of
scientists and the work they do has changed as a
result of their participation in the program and
that the experience prepares them to better advise
their students about careers in science.
The Summer Teachers' Leadership Institutes,
provided four weeks of on-site seminars, demonstrations, and workshops for elementary teachers.
Three sessions of the Summer Teachers' Institute
were held; 25-30 teachers participated in each. The
workshops introduced the basic concepts of energy,

Working together, elementary school teachers conduct
an experiment during a Summer Teachers' Leadership
Institute at PPPL (93PR042-1A)
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magnetism, electricity, and heat. The emphasis was
on presenting ideas for effectively teaching these
concepts to the teachers' students. Workshops were
designed to help teachers promote thinking and
problem-solving skill in the science and mathematics classroom.
In partnership with the National Geographic
Society and the Oak Ridge Institute for Science
and Education, PPPL presented a one-week Kids
Network Summer Institute for 27 elementaryschool teachers. The National Geographic Society
Kids Network is an innovative telecommunicationsbased science and geography curriculum that offers hands-on experience in scientific methods, expands cultural and social awareness, teaches
computer technology, and, through telecommunications, enables students to share data and information on an international basis. The Kids Network Summer Institute trained teachers in the
successful implementation of the NGS Kids Network curriculum and, by activities and discussions
with PPPL staff, demonstrated how the curriculum studied in the classroom relates to the realworld scientific community.
The PPPL Science Education Program also conducted a Symposium on Fractals, Chaos, and Dynamics to enhance the knowledge and skills of the
100 middle school and secondary teachers and college professors who attended. Parallel sessions were
held for each group, as well as plenary sessions to
facilitate vertical dialogue and interaction. The parallel sessions included hands-on activities, graphing calculator experiments, and computer activities designed to give each participant firsthand
working knowledge of this exciting new area of
mathematics. The symposium enhanced teachers'
content knowledge as well as their ability to teach
the underlying concepts related to fractals, chaos,
and dynamics.
The Curriculum and Evaluation Standards of
the National Council for Teachers of Mathematics
(NCTM) stress the teaching of connections that exist
among different areas within mathematics. The
study of fractals integrates algebra, geometry, the
composition of functions, visualization, technology,
pattern recognition, convergence and divergence,
as well as other elements of mathematics.
The PPPL Undergraduate Research Opportunities provided an eight-week research opportunity to seven students from Princeton University
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and the surrounding area, and two students from
Historically Black Colleges and Universities in
Louisiana and Mississippi.
In FY93, PPPL again managed the National
Undergraduate Fellowships in Plasma Physics and
Fusion Engineering to provide outstanding undergraduate students in United States colleges and
universities an opportunity to participate in projects
in the forefront of research and development of fusion energy. The goal of the program is to stimulate students' interest and encourage further study
in one of the fields relevant to fusion research while
providing capable assistants to fusion research
projects. Funding was provided by the US Department of Energy. Twenty-five sophomores and juniors were selected to participate in the ten-week
program. Students received a stipend, housing allowance, and travel expenses. The program began
with a one-week course at PPPL to introduce students to the basics of plasma physics. Students
were then assigned to laboratories and universities doing fusion research around the country.

PPPL-Trenton
Partnership
Fiscal year 1993 marked the third year of the
PPPL-Trenton School District Partnership. The
objectives of the partnership are to:
• Provide PPPL employee volunteers to assist
Trenton teachers and staff in improving current science and mathematics instructional
programs and in developing new instructional programs in these areas.
• Assist teachers in upgrading and expanding
their knowledge of scientific and technical
concepts.
• Upgrade instructional and related equipment
used in science and related classes.
• Encourage students to pursue science and
technical careers.
Funding for the program was provided by the
Office of University and Science Education Programs of the US Department of Energy.
The most important part of the PPPL-Trenton
Partnership is the PPPL staff volunteers, who are
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available to visit classrooms to meet with teachers
and talk to students on a variety of topics in science and mathematics. These professional scientists, engineers, technicians, and administrators
serve both as technical resources and role models.
Fiscal year 1993 saw a radical change in the
nature of the classroom presentations from the traditional whole-class lecture and demonstration format to the use of hands-on activities and small
group instruction. A training program for Laboratory staff was developed by the PPPL Science Education Program, and each volunteer received training in cooperative learning techniques, methods of
teaching science through a hands-on, interactive
approach, and the use of math manipulatives.
Seven to ten staff members visited each school
on the same day. The program began with a careers assembly for students, where each member
described his or her career, and students had the
opportunity to ask questions about the various careers. Scientists, engineers, lab and shop personnel, and administrative staff were among the presenters. Laboratory staff then visited each class
individually and presented activities to the students. Among the most popular presentations for
elementary school classes were activities with
Bubbles, Data Analysis with M&M's, Problem Solving Using Math Manipulatives, and Experimenting with Oobleck. PPPL staff conducted activities
such as these in 125 classrooms in eight schools
during FY93.
Another focus of the Partnership was the continued professional development of teachers and
administrators. More than fifty Trenton teachers
participated in summer institutes during July and
August. The content of all of the Summer Teachers' Leadership Institutes supported the topical
coverage of the new Trenton science curriculum
and focused on inquiry, cooperative learning, and
promotion of critical thinking and problem-solving
skills. Three Trenton teachers attended the NGS
Kids Network workshop. Three teachers from Trenton High School, the district science supervisor,
and district mathematics supervisor attended
PPPL's Fractals, Chaos, and Dynamics Symposium.
PPPL staff offered workshops for Trenton teachers and administrators throughout the school day,
after school, and on Saturdays. More than 1,200
teacher-hours of staff development were provided
in this manner.

"Activities with Bubbles" was one of the most popular presentations by PPPL staff to elementary school children. The
delightful wonder of bubbles is reflected in the above
youngster's expression. (92PR074-4A)

The Science Over Supper program provided
three staff development workshops for teachers
during the school year. Topics in elementary school
science and mathematics drew more than fifty
teachers to the Laboratory. Science over Supper
provided follow-up training for the 1992 Summer
Teachers' Institutes.

Magnet Schools for Science,
Mathematics, and Technology
When the Trenton Schools opened in September, 1993, nearly two thousand middle school students found themselves in the new magnet schools.

Elementary school teachers prepare to do a science experiment. (93PRO50-25)
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While Trenton's schools were traditionally arranged
grades K-6, 7-8, and 9-12, in September 1993 the
sixth graders were placed in middle schools, two of
which were designated as magnet schools that focus on science, mathematics, and technology, while
two focus on the fine arts.
During the 1992-93 school year, PPPL staff
worked with Trenton teachers and administrators
to help develop the vision for the science, math,
and technology magnet schools. A new curriculum
had to be devised, and traditional classrooms had
to be retooled to provide up-to-date facilities for
science instruction. Engineers from PPPL visited
the proposed magnet schools several times throughout the year, developing plans for new science laboratories, complete with computer workstations and
state-of-the-art furniture and equipment. The plans
were accepted by the Trenton Board of Education,
and construction of the new laboratories is underway.
In cooperation with the Princeton Chapter of
Sigma Xi, scientists in residence have been placed
in 15 of Trenton's 23 schools. Science advisors, or
SciAds, as they are called, visit their schools biweekly for two or three hours. They help support
the implementation of the new science curriculum.
They attend faculty meetings, work with teachers
in gathering materials and supplies and provide
model science lessons for teachers and students, as
requested. A day-long training session for SciAds
was held at PPPL in August to familiarize them
with the general operation of schools and to orient
them to their duties.

The new science curriculum is modeled after
the proposed New Jersey Science Content Standards and the Science Content Standards recommended by the National Research Council and it is
being used as a model by other districts in the
State.

Curriculum Revision

Other Activities

Discussions to revise the Trenton Public Schools
science curriculum was begun during the 1992-93
school year. A team of 25 teachers from high school,
middle school, and elementary school met to discuss the new framework and established goals for
its implementation. Dr. Patrick Alvarado (Trenton
Science Supervisor K-12), the Trenton teacher team,
and PPPL staff totally revised the K-12 science
curriculum during the summer of 1993.

Busses were provided to allow classes to visit
PPPL for special tours and to go on science-related
field trips to places such as the Salem Nuclear
Power Plant, the Camden Aquarium, and special
events at Princeton University.
Two teachers and two students from Trenton
High School did summer research at PPPL as part
of the TRAC and Summer Science Awards programs.

168

Safety
In order to ensure that Trenton High School
complies with federal and state safety regulations,
health and safety officials from PPPL visited the
high school several times during the spring of 1993
to identify and correct hazardous situations in the
laboratories. An inventory of hazardous chemicals
was compiled, citing special handling precautions
and identifying safety measures to be followed by
school personnel.

