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PREFACE 

During 1983, the Tokamak Fusion Tost Reactor 
(TFTR) set new record levels for the confinement 
parameter TjneTE, as well as for the D-D fusion 
yield and Q-value, and produced new insights 
into the physics of enhanced plasma confine
ment. Using advanced ion-temperature diagnos
tics, the TFTR experiments found support for a 
theoretically predicted critical relationship be
tween the radial profiles of ion temperature and 
plasma density. The favorable TFTR confine
ment regime was extended to higher plasma cur
rents, neutral-beam powers, and pulse durations, 
lon-cyclotron-frequency heating began to pro
duce significant effects in TFTR plasmas. 

The first year of experimental operation of the 
Princeton Beta Experiment-Modification (PBX-M) 
demonstrated the effectiveness of the machine 
improvements that were made relative to PBX 
(Princeton Beta Experiment). The new poloidal-
field-coii system and MHD-stabilizing shell pro
duced more strongly shaped plasmas with better 
kink-stability properties and easier access to the 
H-mode. Radio-frequency heating and current-
drive systems are now being prepared to facili
tate entry into the second stability regime. 

The S-1 Spheromak project brought its experi
mental program to a close with a successful 

I demonstration of adiabatic compression, raising 
I the current density and plasma temperature of 
B spheromak plasmas. A tokamak current-drive 
i technique using electron-beam-based "helicity 
S injection" was advanced to higher currents and 
| confinement times by the Current Drive 
| Experiment (CDX) project, and the design of the 
! CDX-U (Current Drive Experiment-Upgrade) was 

prepared for construction in FY89. 

^ 3 K S » N 

The X-Ray Laser Program put into preliminary 
operation a high-powered subpicosecond KrF* 
laser that will use multiphofon processes for X-
ray-laser pumping. The 18.2-nm soft-X-ray laser 
is being applied to the generation of high-resolu
tion images of biological specimens. 

To help f ie National Aeronautics and Space 
Administration (NASA) address problems associ
ated with "spacecraft glow" and erosion, a new 
type of oxygen plasma source was developed for 
the irradiation of surfaces with intense neutral-
oxygen beams. Surface-plasma interactions are 
also being explored, with a view to practical appli
cations in the deposition and etching of films. 

The Theoretical Division continued developing 
a broad family of plasma-simulation and stability 
codes to advance the understanding of toroidal 
confinement phenomena. The three-dimensional 
gyrokinetic particle code began to produce new 
insights into the physics of drift-wave-type trans
port. The excitation of alpha-particle-driven modes 
is being studied in the burning-plasma parameter 
range. The Tokamak Modeling Group is making 
detailed projections for the TFTR deuterium-tri
tium phase and for next-generation tokamak deu
terium-tritium experiments. 

The ultimate capability oi the Compact Ignition 
Tokamak (C1T) was increased during f988 by 
enlarging the major radius. Initial operation at 7 
T magnetic field strength and 9 MA plasma cur
rent can be extended to 10-11 T and 11 MA to 
meet the possible requirements for ignition. The 
CIT project became a line item in FY88, but CIT 
construction is not yet authorized. The Princeton 
Plasma Physics Laboratory is aJss supporting the 
physics eflort for the design o1 the Internationa! 
Thermonuclear Experimental Reactor (ITER). 



Principal Parameters Achieved in Experimental Devices 
(Fiscal Year 1988) 

Parameters Tokamak Facilities Alternate Concept Facilities 

TFTH PBX-M S-1 CDX 

R (m) 
a (m) 
lp (MA) 
BT(T) 

2.48 
0.83 
2.5 
5.2 

1.65 
0.3 
0.8 
2.2 

0.40 
0.25 
0.55 
0.4 

0.59 
0.04 
0.001 
C.5 

tAUX ( s e c ) 
PAUX (MW) 

NB 
JCRF 
LH 

1.0 

30(110kV) 
7 (40-80 MHz)" 

— 2.0 (4.6 GHz)" 

0.5 

7 (40 kV) 
2.0 (40-80 MHz)",a — 

dc 

n(0) (cnr 3)* 
T|(0) (keV)' 
T E (msec)* 

4.0 x 10 1" 
32 
500 

0 .7x10 1 d 

1.0 
40 

3x 10 1 4 

0.15 (0.5)*> 
0.1 

3 x 1 0 1 3 

0.04 
0.1 

'These highest values of n, T, and t were not achieved simultaneously. 
"Under construction, 
aion Bernstein Wave Heating (IBWH). 
bCo.npression Experiment. 