Undergraduate Internship
The Laboratory continued the Summer Internships in Trenton in cooperation with the Princeton
University Student Volunteers Council. During July
and August, fifteen Princeton University students
worked in five community-based programs in Trenton serving as tutors and mentors to more than
350 youngsters living in the inner city. Their primary focus was on improvement of science and
mathematics skills in order to increase the academic achievement of the students participating.
The tutoring sessions featured individualized attention and focused on problem solving and learning by doing.
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Section Coordinators
Tokamak Fusion Test Reactor
Kenneth M. Young

Engineering Department (con't)
Computer Systems Division
Dori Barnes

Princeton Beta Experiment-Modification
Robert Kaita

Mechanical Engineering Division
Daniel Kungl

Current Drive Experiment-Upgrade
Masayuki Ono
Yong-Seok Hwang

Electronic and Electrical Engineering Division
Charles Staloff
Facilities Engineering Division
J.W. Anderson

Tokamak Physics Experiment
John Schmidt
Robert Fleming

Environment, Safety, and Health
and Quality Assurance
John DeLooper

International Thermonuclear Experimental
Reactor
Paul Rutherford
Ned Sauthoff

Environment, Safety, and Health
Joseph Stencel
Quality Assurance
Judith Malsbury
Technology Transfer
Michael D. Williams
Lewis Meixler

International Collaboration
ASDEX Collaboration
Samuel A. Cohen
Tore Supra and TEXTOR Collaboration
Robert Budny

Office of Human Resources
and Administration
Steven M. Iverson

Plasma Processing Research
James Stevens
Pure Electron Plasma Experiments
David Moore

PPPL Invention Disclosures
for Fiscal Year 1993
Marilyn J. Hondorp

Theoretical Studies
Morrell Chance

Office of Resource Management
Edward Winkler

Divertor Modeling
Charles F.F. Karney

Graduate Education: Plasma Physics
Nathaniel Fisch

High-Field Magnet Project
Peter Bonanos

Graduate Education: Program in Plasma
Science and Technology
Joseph L. Cecchi

Engineering Department
Michael D. Williams

Science Education Program
Diane L. Carroll

Engineering Analysis Division
Robert A. Ellis, III
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Princeton Plasma Physics Laboratory
Reports Fiscal Year 1993
PPPL-2855, November 1992,17 pp
Particle Balance in a TFTR Supershot
R.V. Budny, D. Coster, D. Stotler,
M.G. Bell, A.C. Janos, and D.K Owens
PPPL-2856, October 1992, 39 pp
Transport of Energetic Ions by Low-n
Magnetic Perturbations

PPPL-2870, December 1992, 6 pp
Transport Near Stochastic Threshold
R.B. White, J.M. Rax, and Y. Wu
PPPL-2864, February 1993, 47 pp
Anomalous Delayed Loss of Trapped D-D
Fusion Products in TFTR
S.J. Zweben, D.S. Darrow, E.D. Fredrickson,
and H.E. Mynick

H.E. Mynick
PPPL-2858, October 1992, 82 pp
Neutron Emission from TFTR Supershots
J.D. Strachan, M.G. Bell, M. Bitter, R. Budny,
R. Hawryluk, K W . Hill, H. Hsuan, D.L. Jassby,
L.C. Johnson, B. Leblanc, D. Mansfield, E.
Marmer, D. Meade, D.R. Mikkelsen, D.
Mueller, H. Park, A. Ramsey, S. Scott, J.
Snipes, E. Synakowski, G. Taylor, and J. Terry
PPPL-2860, October 1992, 23 pp
Summary of the Third Workshop on Alpha
Particle Physics in TFTR
D. Sigmar, K.M. Young, and S.J. Zweben
PPPL-2861, October 1992, 17 pp
Quenching A-Coefficients by Photons
in a Short Discharge Tube
H. Cao, D. DiCicco, and S. Suckewer
PPPL-2865, December 1992, 9 pp
Kinetic Studies of Microinstabilities
in Toroidal Plasmas: Simulation and Theory
W.W. Lee, T.S. Hahm, S.E. Parker, F.W.
Perkins, S. Rath, G. Rewoldt, J.V.W. Reynders,
R.A. Santoro, and W.M. Tang
PPPL-2866, December 1992,19 pp
Neoclassical Transport in High P Tokamaks
S.C. Cowley

PPPL-2867, February 1993,13 pp
Reduced Optical Transmission of Si02
Fibers Used in Controlled Fusion
Diagnostics
A.T. Ramsey, H.G. Adler, and K W . Hill
PPPL-2872, January 1993, 29 pp
Long-Wavelength Microinstabilities
in Toroidal Plasmas
W.M. Tang and G. Rewoldt
PPPL-2875, February 1993, 77 pp
Ion Cyclotron and Spin-Flip Emissions
from Fusion Products in Tokamaks
V. Arunasalam, G.J. Greene, and K M Young
PPPL-2876, Febuary 1993, 28 pp
The Use of Iron Shims to Reduce
the Toroidal Field Ripple in Tokamaks
G.V. Sheffield
PPPL-2877, March 1993, 23 pp
Atomic Physics Effects on Tokamak Edge
Drift-Tearing Modes
T.S. Hahm
PPPL-2878, February 1993,13 pp
Tritium Dignostics by Balmer-Alpha
Emission
C.H. Skinner, A.T. Ramsey, D.W. Johnson,
and M. Diesso
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PPPL-2879, March 1993,14 pp
Simulations of Beam-Fueled Supershot-Like
Plasmas Near Ignition
R.V. Budny, L. Grisham, D.L. Jassby, J.
Manickam, D. Mikkelsen, D. McCune, K M .
McGuire, S.A. Sabbagh, S.D. Scott, D. Stotler,
R. Wieland, M. Zarnstorff, and S.J. Zweben
PPPL-2880, March 1993,12 pp
Recycling Perturbations of Supershot
Plasmas
S.D. Scott, D.C. McCune, M.G. Bell, R. Bell,
R.V. Budny, E. Fredrickson, B. Grek, K.W.
Hill, D. Jassby, F. Jobes, D.W. Johnson, L.C.
Johnson, D.K. Mansfield, H.K. Park, A.T.
Ramsey, J.A. Snipes, B.E. Stratton, E.J.
Synakowski, G. Taylor, H.H. Towner, and
M.C. Zarnstorff
PPPL-2881, March 1993, 43 pp
Helium, Iron, and Electron Particle Transport
and Energy Transport Studies on the TFTR
Tokamak
E.J. Synakowski, P.C. Efthimion, G. Rewoldt,
B.C. Stratton, W.M. Tang, B. Grek, K.W. Hill,
R.A. Hulse, D.W. Johnson, M.W. Kissick, D.K.
Mansfield, D. McCune, D.R. Mikkelsen, H.K.
Park, A.T. Ramsey, M.H. Redi, S.D. Scott, G.
Taylor, J. Timberlake, and M.C. Zarnstorff
PPPL-2882, April 1993, 6 pp
The High Density and High P i Disruption
Mechanism on TFTR
po

E.D. Fredickson, J. Manickam, K M . McGuire,
D. Monticello, Y. Nagayama, W. Park, G. Taylor, J.F. Drake, and R.G. Kleva
PPPL-2884, April 1993, 7 pp
Observations of Beam Ion Losses in TFTR
During TAE Modes and other MHD Activity
D.S. Darrow, E.D. Fredrickson, H.E. Mynick,
R. Nazikian, M. Tuszewski, R.B. White, K.L.
Wong, and S.J. Zweben
PPPL-2885, March 1993, 7 pp
The Application of X-Mode Reflectometry
to the Study of Large Scale Fluctuations
in TFTR
R. Nazikian, E. Mazzucato, and the TFTR
Group
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PPPL-2886, March 1993, 64 pp
Aspect: An Advanced Specified-Profile
Evaluation Code for Tokamaks
D.P. Stotler, W.T. Reiersen, and G. Bateman
PPPL-2887, March 1993,17 pp
Particle and Energy Transport Studies
on TFTR and Implications for Helium Ash
in Future Fusion Devices
E.J. Synakowski, P.C. Efthimion, G. Rewoldt,
B.C. Stratton, W.M. Tang, R.E. Bell, B. Grek,
R.A. Hulse, D.W. Johnson, K.W. Hill, D.K
Mansfield, D. McCune, D.R. Mikkelsen, H.K
Park, A.T. Ramsey, S.D. Scott, G. Taylor, J.
Timberlake, and M.C. Zarnstorff
PPPL-2889, March 1993, 19 pp
Disruptions in the TFTR Tokamak
A. Janos, E.D. Fredrickson, K. McGuire, S.H.
Batha, M.G. Bell, M. Bitter, R. Budny, C.E.
Bush, P.C. Efthimion, R. J. Hawryluk, K. Hill,
J. Hosea, F.C. Jobes, D.W. Johnson, F.
Levinton, D. Mansfield, D. Meade, S.S. Medley, D. Monticello, D. Mueller, Y. Nagayama,
D.K. Owens, H. Park, W. Park, D.E. Post, J.
Schivell, J.D. S t r a c h a n , G. Taylor, M.
Ulrickson, S. von Goeler, E. Wilfrid, K L . Wong,
M. Yamada, K.M. Young, M.C. Zarnstorff, S.J.
Zweben, and the TFTR Group
PPPL-2890, March 1993, 18 pp
ICRF Heating on TFTR—Effect on Stability
and Performance
J.R. Wilson, M.G. Bell, H. Biglari, M. Bitter,
N.L. Bretz, R. Budny, C.E. Bush, L. Chen, Z.
Chang, D. Darrow, P.C. Efthimion, E.
Fredrickson, G.Y. Fu, R. Goldfinger, B. Grek,
L.R. Grisham, G. Hammett, R.J. Hawryluk,
D. Hoffman, J.C. Hosea, A. Janos, D. Jassby,
F.C. Jobes, D.W. Johnson, L.C. Johnson, J.
Machuzak, R. Majeski, D.K. Mansfield, E.
Mazzucatto, K M . McGuire, S.S. Medley, D.
Mueller, M. Mukarami, R. Nazikian, D.K.
Owens, H. Park, S. Paul, C.K Phillips, A.T.
Ramsey, D. Rasmussen, F. Rimini, J.H. Rogers,
A.L. Roquemore, G. Schilling, J. Schivell, G.L.
Schmidt, J. Stevens, B.C. Stratton, J.D.
Strachan, E. Synakowski, G. Taylor, M.
Ulrickson, K.L. Wong, M. Yamada, K M .
Young, M. C. Zarnstorff, and S.J. Zweben
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PPPL-2891, March 1993, 21 pp
Charged Fusion Product and Fast Ion Loss
inTFTR
S.J. Zweben, R. Boivin, D.S. Darrow, E.D.
Fredrickson, H.E. Mynick, R.B. White, H.
Biglari, N. Bretz, R. Budny, C.E. Bush, C.S.
Chang, L. Chen, C.Z. Chen, R. Fisher, R.
Fonck, G.Y. F u , G.W. H a m m e t t , R.J.
H a w r y l u k , J. Hosea, L. J o h n s o n , J . S .
Machuzak, J. McChesney, D. Mansfield, K.
McGuire, G. McKee, S.S. Medley, R. Nazikian,
D.K. Owens, H. Park, J. Park, C.K. Phillips, J.
Schivell, B. Stratton, M. Tuxzewski, M.
Ulrickson, R. Wilson, P. Woskov, and K M .
Young
PPPL-2892, April 1993,18 pp
Spectra of Heliumlike Krypton from
Tokamak Fusion Test Reactor Plasmas
M. Bitter, H. Hsuan, C. Bush, S. Cohen, C.J.
Cummings, B. Grek, K.W. Hill, J. Schivell, M.
Zarnstorff, P. Beiersdorfer, A. Osterheld, A.
Smith, and B. Fraenkel
PPPL-2893, April 1993, 34 pp
X-Ray Diagnostics of Tokamak Plasmas
M. Bitter, H. Hsuan, K.W. Hill, and M.
Zarnstorff
PPPL-2894, March 1993, 23 pp
The Iterative Monte Carlo Technique for
Collisionless Plasma Flow to a Surface
C.S. Pitcher
PPPL-2895, April 1993, 25 pp
Nondimensional Transport Studies in TFTR
S.D. Scott, C.W. Barnes, D.R. Mikkelsen, F.W.
Perkins, M.G. Bell, R.E. Bell, C.E. Bush, D.
Ernst, E.D. Fredrickson, B. Grek, KW. Hill,
A. Janos, F. Jobes, D. Johnson, D.K Mansfield,
D.K. Owens, H. Park, S. Paul, A.T. Ramsey, J.
Schivell, B.C. Stratton, E.J. Synakowski, W.
M. Tang and M.C. Zarnstorff
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Cavallo, M.S. Chance, C.Z. Cheng, P.C.
Effchimion, E.D. Fredrickson, G.Y. Fu, R.J.
Hawryluk, A.C. Janos, J. L. Jassby, F. Levinton,
D.R. Mikkelsen, J. Manickam, D.C. McCune,
K M . McGuire, S.S. Medley, D. Mueller, Y.
Nagayama, D.K. Owens, H . K Park, A.T.
Ramsey, B.C. Stratton, E.J. Synakowski, G.
Taylor, R.M. Wieland, M. Yamada, M.C.
Zarnstorff, and S. Zweben
PPPL-2897, April 1993, 39 pp
Low Z Impurity Ion Extraction from TFTR
Ion Sources
J.H. Kamperschroer, L.R. Grisham, R.A.
Newman, T.E. O'Connor, T.N. Stevenson, A.
von Halle, M.D. Williams, and K.E. Wright
PPPL-2898, August 1993, 53 pp
Studies of Local Electron Heat Transport
on TFTR
E.D. Fredrickson, Z.Y. Chang, A. Janos, K.M.
McGuire, S. Scott, and G.Taylor
PPPL-2899, April 1993,13 pp
Generation of High Intensity RF Pulses
in the Ionosphere by Means of in situ
Compression
S.C. Cowley, F.W. Perkins, and E.J. Valeo
PPPL-2900, May 1993, 47 pp
Investigation of Electrostatic Waves
in the Ion Cyclotron Range of Frequencies
in L-4 and ACT-1
M. Ono
PPPL-2901, May 1993, 16 pp
Free Energy in Plasmas Under WaveInduced Diffusion
N.J. Fisch and J.M. Rax
PPPL-2902, May 1993, 29 pp
Expansion of Parameter Space for Toroidal
Alfven Eigenmode Experiments in TFTR

PPPL-2896, April 1993,18 pp
Achieving High Fusion Reactivity in High
Poloidal Beta Discharges in TFTR

K.L. Wong, J.R. Wilson, Z.Y. Chang, E.
Fredrickson, G.W. Hammett, C. Bush, R.
Nazikian, C.K. Phillips, J. Snipes, and G.
Taylor

M.E. Mauel, G.A. Navratil, S.A. Sabbagh, S.
Batha, M.G. Bell, R.V. Budny, C.E. Bush, A.
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PPPL-2903, May 1993, 41 pp
Initial Boronization of PBX-M using
Ablation of Solid Boronized Probes
H.W. Kugel, Y. Hirooka, J. Timberlake, R.
Bell, A. England, R. Isler, S. Jones, R. Kaita, S.
Kaye, M. Khandagle, M. Okabayashi, S. Paul,
H. Takahashi, W. Tighe, S. von Goeler, and A.
Post-Zwicker
PPPL-2904, May 1993, 14 pp
Gyrokinetic Simulation of Ion Temperature
Gradient Driven Turbulence in 3D Toroidal
Geometry
S.E. Parker, W.W. Lee, and R.A. Santoro
PPPL-2905, May 1993, 35 pp
Experimental Exploration of Profile Control
in the Princeton Beta Experiment-Modified
(PBX-M) Tokamak
S. Bernabei, R. Bell, M. Chance, T.K. Chu, M.
Corneliussen, W. Davis, G. Gettlefinger, T.
Gibney, N. Greenough, R. Hatcher, H.
Hermann, D. Ignat, S. Jardin, R. Katia, S.
Kaye, C. Kessel, T. Kozub, H. Kugel, L. Lagin,
B. LeBlanc, J. Manickam, M. Okabayashi, H.
Oliver, M. Ono, S. Paul, S. Preische, P. Roney,
N. Sauthoff, S. Schweitzer, S. Senic, Y. Sun, H.
Takahashi, W. Tighe, E. Valeo, S. von Goeler,
K. Voss, M. Mauel, G. Navratil, R. Cesario, S.
Batha, F. Levinton, and F. Rimini
PPPL-2906, May 1993, 22 pp
Numerical Simulation of Bootstrap Current
Y. Wu and R.B. White
PPPL-2907, May 1993, 20 pp
Theory of Kinetic Ballooning Modes Excited
by Energetic Particles in Tokamaks
L. Chen and S. Tsai
PPPL-2908, May 1993, 78 pp
Theory of Continuum Damping of Toroidal
Alfven Eigenmodes in Finite-(3 Tokamaks