TOKASWAK FUSION TEST REACTOR 

SUMMARY 

This has been another year of significant progress 
in the Tokamak Fusion Test Reactor (TFTR) Program. 
The experimental program has been focused rather 
tightly on the understanding of the confinement of 
"supershot" plasmas. These plasmas are character
ized by having rather peaked spatial profiles of elec
tron dsnsity and ion temperature with a much broader 
electron temperature profile and relatively good con
finement with neutral-beam auxiliary heating. The 
new physics results were discussed fully in eight 
papers presented at the Twelfth Internationa! Confer
ence on Plasma Physics and Controlled Nuclear 
Fusion Research [sponsored by the International 
Atomic Energy Agency ( I ^A ) ] held in October,1-* 

The physics program was enhanced by the reloca
tion of one tangential-firing heating beam from the co-
direction (re., in the direction of the plasma current) 
to the counter-direction (i.e., opposite to the current), 
balancing the situation so that two beamlines tired in 
each direction. The best plasma conditions had pre
viously been found to occur with balanced power 
inpul and it was indeed found that, with greater avail
able balanced power, supershots could be produced 
with higher input power at higher plasma currents, 
with me resultant better confinement. For these plas
mas, higher neutron yields were toynd, reaching a 
maximum source strength of 3.7x 10 ' 6 neutrons/sec. 
The peakedness of the electron density profile, where 
the ratio of the peak central density to the average 
value could be as large as 3:1, is clearly very impor
tant in achieving maximum neutron source rates. 
The extensive, concurrent diagnostic measurements 
of the electron density, electron temperature, and ion 
temperature profiles made possible relatively precise 
code calculations of the transport properties. 

During this high-power operation, two significant 
features about the condition of the wall materials 
close to the plasma have become apparent. Firstly, it 
is found that the best performance, particularly appar
ent for the neutron source, of the beam-heated plas
ma is very dependent on the particle density of the 
ohmicalfy heated target plasma into which the beams 
fire. The lower the density of this largely carbon plas
ma, the better the performance with the heating 
beams. This low density is achieved by extensive 
conditioning of the wall by helium plasmas to degas 
tha graphite. The second feature is a limitation in the 
high-quality discharges which is often concurrent with 
a large increase in carbon-impurity spectral line 

strength. The plasma TV syslem shows light from 
local regions of the graphite tiles thai make up the 
inner wall bumper-limiter. One severely cracked tile 
was seen by inspection in this region. By judicious 
operational control, it was possible to continue opera-
lion until early October, at which time an opening of 
the vacuum vessel was scheduled to allow repair and 
realignment. 

Some new experiments on nonindudive current 
drive using the heating beams have been made. 
Understanding the behavior is of importance both for 
the Internationa! Thermonuclear Experimental Reactor 
(ITER) Project and for future reactors. It was found 
that, even under conditions of nearly balanced beam 
heating in high-p plasmas, the surface voltage is driv
en negative with plasma currents as high as L = 1.6 
MA. Careful modeling, including the neoclassical 
bootstrap current, produced good agreement with the 
experimentally ob; srved voltages. 