PPPL-2909, May 1993, 35 pp
A Camera for Imaging Hard X-Rays from
Suprathermal Electrons During Lower
Hybrid Current Drive on PBX-M
S. von Goeler, S. Jones, R. Kaita, S. Bernabei,
W. Davis, H. Fishman, G. Gettlefinger, D.
Ignat, F. Paoletti, G. Petravich, F. Rimini, P.
Roney, J. Stevens, and W. Stodiek
PPPL-2910, J u n e 1993, 7 pp
Determination of the Energy of Suprathermal Electrons During Lower Hybrid
Current Drive on PBX-M
S. von Goeler, S. Bernabei, W. Davis, D. Ignat,
S. Jones, R. Kaita, G. Petravich, F. Rimini, P.
Roney, and J. Stevens
PPPL-2911, May 1993, 43 pp
Anisotropic Alfven-Balloning Modes in the
Earth's Magnetosphere
A.A. Chan, M. Xia, and L. Chen
PPPL-2912, July 1993, 17 pp
Modeling of Ultra-High Recycling Divertors
with the Planet Code
M. Petravic
PPPL-2913, May 1993, 8 pp
Fast Wave Direct Electron Heating in TFTR
M. Murakami, E F. Jaeger, F.G. Rimini, D.A.
Rasmussen, J.E. Stevens, J.R. Wilson, D.B.
Batchelor, M. Bell, R. Budny, E. Fredrickson,
R.C. Goldfinger, G. Hammett, D.J. Hoffman,
J.C. Hosea, A. Janos, R. Majeski, D. Mansfield,
C.K. Phillips, J.H. Rogers, G. Schilling, G.
Taylor, and M.C. Zarnstorff
PPPL-2914, J u n e 1993, 52 pp
Evaluation of Potential Runaway Generation in Large-Tokamak Disruptions
H.H. Fleischmann and S.J. Zweben

F. Zonca and L. Chen
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PPPL-2915, J u n e 1993, 6 pp
Microwave Reflectometry for ICRF Coupling
Studies on TFTR
J.B. Wilgen, G.R. Hanson, T.S. Bigelow, D.B.
Batchelor, I. Collazo, D.J. Hoffman, M.
Murakami, D.A. Rasmussen, D.C. Stallings,
S. Raftopoulos, and J.R. Wilson
PPPL-2916, J u n e 1993, 45 pp
Modes by Non-Axisymmetric Equilibrium
at High p in PBX-M

PPPL-2919, J u n e 1993,10 pp
A Mean Field Ohm's Law for Collisionless
Plasmas
H. Biglari and P.H. Diamond
PPPL-2920, July 1993, 7 pp
Accessibility for Lower Hybrid Waves
in PBX-M
H. Takahashi, S. Batha, R. Bell, S. Bernabei,
M. Chance, T.K Chu, J. Dunlap, A. England,
G. Gettlefinger, N. Greenough, J. Harris, R.
Hatcher, S. Hirshman, D. Ignat, R. Isler, S.
Jardin, S. Jones, R. Kaita, S. Kaye, J. Kesner,
H. Kugel, B. LeBlanc, F . Levinton, S.
Luckhardt, J. Manickam, M. Okabayashi, M.
Ono, F. Paoletti, S. Paul, F. Pekins, A. PostZwicker, N. Sauthoff, L. Schmitz, S. Sesnic, Y.
Sun, W. Tighe, G. Tynan, E. Valeo, and S. von
Goeler

p o l

S. Sesnic, A. Holland, R. Kaita, S. Kaye, M.
Okabayashi, H. Takahashi, N. Asakura, R.E.
Bell, S. Bernabei, M.S. Chance, P.A. Dupperrex, R. J. Fonck, G.M. Gammel, G.J. Greene,
R.E. Hatcher, S.C. Jardin, T.W. Jiang, C.E.
Kessel, H.W. Kugel, B. LeBlanc, F.M. Levinton,
J. Manickam, M. Ono, S.F. Paul, E.T. Powell,
Y. Qin, D.W. Roberts, and N.R. Sauthoff
PPPL-2917, J u n e 1993, 26 pp
Ion Cyclotron Range of Frequency Heating
on the Tokamak Fusion Test Reactor
G. Taylor, M.G. Bell, H. Biglari, M. Bitter,
N.L. Bretz, R. Budny, L. Chen, D. Darrow,
P.C. Efthimion, D. Ernst, E. Fredrickson, G.Y.
Fu, B. Grek, L. Grisham, G. Hammett, J.C.
Hosea, A. Janos, D. Jassby, F.C. Jobes, D.W.
Johnson, L.C. Johnson, R. Majeski, D.K.
Mansfield, E. Mazzucato, S.S. Medley, D.
Mueller, R. Nazikian, D.K Owens, S. Paul, H.
Park, C.K Phillips, J.H. Rogers, G. Schilling,
J. Schivell, G.L. Schmidt, J.E. Stevens, B.C.
Stratton, J.D. Strachan, E. Synakowski, J.R.
Wilson, K.L. Wong, S.J. Zweben, L. Baylor,
C.E. Bush, R.C. Goldfinger, D.J. Hoffman, M.
Murakami, A.L. Quails, D. Rasmussen, J.
Machuzak, F. Rimini, and Z. Chang
PPPL-2918, J u n e 1993,15 pp
Developments in the Gyrofluid Approach
to Tokamak Turbulence Simulations

Reports

PPPL-2921, July 1993,16 pp
The Radial Scale Length of Turbulent
Fluctuations in the Main Core of TFTR
Plasmas
E. Mazzucato and R. Nazikian
PPPL-2922, July 1993, 8 pp
Thermally Excited Proton Spin-Flip Laser
Emission in Tokamaks
V. Arunasalam and G.J. Greene
PPPL-2923, July 1993, 17 pp
Removing CFCs from the Atmosphere
with Lasers—A Second Look
T.H. Stix
PPPL-2924, July 1993, 17 pp
Lower Hybrid Wave Coupling in PBX-M

G.W. Hammett, M.A. Beer, W. Dorland, S.C.
Cowley, and S.A. Smith

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

R.E. Bell, S. Bernabei, N. Greenough, L. Lagin,
B. LeBlanc, M. Okabayashi, H. Takahashi, L.
Schmitz, L. Blush, R. Doerner, G. Tynan, R.W.
Conn, and S. Luckhardt
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PPPL-2925, July 1993, 10 pp
Control of the Current Density Profile with
Lower Hybrid Current Drive on PBX-M
R.E. Bell, S. Bernabei, L. Blush, T.K. Chu, R.
Doerner, J. Dunlap, A. England, G. Gettlefinger, N. Greenough, J. Harris, R. Hatcher, S.
Hirshman, D. Ignat, R. Isler, S. Jardin, R.
Kaita, S. Kaye, T. Kozub, H. Kugel, B. LeBlanc,
S. Jones, J. Kesner, D. Lee, F. Levinton, S.
Luckhardt, M. Okabayashi, F. Paoletti, S.
Paul, F. Rimini, N. Sauthoff, S. Sesnic, L.
Schmitz, Y. Sun, H. Takahaski, W. Tighe, G.
Tynan, E. Valeo, and S. von Goeler
PPPL-2926, July 1993, 31 pp
Integral Eigenmode Analysis of Shear Flow
Effects on the Ion Temperature Gradient
Mode
M. Artun, J.V.W. Reynders, and W.M. Tang
PPPL-2927, July 1993, 20 pp
Kinetic Theory of Geomagnetic Pulsations 2.
Ion Flux Modulations by Transverse Waves

J.S. McCauley, R. Budny, D. McCune, and J.
Strachan
PPPL-2933, August 1993, 69 pp
Studies of Global Energy Confinement
in TFTR Supershots
J. Strachan
PPPL-2934, August 1993, 28 pp
Recent Progress on MHD-Induced Loss
of D-D Fusion Products in TFTR
S.J. Zweben, D.S. Darrow, R.V. Budny, Z.
Chang, C.Z. Cheng, E.D. Fredrickson, H.
Herrmann, H. Mynick, and J. Schivell
PPPL-2935, September 1993, 39 pp
Theory of Ballooning-Mirror Instabilities
for Anisotropic Pressure Plasmas
in the Magnetosphere
C.Z. Cheng and Q. Qian

L. Chen and A. Hasegawa

PPPL-2936, August 1993, 37 pp
Transient Electron Heat Diffusivity
Obtained from Trace Impurity Injection
on TFTR

PPPL-2928, August 1993, 12 pp
Computer Simulation on the Linear
and Nonlinear Propagation of the Electromagnetic Waves in the Dielectric Media

M.W. Kissick, E.D. Fredrickson, J.D. Callen,
C.E. Bush, Z.Y. Chang, P.C. Efthmion, R.A.
Hulse, D.K Mansfield, H.K. Park, J. Schivell,
S.D. Scott, E.J. Synakowski, G. Taylor, and
M.C. Zarnstorff

H. Abe and H. Okuda
PPPL-2929, October 1993, 32 pp
Dynamic Modeling of Lower Hybrid
Current Drive

PPPL-2937, August 1993,18 pp
Dominance of Convective Heat Transport
in the Core of TFTR (Tokamak Fusion Test
Reactor) Supershot Plasmas

D.W. Ignat, E.J. Valeo, and S.C. Jardin
PPPL-2930, September 1993, 63 pp
A Standard DT Supershot Simulation

M.W. Kissick, P.C. Efthimion, D.K Mansfield,
J.D. Callen, C.E. Bush, H.K. Park, J. Schivell,
E.J. Synakowski, and G. Taylor

R.V. Budny
PPPL-2931, August 1993, 7 pp
Fast Electron Current Density Profile and
Diffusion Studies During LHCD in PBX-M
S.E. Jones, S. von Goeler, S. Bernabei, R.
Kaita, J. Kesner, S. Luckhardt, F. Paoletti, F.
Rimini, and the PBX-M Group
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PPPL-2932, August 1993, 20 pp
Fast-Ion Diffusion Measurements
from Radial Triton Burn Up Studies

PPPL-2938, September 1993, 54 pp
Stability of the Toroidicity-Induced Alfven
Eigenmode in Axisymmetric Toroidal
Equilibria
G.Y. Fu, C.Z. Cheng, and K.L. Wong
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PPPL-2939, September 1993, 47 pp
Method of Rapid Determination of MHD
Equilibrium Properties with the Modified
Version of the SURFAS Code
D.K. Lee, S.P. Hirshman, M. Okabayashi,
M.F. Reusch, and Y.C. Sun
PPPL-2940, September 1993,17 pp
High-Performance Supershots in TFTR
with Lithium Pellet Injection

Reports

Marmar, J.A. Snipes, J.L. Terry, C.E. Bush,
E.D. Fredrickson, K.W. Hill, L.C. Johnson,
H.K Park, A.T. Ramsey, E.J. Synakowski,
and G. Taylor
PPPL-2942, September 1993, 35 pp
Demonstration of Resonant Photopumping
of MoVII by MoXII for a VUV Laser
near 600A

D.L. Jassby, D.K Mansfield, M.G. Bell, R.V.
Budny, D.R. Ernst, J.D. Strachan, E.S.
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K J . Ilcisin, F. Aumayr, J.L. Schwob, and S.
Suckewer
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Glossary of Abbreviations,
Acronyms, Symbols

A
o

A
ac
ABB
ACT-I
ACX
A/D
ADP
ADPE
ADS
AFSOR
AD3LA

Ampere
Angstrom unit; l O cm
8

Alternating Current
Asa Brown Boveri
Advanced Concepts Torus-I (now the CDX-U at PPPL)
Alpha Charge Exchange
Analog-To-Digital
Automated Data Processing
Automated Data Processing Equipment
Activity Data Sheets
Air Force Office of Scientific Research
American Industrial Hygiene Association

ALADDIN

A Labeled Atomic Data Interface—an atomic physics data base
for fusion applications.

ALARA

As Low As Reasonably Achievable

Alcator

A family of tokamak devices being developed and built at the
Massachusetts Institute of Technology (from the Italian for high-field torus)

ALT-I

Advanced Limiter Test on TEXTOR (Julich, Germany); Version I

ALT-II

Version II of ALT

AM

Amplitude Modulation

amu

Atomic Mass Unit

ANL

Argonne National Laboratory, Argonne, Illinois

ANSI

American National Standards Institute

APS

American Physical Society

AREES

Advanced Reactor Innovation Evaluation Study

ARPS

Automated Receipts Processing System at PPPL

ASC

Area Safety Coordinator at PPPL
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ASDEX

Axially Symmetric Divertor Experiment (Max-Planck-Institut fur
Plasmaphysik, Garching, Germany)

ASDEX-U

ASDEX Upgrade (also AUG)

Asher

A plasma magnetron. A device to create plasma using a longitudinal
magnetic field and a radial electric field.

ASME

American Society of Mechanical Engineers

ASQC

American Society of Quality Control

ATC

Adiabatic Toroidal Compressor (at PPPL in the 1970's)

ATC/SEM

Advanced Technology Center in Surface Engineered Materials

ATF

Advanced Toroidal Facility (a stellarator at the Oak Ridge National
Laboratory, Oak Ridge, Tennessee)

ATF-1

Advanced Toroidal Facility-1

ATM

Asychronous Transfer Mode

AUG

ASDEX Upgrade (also ASDEX-U)

AWAFT

Automatic Work Approval Form Transfer (system) at PPPL

AWS

American Welding Society

B2

A PPPL edge plasma modeling code

BALDUR

A PPPL one-dimensional tokamak transport code

BBGKY

Bogoliubov-Born-Green-Kirkwood-Yvon

BES

Beam Emission Spectrometer

BETAS

A three-dimensional equilibrium code

BOFT

Beginning of Flattop

BPX

Burning Plasma Experiment (formerly the Compact Ignition Tokamak)

BS

Beta Scintallator Detector

Btu/Ft

2

British Thermal Unit/per square foot

Bytes

CAD
CADD
CAMAC
CAMEO
CAR
CAS
CASL
180

Computer-Aided Design
Computer-Aided Design and Drafting (Facility)
Computer-Automated Measurement and Control (System)
Computer-Aided Management of Emergency Operations (Program)
Cost Analysis Report
Cognizant Area Supervisor at PPPL
Calibration and Service Laboratory at PPPL
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CCD

Capacitor Charge/Discharge

CCD

Charge-Coupled Device

CCF

Central Computer Facility

CCT

Continuous Current Tokamak (at the University of California,
Los Angeles)

CDA

Conceptual Design Activity

CDR

Conceptual Design Review

CDX

Current-Drive Experiment at PPPL

CDX-U

Current Drive Experiment-Upgrade at PPPL

CEA

Commisariat A L'Energie Atomique

CEBAF

The US Department of Energy's Continuous Electron Beam
Accelerator Facility located in Newport News, Virginia

CENA

Charge-Exchange Neutral Analyzer

CESEP

Combined Electrical and Sample Exposure Probe

CFC

Carbon Fiber Composite

CFC

Chlorofluorocarbon

CFFTP

Canadian Fusion Fuels Technology Project

CH

Chicago Headquarters

CH-mode

Core H-mode

CHERS

Charge-Exchange Recombination Spectrometer

CHIRPS

Chicago Headquarter's Incident Reporting Programs

Ci

Curies

CICADA

Central Instrumentation, Control, and Data Acquisition
(System) at PPPL

CICC

Cable in Conduit Conductor

CIEMAT

Centro de Investigaciones Energetics Medioambientales y Technologicas in
Madrid, Spain

CIT

Compact Ignition Tokamak (renamed the Burning Plasma Experiment)

CIT

Computing and Information Technology Department
at Princeton University

cm

Centimeter

CMA

Cylindrical Mirror Analyzer

CMP

Configuration Management Plan

COE

Chief Operating Engineer

COO

Chicago Operations Office

COS

Console Operating Station
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COXRALM
CPC
CPS
CPSR
CPU
CRADAs
CRAY
CRB
CSD
CSR
CTC
CTEM
CTR
CX
CXRS
CY

Composite Optical Soft X-Eay Laser Microscope at PPPL
Coil Protection Calculator
Coil Protection System
Contractor Procurement System Review
Central Processing Unit
Cooperative Research and Development Agreement(s)
A brand of computer made by Cray Research, founded by S. Cray
Configuration Review Board
Computer System Division at PPPL
Cost and Schedule Review
Center for Technology Commercialization (a NASA-based organization)
Collisionless Trapped-Electron Mode
Controlled Thermonuclear Research
Charge-Exchange
Change-Exchange Recombination Spectroscopy
Calendar Year (January 1 to December 31)
Degrees

°C

Degrees Centigrade

D/A

Digital-To-Analog

DARM

Data Acquisition Room

DAS

Data Acquisition System

DATS

Differential Atmospheric Tritium Sampler at PPPL

DAX

DAS supplemental system (uses a VAX computer)

dc

Direct Current

DCS

Distributed Computer Services

D&D

Decontamination and Decommissioning (now Shutdown and Removal)

D-D

Deuterium-Deuterium

DDC

Disruptive Discharge Cleaning

DEAR(s)

Department of Energy Acquisition Regulation(s)

DEC

Digital Equipment Corporation

DECAT

Drivers Energy Conservation Awareness Training

DEGAS

A PPPL computer code for studying the behavior of neutrals in plasma

DEGAS-2

Revised DEGAS code
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DEMO

Demonstration Power Reactor

DIALOG

An interactive online information retrieval system used by
the PPPL Library

DD7FUSE

A computer code used to calculate the one-dimensional diffusion
and trapping of atoms in a wall

Dm

Doublet-Ill—A tokamak located at General Atomics in San Diego,
California

DHI-D

Doublet-III-D (upgrade of Dili with D-shaped plasma)

DITE

Divertor and Injection Tokamak Experiment (Culham Laboratory,
United Kingdom)

DN

Double Null

DNB

Diagnostic Neutral Beam

DOE

Department of Energy

DOE/RECON

An interactive online information retrieval system used by the
PPPL Library

DPI

Deuterium Pellet Injector

dpm

Disintegrations per Minute

D-T

Deuterium-Tritium

DVC

Diagnostic Vacuum Controller

DVS

Diagnostic Vacuum System

EA
EAD
EAP
ECE
ECH
ECR
ECRF
ECRH
ECS
EDA
EDG
EDP
EEED
EF

Environmental Assessment
Engineering Analysis Division at PPPL
Employee Assistance Program at PPPL
Electron Cyclotron Emission
Electron Cyclotron Heating
Electron Cyclotron Resonance
Electron Cyclotron Range of Frequencies
Electron Cyclotron Resonance Heating
Energy Conversion System
Engineering Design Activity
Electron Diffusion Gauge
Employee Development Program at PPPL
Electronic and Electrical Engineering Division at PPPL
Equilibrium Field
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EH