A better understanding of confinement is obviously 
a critical need, and the TFTR Program has included a 
number of perturbative experiments and also is evolv
ing new diagnostic capability. The introduction of a 
small puff of gas at the edge is followed by various 
diagnostics in time as it penetrates into the plasma, 
and with computer modeling, the thermal and particle 
diffusivfties can be determined. A microwave scatter
ing system for studying density fluctuations has pro
duced initial results, while the studies of MHD fluctua
tions by the X-ray imaging, grating polychromator, 
and Mirnov coil diagnostics have benefited from more 
fast electronic processing channels. New detectors 
for the escaping charged-fusion-producl particles 
show a distinctive increase in the loss of these parti
cles with MHD activity under some conditions. 

The new ion cyclotron range of frequencies (ICRF) 
system was brought into operation this year. This 
system, primarily aimed at heating the electrons at 
the center of the plasma, has achieved power levels 
of 2.B MW and 0.6 MW in the two antennae. The two 
antennae were deliberately configured differently, one 
designed and fabricated at the Princeton Plasma 
Physics Laboratory (PPPL) and the other at the Oak 
Ridge National Laboratory (ORNL), as part of the 
development program for future tokamaks. The time 
available lor conditioning these antennae with plas
mas was limited, and the differences between the 
conditioning requirements of the two antennae rather 
handicapped bringing both up to full capability on the 
short term. The long-term benefffs of the comparison 
of the two designs are yet to be determined. The 
small allocation of time to these experiments arose 
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from the particular relevance of ICRF for heating 
high-density pellet-tueled plasmas which were not 
pursued at all on TFTR. However, a group of physi
cists from PPPL with colleagues from ORNL who had 
previously studied pellet-fueled plasmas on TFTR, 
were participating in pellet-fueled ICRF-heated plas
ma studies at Joint European Torus (JETJ.s 

The extensive physics studies have been made 
possible by the reliable operation of ihe power equip
ment, the neutral beams, the tokamak and the diag
nostic systems working concurrently. This opera
tional success has been made possible by a highly 
motivated team of people. Particularly impressive 
has been the operation of the neutral beams where 
over one thousand shots ol average energy over 100 
keV occurred during the run period. To some extent, 
this reliability was helped by a reorganization of the 
Laboratory engineering function so that many engi
neers, and their support stall, are dedicated iulMime 
to the needs of the TFTR Divisions. 

The improvement in reliability of operation, while 
extremely desirable in obtaining short-term results, is 
absolutely essential tor being able to carry out deu-
terium-trilium (D-T) experiments on TFTR. The con
cluding experimental program will be the study of 
alpha-physics in D-T plasmas with Q^j - 1, where Q 
is the fusion reaction power gain. The goals of this 
program were set out clearly in the report of Panel 
XVII of the Magnetic Fusion Advisory Committee 
(MFAC)'o at the end of last fiscal year. The prepara
tions for this D-T operation have advanced consider
ably in this year in planning, design and, in the signifi
cant case of the maintenance manipulator for working 
inside the vacuum vessel, getting hardware on-site 
for testing. 

The TFTR schedule was revised because o1 fund
ing changes and some detailed rethinking of the 
installation of the shielding around the tokamak. The 
revised schedule is shown in Fig. 1. The principal 
change is the delay ot the actual deuterium-tritium Q 
- 1 shots until eariy in 1991 from the middle of 1990, 
and longer downtimes (shaded regions in the figure) 
to allow the structural work for the shielding. 

A major fraction of the design effort has gone into 
the cylindrical enclosure of concrete shielding sur
rounding the tokamak and appendages such as the 
heating beams. This "igloo" has major impacts on 
the accessibility of the tokamak and other compo
nents for maintenance and repair. Two studies have 
been going on in parallel with this design: (i) all activ
ities by personnel necessary during this run to keep 
equipment functional within the envelope of this igloo 
have been recorded and reviewed, and (ii) the perfor
mance of specific components presently located 
inside this envelope, such as diagnostic windows ano 
gate-valves, over the life of the tokamak has been 
studied to evaluate needs for relocation or replace
ment. The igloo design itself is very complex and has 
involved a high level of integration effort with opera
tional equipment. It has been carried out under a 
subcontract with Ebasco Inc. 