Environmental and Health Office (at USDOE)

EIRENE

Monte Carlo neutral transport code (developed at Kernforschungsanlage,
Jiilich, Germany)

ELMs

Edge Localized Modes

E-Mail

Electronic Mail

EMCS

Energy Monitoring and Control System at PPPL

EMEQ

Electrodynamic Moment Equilibrium

EMI

Electromagnetic Interface

EML

(DOE's) Environmental Measurements Laboratory

ENS

Emergency Notification System at PPPL

EPA

Environmental Protection Agency

EPFL

Ecole Polytechnique Federale de Lausanne

EPRI

Electric Power Research Institute

ER

Energy Research

ERAP

Emergency Readiness Assurance Plan

ERB

Engineering Review Board

ERI

Electron-Ripple Injection

ERP

Edge Relaxation Phenomena

ER/WM

Environmental Restoration and Waste Management

ESAAB

Energy Systems Acquisition Advisory Board

ESB

Executive Safety Board

ES&H

Environment, Safety, and Health

ESnet

Energy Sciences Network

ESO

Emergency Services Officer(s)

ESU

Emergency Services Unit at PPPL

ETACS

Equipment Tracking and Control System at PPPL

ETR

Engineering Test Reactor

ETS

Engineering Test Station

Eudora

A program developed at the National Supercomputer Center
(University of Illinois) to handle electronic mail

eV

Electron Volt

EZB

Exclusion Zone Boundary

FAR

Federal Acquisition Regulation(s)

FAST

Fast Automatic Transfer System
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FCPC

Field Coil Power Conversion

FDDI

Fiber Distribution Data Interface

FDR

Final Design Review

FEA

Finite Element Analysis

FEAC

Fusion Energy Advisory Committee

FEC

Field Error Correction

FED

Facilities Engineering Division at PPPL

FED

Fusion Engineering Device

FEDC

Fusion Engineering Design Center (at the Oak Ridge National
Laboratory Oak Ridge, Tennessee)

FELK

Fusion Electromagnetic Induction Experiment at the Argonne
National Laboratory, Argonne, Illinois

FEM

Finite Element Modeling or Finite Element Method

FER

Fusion Engineering Reactor

FDDE

Fast Ion Diagnostic Experiment

FIR

Far-Infrared

FIS

(Department of Energy) Financial Information System

FLC

Federal Laboratory Consortium

FLOPSY

Flexible Optical Path System

FMECA(s)

Failure Mode Effects and Criticality Analyses

FMIT

Fusion Materials Irradiation Test

FONSI

Finding of No Significant Impact

FPAC

Fusion Power Advisory Committee

FPAT

Fusion Physics and Technology

FPSTEL

Computer code used to solve the ripple-bounce-averaged FokkerPlanck equation numerically

FSAR

Final Safety Analysis Report

FTE

Full-Time Equivalent

FTP

Field Task Proposal(s)

FTP

File Transfer Protocol

FTS

Federal Telecommunications System

FVPC

Fast Vertical Position Control

FWCD

Fast-Wave Current Drive

FWHM

Full Width at Half Maximum

FY

Fiscal Year (October 1 to September 30)
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G

Gauss

G&A

General and Administrative (cost or expense)

GA

General Atomics, San Diego, California

GAE

Global Alfven Eigenmode

GAO

General Accounting Office

gBL

Generalized Balescu-Lenard

GDC

Glow Discharge Cleaning

GHT

Gas Holding Tank

GHz

Gigahertz; 10 cycles per second

GIS

Geographic Information System

gk

gyrokinetic

GJ

Gigajoule, a unit of energy; 10 joules

GLOBUS-M

A low-aspect-ratio tokamak at the Ioffe Institute

GPC

Grating Polychromator

gpm

Gallons Per Minute

GPP

General Plant Projects

GRD

General Requirements Document

GSA

General Services Administration

GSF

Gross Square Feet

GUI

Graphical User Interface

HAIFA

Hydrogen Alpha Interference Filter Array

HARD

High-Aspect Ratio Design (for ITER)

HAX

High-Level Data Analysis (system); uses a VAX computer

HEDL

Hanford Engineering Development Laboratory

HELIAC

A computer code used to calculate vacuum magnetic surfaces
in nonaxisymmetric three-dimensional toroidal geometries

HF

Horizontal Field

HFDI

High-Field Ignition Experiment

HLDAS

High-Level Data Analysis System; equivalent to HAX

H-mode

High-Confinement Mode

HP

Health Physics (Branch) at PPPL

HPA

High Power Amplifier

HPP

High Power Pulsing (Operations)
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HPPCI
HSD
HTA
HV
HVAC
HVE
HVPS
HVST
HXIS
HXR

High Performance Computing and Communication Initiative
Health and Safety Directive
Hard Tube Amplifier
High Voltage
Heating, Ventilating, and Air Conditioning
High-Voltage Enclosure(s)
High-Voltage Power Supplies
High-Voltage Switch Tube
Horizontal X-Ray Imaging System
Hard X-Ray

IACS

International Annealed Copper Standard

IAEA

International Atomic Energy Agency, Vienna, Austria

IBL

Inner Bumper Limiter

mw

Ion-Bernstein Wave

IBWH

Ion-Bernstein-Wave Heating

I&C

Instrumentation and Control

IC

Internal Control

IC

Ion Cyclotron

ICCD

Intensified Charge-Coupled Device

ICE

Independent Cost Estimate

ICH

Ion Cyclotron Heating

ICRF

Ion Cyclotron Range of Frequencies

ICRH

Ion Cyclotron Resonance Heating

ID

Inner Diameter

IDEAL

ITER Divertor Experiment and Laboratory

IDL

Interactive Data Language

EEC

International Electrotechnical Commission Standard

IG

Inspector General

IGNITOR

Ignited Torus

I HEM

In-House Energy Management Program

IMAPS

Interstellar Medium Absorption Profile Spectrograph

IMF

Interplanetary Magnetic Field

INEL

Idaho National Engineering Laboratory, Idaho Falls, Idaho
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INTOR

International Tokamak Reactor

I/O

Input/Output

IPA

Intermediate Power Amplifier

IPP

Initial Protective Plates

IPP

Institut fur Plasmaphysik at Garching, Germany

IPSG

Ignition Physics Study Group

IR

Infrared

IRM

Information Resource Management

ISCUS

ITER Steering Committee United States

ISDN

Integrated Services Digital Network

ISP

Ignition Studies Project

ISS

Internal Support Structure

ISTP

Integrated Systems Test Procedure

ISX

Impurity Study Experiment (at the Oak Ridge National Laboratory,
Oak Ridge, Tennessee)

ISX-B

B version of ISX

ITER

International Thermonuclear Experimental Reactor

ITG

Ion Temperature Gradient

ITGDT

Ion-Temperature Gradient-Driven Turbulence

ITOC

Ignition Technical Oversight Committee

ITR

Ignition Test Reactor

IW

In-Vessel Vehicle

IXRALM

Imaging Soft X-Ray Laser Microscope

JAERI

Japan Atomic Energy Research Institute, Japan

JCT

Joint Central Team (for the International Thermonuclear
Experimental Reactor)

JET

Joint European Torus (at the Culham Laboratory, United Kingdom)

JTPPT-U-U

Fusion Device at the National Institute of Fusion Studies, Nagoya, Japan

JT-60

JT stands for JAERI Tokamak and 60 means plasma volume in m .
A tokamak device in Japan.