The two other major programs associated with 

preparation for D-T operation are the preparation of 
the tritium systems and provision ot remote-handling 
equipment. Commissioning of the tritium system has 
started, as the subcontractor, Burns and Roe, com
pletes the major parts Initial 1ests with tritium are 
expected next year. The complex maintenance 
manipulator for working inside the vacuum vessel has 
been delivered by KtK (Kerntorschjngszentnjm 
Karlsruhe) of West Germany, together with its associ
ated vision and lighting system by CEA (Cornmisariat 
A L'Energie Atomique) of France. Testing of these 
manipulator systems has begun in the Mock-up Area, 
contiguous to the TFTR Test Cell. Oak Ridge 
National Laboratory has a subcontract to develop a 
manipulator system tor work outside the vacuum ves
sel. A relatively few most-probable activities have 
been specified for it, so that requirements are rela
tively bounded and a manipulator can be produced in 
a reasonable time at reasonable cost. 

It has been particularly important for TFTR to be 
able to make use of expertise from such organiza
tions as those listed above in moving into this new 
regime of tritium use and high radiation levels. 
Personnel 'rom Canadian Fusion Fuels Technology 
Project are participating in the commissioning of the 
tritium system. In addition, the Laboratory has 
received help in the operaronal program. Physicists 
from Los Alamos National Laboratory (LANL), Oak 
Ridge National Laboratory (ORNL), Sandia National 
Laboratory (SNL), and the Idaho National Engineer
ing Laboratory (INEL) have played significant roles in 
the experimental program and physicists from Russia 
and Japan have made short-term contributions. A 
group from the Massachusetts Institute of Technology 
(MIT) has provided a lithium-pellet injector, for fueling 
and as a source lor measurement of the poloida! 
magnetic field, which was just commissioned at the 
tokamak at the end of the year. They will hopefully 
benefit next year by their participation in the TFTR 
physics program. 

PHYSICS PROGRAM 
During the past year, experiments on TFTR have 

concentrated on exploiting the regime of enhanced-
energy confinement and fusion reactivity which can 
be obtained when high-power (greater than 10 MW| 
deuterium neutral beams are injected into low-density 
target plasmas. Apart from their high deuterium-deu
terium (D-D) fusion reaction rate (greater than 
I0 1 6/sec), the striking feature of fhese plasmas is an 
extreme peaking of tne electron density profile and a 
relatively broad electron temperature profile. The 
operating space in TFTR where these characteristics 
are observed has been dubbed the "supershot" 
regime. The basic physical distinction between this 
regime and the usual L-mode (low-confinement 
mode) and H-mode (high-confinement mode) plasma 
regimes is thai the particle density is maintained by 
central, rather than edge, fueling.' 

In order to achieve such discharge conditions in 
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Figure 1. The TFTR Research Plan, revised in March 1988. 

TFTR, it has been found that careful conditioning of 
the graphite limiters is required.2 In addition to the 
usual techniques of glow-discharge and pulse-dis
charge cleaning, it has beer, found thai the use of 
multiple, low-density ohmic-heat3d plasma dis
charges are beneficial to degas the limiter thoroughly. 
Further conditioning is achieved by high-power auxil
iary-heated piasmas. The result of the conditioning is 
a limtter with low recyciing and a large capacity to 
pump hydrogenic ions. Such conditions lead to low-
density ohmic-heated plasma target densities which 
are a prerequisite for high-quality supershots. 