JT-60U

JT-60 Upgrade

K

Kelvin-Thermodynamic Temperature

kA

Kiloamperes
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KBM

Kinetic Ballooning Mode

kbytes

1000 bytes

KERMA

A factor which, when multiplied by newton flux, gives volumeaveraged nuclear heating

keV

Kilo-Electron-Volts

KFA

Kernforschungsanlage Julich, Germany

KfK

Kernforschungszentrum Karlsruhe, Germany

kG

Kilogauss

kHz

Kilohertz

kJ

Kilojoule

kMHDBM

Kinetically Calculated Magnetohydrodynamic Ballooning Mode

ksi

Kilopounds Per Square Inch (Pressure, Stress)

kV

Kilovolt

kVA

Kilovolt Ampere

kW

Kilowatt

kWh

Kilowatt Hour

LaB

Lanthanum Hexaboride

6

LANL

Los Alamos National Laboratory, Los Alamos, New Mexico

LAN(s)

Local Area Network(s)

LAR

Low-Aspect-Ratio

LBL

Lawrence Berkeley Laboratory, Berkeley, California

LBM

Lithium Blanket Module

LCC

Lithium Comparison Code

LCCs

Local Control Centers

LCFS

Last Closed Flux Surface

LCP

Large Coil Program

LEC

Liquid Effluent Collection

LED

Light Emitting Diode

LENS

Low Energy Neutral System

LEO

Low Earth Orbit

LH

Lower Hybrid

LHCD

Lower Hybrid Current Drive

LHCP

Left-Hand Circularly Polarized

LHe

Liquid Helium
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LHRF

Lower Hybrid Range of Frequencies

LHRH

Lower Hybrid Resonance Heating

LIF

Laser-Induced Fluorescence

LITE

Laser-Injected Trace Element (System)

LITE

Long-Pulse Ignited Test Experiment (at the Massachusetts Institute of
Technology, Cambridge, Massachusetts)

LLBL

Low-Latitude Boundary Layer

LLNL

Lawrence Livermore National Laboratory, Livermore, California

LLRW

Low-Level Radioactive Waste

L-mode

Low-Confinement Mode

LMS

Leak Mitigation Systems

LO

Local Oscillator

LOB

Laboratory Office Building at PPPL

LOTUS

Nuclear testing facility at Ecole Polytechnique Federate
de Lausanne in Switzerland

LPG

Liquid Propane Gas

LPI

Lithium Pellet Injector

LPIS

Long-Pulse Ion Source

LSC

Lower Hybrid Simulation Code

LSM

Layered Synthetic Microstructures

um

Micrometer; equivalent to micron

(isec

Microsecond

m

Meter

MA

Megamperes

MARFE(s)

Region(s) of enhanced edge radiation localized poloidally on the inner
major-radius side of a plasma

MARS

Mirror Advanced Reactor Study (Lawrence Livermore National Laboratory,
Livermore, California)

Mb

Megabyte; 1,000,000 bytes

MByte

Megabyte or Mb

MC&A

Material Control & Accountability

MCCB

Management Configuration Control Board

MCNC

Multichannel Neutron Collimator

MCNP

Monte-Carlo Neutron and Proton Code
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MED

Mechanical Engineering Division at PPPL

MeV

Mega-Electron-Volt

MFAC

Magnetic Fusion Advisory Committee

MFE

Magnetic Fusion Energy

MFENET

Magnetic Fusion Energy Network

MFETF

Magnetic Fusion Energy Technology Fellowship (Program)

MFTF

Mirror Fusion Test Facility at the Lawrence Livermore National
Laboratory, Livermore, California

MG

Motor Generator

MH3D

Magnetohydrodynamic Three-Dimensional Code

MHD

Magnetohydrodynamics

MHz

Megahertz

mil

A unit of length equal to 0.001 inch

MIRI

Multichannel Infrared Interferometer

MIST

Multiple Ionization State Transport code. A computer code which
follows impurity species through various stages of ionization, chargeexchange, radiation, and transport within the plasma.

MIT

Massachusetts Institute of Technology, Cambridge, Massachusetts

MJ

Megajoules

mm

Millimeter

MMA

(TFTR) Maintenance Manipulator Arm

MMP

Maintenance and Management Program at PPPL

M&O

Management and Operating (contractors)

MOSFET

Metal Oxide Semiconductor Field Effect Transistor

MPa

Mega-Pascal (Pressure, Stress)

MSDS

Material Safety Data Sheet

MSE

Motional Stark Effect

msec

Millisecond

MTBF

Mean Time Between Failure

MTL

Material Test Laboratory

MTX

Microwave Tokamak Experiment at the Lawrence Livermore National
Laboratory, Livermore, California

MVA

Megavolt Ampere

mW

Milliwatt

MW

Megawatt
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NASA
NASA/RECON

National Aeronautics and Space Administration
An interactive online information retrieval system used by
the PPPL Library

NASTRAN
NB
NBCD
NBETF
NBI
NBIS
NBLs
NBPC
NBPS
NBTC
NBVS
NCR
NCTM
NCTTA
NEPA
NERSC

A structural analysis code

NESHAPS
NET
NFS
NIST
NJDEPE
NJIT
nm

National Emission Standards for Hazardous Air Pollutants

NMFECC

National Magnetic Fusion Energy Computer Center (now the
National Energy Research Supercomputer Center)

NOAA
NOVA-K
NPB
NRC

National Oceanic and Atmospheric Administration

nsec
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Neutral Beam
Neutral-Beam Current Drive
Neutral-Beam Engineering Test Facility
Neutral-Beam Injection
Neutral-Beam Injection System
Neutral Beamlines
Neutral-Beam Power Conversion (Building)
Neutral-Beam Power Supply
Neutral-Beam Test Cell
Neutral-Beam Vacuum System
Nonconformance Report
National Council for Teachers of Mathematics
National Competitiveness Technology Transfer Act of 1990
National Environmental Policy Act
National Energy Research Supercomputer Center [formerly the National
Magnetic Fusion Energy Computer Center (NMFECC)]
Next European Torus
Network File System
National Institute of Standards and Technology
New Jersey Department of Environmental Protection and Energy
New Jersey Institute of Technology
Nanometer

A nonvariational stability code with kinetic effects
Neutral Probe Beam
Nuclear Regulatory Commission
Nanosecond
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NSF

National Science Foundation

NTIS

National Technical Information Service

1-D
OD
OER
OFE
OH
OMA
OMO
ONS
OPEX
ORM
ORB
ORC
ORNL
ORR
OSB
OSES
OSHA
OTT

One Dimensional

PAC
PACE
PADS
PAO
PBX
PBX-M
PC
pC
PCB
PCS
PDC
PDI

Outer Diameter
Office of Energy Research
Office of Fusion Energy
Ohmic Heating
Optical Multichannel Analyzer
Occupational Medicine Office at PPPL
Office of Nuclear Safety
Operating Expenses
Office of Resource Management at PPPL
Operations Review Board
Operations Review Committee
Oak Ridge National Laboratory, Oak Ridge, Tennessee
Operational Readiness Review
Occupational Safety Branch
Operations System Engineering Support
Occupational Safety and Health Administration
Office of Technology Transfer at PPPL
Program Advisory Committee (for Tokamak Physics Experiment)
Plant and Capital Equipment
Procurement Automated Data Processing System
Princeton Area Office
Princeton Beta Experiment at PPPL
Princeton Beta Experiment-Modification at PPPL
Personal Computer
Pico Coulomb
Polychlorinated Biphenyl
Projects Control System at PPPL
Pulse-Discharge Cleaning
Proportional-Derivative-Integral

Princeton Plasma Physics Laboratory Fiscal Year 1993 Annual Report

193

Glossary of Abbreviations, Acronyms, Symbols

PDR

Preliminary Design Review

PDX

Poloidal Divertor Experiment (now the PBX-M) at PPPL

PEMs

Photoelastic Modulators

PEP-Hmodes

Pellet-Enhanced Profile H-Mode

PEST

Princeton Equilibrium, Stability, and Transport Code

PF

Poloidal Field

PFC

Plasma Facing Component

PFC

Plasma Fusion Center (at the Massachusetts Institute of Technology,
Cambridge, Massachusetts)

PHA

Pulse-Height Analyzer

P&ID

Piping and Instrumentation Diagrams

PID

Proportional, Integral, Differential

PIES

Princeton Iterative Equilibrium Solver Code

PIV

Plenum Interface Valve

PLANET

A two-dimensional transport code used to study the scrape-off region
created by divertors and limiters

PLC

Programmable Logic Controller

PLCS

Power Line Carrier System

PLT

Princeton Large Torus (at PPPL in the 1970s and 1980s)

PM

Preventive Maintenance

PM&E

Plant Maintenance and Engineering (now the Facilities Engineering
Division) at PPPL

PMP

Project Management Plan

PMS

Performance Management System

PMS

Performance Measurement System

POP

Post Office Protocol

PP-Lasers

Powerful, Picosecond Lasers

PPLCATS

A PPPL Library data base of fusion-related articles

PPLCC

Plasma Physics Laboratory Computer Center

PPM

Parts per Million

PPPL

Princeton University Plasma Physics Laboratory, Princeton, New Jersey

PQA

Procurement Quality Assurance

psec

Picosecond

PSE&G Co.