Along with the effort to extend the operating 
regimes and to improve confinement in TFTR, con
siderable effort has gone into elucidating the physics 
underlying transport w d confinement of the various 
plasma operating mooes, in particular, of the super-
shot regime mentioned above. The thermal transport 
in intensely neutral-beam-heated supershots has 
been analyzed extensively using a sophisticated sys
tem of analysis codes that provide information on the 
thermal diffusivities for eleclrons (xe) and ions (Xi). 
Significantly, these quantities do not exhibit the stan
dard L-mode dependences and appear to be largely 
indepandent ol l p and Pj n j ; Xi and to a lesser extent 
Xe. change systematically as the density profile shape 
changes, being lowest for peaked density profiles.* In 
addition, a variety of perturbative experiments have 
been carried out on TFTR to study plasma transpoit 
directly: gas puffing to study electron particle trans
port-, impurity injection to measure impurity transport; 
and low-power neutral-beam injection into the edge 
plasma to study fast ion radial Iranport. These exper
iments have provided quantitative measurements of 
the transport coefficients, and the \an and electron 
thermal diffusivities are found to be ot similar magni
tudes (approximately 1 m2/sec).* 

Of considerable importance for the realization of 
near-steady-state reactor operating conditions was 
the observation of the tendency for intensely neutral-
beam-heated TFTR discharges to maintain the plas
ma current, as manifested by a substantial reduction 
in the loop voltage during heating.* Further experi
ments and analyses to understand these phenomena 
were carried out during the past ^ear. With co-injec
tion of 11 MW in TFTR, the surtace vottaga has been 
driven negative for the full duration of 2-sec beam 
heating pulses in plasmas with l p = 1.0 MA. The time 
history of the surface voltage is consistent With mod
eling calculations that use both the beam-drivs.i cur
rent and the bootstrap current. The co-injectioi- also 
drives strong plasma rotations that can affect beam 
deposition and fusion reactivity. 

Studies have also been carried out in these dis
charges to understand the gross stability of the plas
ma at high p\ in order to enhance the likelihood of 
achieving optimal performance at high Q» TFTR is 
observed to have a beta limit which is close to that 
expected from the Troyon formula. Experimentally 
the beta limit is most often observed as a plasma dis
ruption or a beta collapse corrode! with MHD activi
ty. Also, sawteeth oscillations r.ave teen stabilized 
for the entire beam injection phase (up 'o 2 sec) for 
supershot plasmas. H-mod<WJke phenomena has 
been observed in TFTR, albe: in conjunction with lim
iter operation, as compared with divertor H-modes in 
most other devices. A class of edge relaxation phe
nomena releisd to this mode of operation have been 
studied in detail. Moreover, a hew beam instability is 
observed at the start of the neutrai-beam injection. A 
detailed theoretical study of stability of these TFTR 
discharges has been carried out, using a full set of 
measured time-dependent p-afiies of Te(r), T,(ri and 
n»(f)-
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In anticipation of the forthcoming D-T experiments 
on TFTH, studies nave been carried out to explore 
the confinement properties of alpha particles in these 
plasmas by measuring the confinement of fusion 
products intrinsic to deuterium plasmas [the 1-MeV 
triton from the d(d.p)t reaction and the O.B-MeV 3He 
ion from the d(d,n)?He reaction], which have orbits, 
electron drag forces, spatial profiles, and velocity 
space distributions similar to those expected for the 
D-T-produced 3.5 Me V alphas. The measured num
ber of 14-MeV neutrons from triton burnup appears to 
be about two times betow classical expectations and 
the triton loss rates in some cases are observed to be 
enhanced by the presence of MHD activity.' 

Ion cyclotron range of frequencies heating experi
ments have also been carried out over the past year 
to develop a means of providing central ion and 
electron heating in TFTR to enhance the performance 
of supershots or to help provide tiigh-Q conditions in 
other operating regimes.8 Ion cyclotron range of fre
quencies heating experiments have been conducted 
for powers up to 2.5 MW in both the hydrogen and 
minority 3He heating regimes. Heating experiments 
with ICRF alone exhibit well-localized eent-al heating 
of the minority ion species, resulting in an energetic 
ion tail that subsequently slows down on the bulk 
plasma species. Increases in total stored energy 
indicate confinement times somewhat in excess of L-
mode expectations at the rf (radio-frequency) powers 
applied. Experiments in tow-density plasmas in con
junction with neutral-beam injection were also carried 
out to assess the potential for improving the neutron 
output through central electron heating. An increase 
in T a o has been obtained with P r f ~ 2 MW, resulting in 
a 30% enhancement of the neutron level, due to an 
increase of the beam-target reactions resulting from 
the increased central electron temperature. 

Confinement Studies with 
Intense Neutral-Beam Heating 

One of the characteristics of the supershot regime 
in TFTR is thai confinement is observed to depend on 
•he balance between the tangentially co- and counter-
injected beams, peaking with nearly equal power 
injected in ;he two directions. With the configuration 
of neutral-beam injectors installed in 198B, the total 
power available at optimal balance was increased 
from the previous val^e of 15 MW to over 30 MW. 
Experiments during this period were focused on 
increasing the plasma current at which supershot-like 
characteristics could be obtained.1 With the advent of 
the additional neutral-beam-heating power, super-
shots with confinement times up to 2.5 limes the L-
mode confinement time have been achieved at 1.6 
MA (previous maximum currents lor this regime were 
less than 1 MA). At these higher plasma currents, 
ihe supershots are still characterized by high central 
ion temperatures (up to 32 keV), high central electron 
densities (8.7 x lO^m-^), and high central electron 
temperatures (8.5 keV). The electron density profile 

is very peaked, with the ratio of peaMo-average den
sity nB(0)/<n9>, up to 3:1. The ion temperature profile 
is narrow, similar to the electron density profile, but 
the electron temperature profile is much broader. 
The maximum value of T^n^TE. which has been 
attained is 4.2 x 10 2 0 n r 3 keV sec in a 1.4-MA dis
charge. Figure 2 shows the dependence of the total 
stored energy as determined from magnetic mea
surements with input heating power. Along the upper 
envelope of the data the stored energy increases lin
early with power at a slope corresponding to a con
finement time of approximately 150 msec. The maxi
mum neutron source strength during a pulse increas
es strongly with the applied heating power as shown 
in Fig. 3. The maximum value ol the neutron source 
strength, 3.7 x 10'6 n/sec, is achieved at the highest 
power. The variations of the stored energy and neu
tron source strengths are well correlated and it is 
observed that S ^ t « E&t in the discharges studied. 

TOTAL POWER (MW> 

Figure 2. Dependence of the peak in the plasma stored 
energy, as determined by magnetic measurements, with 
the total input power. Thu different symbols refer to differ
ent plasma currents. 

10 20 30 
NEUTRAL INJECTION POWER (MW| 

Figure 3. Variation of the maximum neutron source 
strengths from D-D fnsion reactions during a pulse with 
neutral-boam-injaction power. Different symbols indicate 
different plasma currents. 
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A striking feature of the discharges in these experi
ments is the reduction in the peaking of the density 
profile as the target plasma density increases. The 
confinement time also deteriorates, as shown in Fig. 
4. The scaling ol the confinement time in ihese dis
charges, defined by t E = E t o t/(P t M-dE t o t 'dt), nas been 
studied in considerable detail. It is found that this 
confinement time is relatively insensitive to power for 
fixed plasma current and target density, in contrast to 
the standard L mode scaling. In addition, it is 
observed to be relatively independent of the plasma 
current in the supershot regime (l„ = 0.5 - 1.5 MA). 
Previous results indicated a local maximum in the 
confinement at l p = 0.9 MA. However, improvements 
in conditionings (see below) in 1988 have led to 
improved performance at l p = 1.4 and 1.6 MA. The 
D-D fusion reaction power gain Qnn, as a function ol 
applied heating power, is shown In Fig. 5. Shots with 

•m*> B a 

&'* 
O 1.4MA-D -

• 1.4MA He 
• 1.0-1.6 M A ' 

I 
2.0 2.5 
n e ( o W < n 6 > 

3.0 

Figure 4. Relationship between the enhancement of the 
global confinement time over that predicted for i-mode 
scaling and the peaking of the electron density profile. 
Different symbols indicate different plasma currents and 
gases. 