Public Service Electric and Gas Company (New Jersey)

psi

Pounds Per Square Inch
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psig

Pounds Per Square Inch Gauge

PSPL

Powerful Subpicosecond Laser

PSTX

Princeton Spherical Tokamak Experiment

PUBSYS

Public System [PPL Public Information System (installed on the
Princeton University IBM 3081 computer)]

PUCC

Princeton University Computer Center

PVT

Pressure, Volume, Temperature

PWB

Princeton Weekly Bulletin

QA

Quality Assurance

QA/R

Quality Assurance and Reliability

QC

Quality Control

QE

Quantum Efficiency

QMS

Quadpole Mass Spectrometer

RAM

Random Access Memory

RAM

Reliability, Availability, and Maintainability

RAP

Risk Assessment Plan

RAX

TFTR off-line data reduction system (uses a VAX computer)

R&D

Research and Development

RDAC

Research and Development Activity

REML

Radialogical Environmental Monitoring Laboratory

RESA

Research Equipment Storage and Assembly

rf

Radio-Frequency

RFBA

Request for Baseline Adjustment

RFI

rf-Inductively Coupled Plasma Reactor

RFP

Request for Proposal

RFP

Reversed-Field Pinch (device) at Los Alamos National Laboratory,
Los Alamos, New Mexico

RFTF

Radio-Frequency Test Facility

RGA

Residual Gas Analyzer

RHCP

Right-Hand Circularly Polarized

RIE

Reactive Ion Etch (tool)

RIF

Reduction-in-Force

RIPLOS

Ripple Loss Code
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RIV

Rapid Intervention Vehicle

RLIN

Research Libraries Information Network

RLW

Rebut-Lallia-Watkins

RMC

Realizable Markovian Closure

rms

Root-Mean-Square

RPI

Repeating Pellet Injector also Repeating Pneumatic Injector

rpm

Revolutions Per Minute

RTD

Resistive Thermal Detector

S-l Spheromak

A compact toroid device (formerly at PPPL)

S-l Upgrade

S-l Spheromak Upgrade

SAD

Safety Assessment Document

SBD

Surface Barrier Diode

SBIR

Small Business Innovative Research

SBRSA

Stony Brook Regional Sewerage Authority

seem

Standard Cubic Centimeter Per Minute

SCOE

SEMATECH Centers of Excellence

SCR

Silicon Controlled Rectifier

S/DB

Small and Disadvantaged Businesses

SDS

Safety Disconnect Switch(es)

SEAB

Secretary of Energy Advisory Board

SEAS

School of Engineering and Applied Science at Princeton University

sec

Second

SEM

Scanning Electron Microscope

SEMATECH

A consortium of US semiconductor manufacturers whose mission is to
provide US industry with the domestic capacity for world leadership in
semiconductor manufacturing. SEMATECH is located in Austin, Texas.

SF

Shaping Field, equivalent to EF

SF

6

Sulfur Hexafluoride

SFPI

Safety and Fire Protection Improvement

SHEILA

Australian Heliac

SIMS

Secondary-Ion Mass Spectroscopy

SIR

Statutory Invention Registration

SM

Slave Manipulator

SMP

Stationary Magnetic Perturbation
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SMTP

Simple Mail Transfer Protocol

SN

Single Null

SNAP

Time-independent power equilibrium code

SNL

Sandia National Laboratories, Albuquerque, New Mexico and Livermore,
California

SOL

Scrape-Off Layer

SOP

Safe Operating Procedure(s)

SOXMOS

Soft X-Ray Monochromator Spectrometer

SPARK

A general geometry computer code that calculates transient eddy currents
and the resulting fields

SPEB

Subcontract Proposal Evaluation Panel

SPICE

A general purpose circuit simulation code

SPEED

Survey, Power Resolution, Extended Domain Code

SPEED

Ultraviolet survey spectrometer

SPS

Surface Pumping System

S&R

Shutdown and Removal

Sr

Steradian

SE

Safety Requirements

SRD

System Requirements Document

SSAT

Steady-State Advanced Tokamak

SSC

Superconducting Supercollider

SST

Site Specific Plan

SSTE

Steady-State Tokamak Reactor

STAET-UP

A computer code which evaluates free boundary axisymmetric
equilibria and transport

STEP

Stellarator expansion equilibrium and stability code

SUNY

State University of New York

Supershots

Low-current, high-density plasma discharges combined with
intensive neutral-beam heating that are fired in a machine where the
walls have been scrupulously conditioned via high-power discharges
to remove adsorbed deuterium

SUE

Surveillance Requirement

SUEF

Synchrotron Ultraviolet User Facility (at the National Bureau
of Standards)

SURFAS

A fast between-shot moments code

SXL

Soft X-Ray Laser

SXE

Soft X-Ray
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2-D

Two-Dimensional

3-D

Three-Dimensional

T3

A toroidal W solver

TAB

Technical Advisory Board

TAC

Technical Advisory Committee

TAE

Toroidicity-Induced Alfven Eigenmode or Toroidal Alfven Eigenmode

TCS

Torus Cleanup System

TCV

Tokamak Condition Variable—a tokamak under construction at Ecole
Polytechnique Federate de Lausanne in Switzerland.

TDC

Taylor-Discharge Cleaning

TDMX

TFTR Data Management System

TEA

Transverse Electrical excitation at Atmospheric pressure

TEM

Transmission Electron Microscope

TEXT

Texas Experimental Tokamak at the University of Texas, Austin, Texas

TEXTOR

Tokamak Experiment for Technologically Oriented Research (Julich,
Germany)

TF

Toroidal Field

TFCD

Tokamak Fusion Core Device

TFCPC

Toroidal Field Coil Power Conversion (Building)

TFCX

Tokamak Fusion Core Experiment

TFD

Telemetry Fault Detector

TFM

TFTR Flexibility Modification

TFTR

Tokamak Fusion Test Reactor at PPPL

TGDM

Tritium Gas Delivery Manifold

TGI

Tritium Gas Injeciton

THICS

Tritium Hardware Interlock Control System

TIBER

Tokamak Ignition/Burn Experiment

TTV

Torus Interface Valve

TLD

Thermoluminescent Dosimeters

TMPs

Turbomolecular Pumps

TMX

Tandem Mirror Experiment at the Lawrence Livermore National
Laboratory, Livermore, California

TMX-U

Tandem Mirror Experiment Upgrade at the Lawrence Livermore National
Laboratory, Livermore, California

TNB

Tritium Neutral Beam (System)

Tore-Supra

Tokamak at Cadarache, France
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Torr

A unit of pressure equal to 1/760 of an atmosphere

TOS

Teleoperator System

TOS

Terminal Operating Station

TPI

Tritium Pellet Injector

TPS

Tritium Purification System

TPX

Tokamak Physics Experiment, a National Project, to be located at PPPL
(formerly the Burning Plasma Experiment)

TQM

Total Quality Management

TRAC

Teacher Research Associates Program at PPPL

TRADE

Training Resource and Data Exchange (an annual DOE meeting of training
professionals)

TRANSP

Time-dependent transport analysis code

TRECAMS

Tritium Remote Control and Monitoring System

TRS

Tritium Regeneration System

TSC

Tokamak Simulation Code

TSCALE

A computer code that scales plasma equilibrium parameters over
a wide range of major radius and aspect ratio

TSDCS

Tritium Storage and Delivery Cleanup System

TSDS

Tritium Storage and Delivery System

TSS

Tokamak Simulation System (Project)

TSTA

Tritium Systems Test Assembly

TVCS

Tritium Vault Cleanup System

TVPS

Torus Vacuum Pumping System

TVTS

TV Thomson Scattering

UCLA
UHF
ULF
UPS
US

University of California at Los Angeles
Ultrahigh Frequency
Ultralow Frequency
Uninterruptible power supply
United States

use

User Service Center at PPPL; implemented on a Digital Equipment
Corporation (DEC) PDP-10 computer

USEPA
USGS
USNRC
USQ

United States Environmental Protection Agency
United States Geological Survey
United States Nuclear Regulatory Commission
Unreviewed Safety Questions
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USSR

Union of Soviet Socialist Republics

uv

Ultraviolet

V

Volt

VAX

Digital Equipment Corporation computer; "Virtual Address Extension"

VC

Variable Curvature

VCD

Viscous Current Drive

VDE

Vertical Display Event

VEAPC

Vacuum Exhaust Active Pressure Control

VF

Vertical Field

VHF

Very High Frequency

VEPS

Visible Impurity Photometric Spectrometer

VLSI

Very Large Scale Integrated

VMEC

Variational Method for Equilibrium Calculations (Code)

VSWR

Variable Standing Wave Ratio

VUV

Vacuum Ultraviolet

w

Vacuum Vessel

VXCS

Vertical X-Ray Crystal Spectrometer

W

Watt

WAF

Work Approval Form (system)

WFO

Work for Others

WBS

Work Breakdown Structure

WHIST

A one-dimensional transport code developed by the Oak Ridge National
Laboratory, Oak Ridge, Tennessee

WKB

Wentzel-Kramers-Brillouin (A method for analyzing wave behavior if
propagation characteristics depend on position.)

W-VIIAS

Wendelstein VII Stellarator Modified (at Garching, Germany)

XCS

X-Ray Crystal Spectrometer

XIS

(Horizontal) X-Ray Imaging System

XP

Experimental Plan

XUV

Extreme Ultraviolet

0-D

Zero-Dimensional

ZT-H

A 4-MA reversed-field pinch experiment at the Los Alamos National
Laboratory, Los Alamos, New Mexico
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