Q D D substantially higher than the envelope of the 
bulk data tend to occur when the target density is at 
its lowest extreme. Further improvements in condi
tioning techniques may allow reliable access to these 
experimental conditions. Two types of extrapolations 
were made for future experiments, where two of the 
four beamlines injecting deuterium will be replaced by 
two injecting tritium. If only the nuclear cross sec
tions are changed, the equivalent Q^j for these dis
charges is projected to be 0.29 ± 0.07. If allowance 
is made for alpha heating and isotopic mass effects, 
the projectd Q5 T is about 0.5. 

Local Transport Analysis of 
Supershot Discharges 

Local transport has been analyzed in auxiliary-heat
ed TFTR plasmas with emphasis on understanding 
the enhanced confinement observed in the supershot 

-*- OS 0 9 MA 
a •• o • •• 
O l ! I ) 
O M - 1 5 
• 16 1? 

$-
. a o ^ & ^ i 

* ! * 

10 20 30 
NEUTRAL INJECTION POWER (MW| 

Figure S. The variation of the D-D fusion reaction power 
gain with neutral-beam-injection (NBI) power for dis
charges with nearly balanced NBI and well-conditioned 
Simifers. The symbols indicate different plasma current 
strengths. 

regime. The particle and energy transport In these 
plasmas have been analyzed by the one-dimensional 
steady-state transport analysis code (SNAP) and f ie 
one and one-half dimensional, time-dependent code 
(TRANSP) using the experimentally measured 
temperature and density profiles.3 The total stored-
energy and neutron-emission rate calculated in the^e 
simulations is typically in good agreement with the 
experimental measurements. For the supershot case 
shown in Fig. 6. the analysis indicates that the ratio of 
beam-to-electron densities, nt /n B = 0.14 on axis, and 
that the beam-stored energy is 4 1 % of the total. 
While the global enengy confinement time is 0.18 sec, 
the calculated energy confinement time ot the thermal 
component Is 0.12 sec. The calculated neutral-beam 
power and source profiles are very peaked on avis, 
with the central power density and particle source 
being provided by the neutral beams. The ion thbr-
mal diffusivity with neutral-beam heating, Fig. 7, is 
found to be much larger than predicted by neoclassi
cal theory. In all the plasmas analyzed, the mea
sured Tj profile is narrower than predicted by neoclas
sical transport. The analysis further indicates that the 
thermal diffusivities of both electrons and ions have 
similar magni^des and profile shapes in the outer 
regions of the plasma. In studies of the discharge 
characteristics ranging Irom L-modes KO supershots, it 
was observed that the thermal ditfusivities are strong
ly correlated with the peaked character of the density 
profile, as shown in Fig. a. Significantly, Xe does not 
depend on l n and P i nj, while %e decreases as the den
sity profile becomes more peaked. These data indi
cate a strong decrease in % a s ttie transition from L-
modes to supershots is made. 

in order to promote understanding of the nature of 
conlinement in TFTR plasmas further, a variety of 
perturbalion experiments were conducted to study 
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Figure 7. (Top) Comparison between the measured ion 
temperature profile and the prediction of neoclassical trans
port for the supershot of F j 6(b). (Bottom) Radial profiles 
of Xa a r , d Xi inferred from the experimental data and the 
neoclassically predicted xi-
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Figure 8. Variation of %i &nd xe at r =- n/2 with ne(0)/<ne> 
lor plasmas having confinement ranging from L-mode to 
three times L-moda; lp » 1.0-1.8 MA, and P^ - 1? to 30 
iVfW in deuterium and helium discharges. 

transput. Perturbation techniques inyolve applying a 
smart impulse of energy or particles to a plasma in 
equilibrium. One such approach is to inject a small 
gas puff at the plasma periphery and observe the 
time-dependent density wave as it proceeds towards 
the plasma core. Using the TRANSP code mentioned 
above, a linear multiple regression analysis is 
employed to determine the transport coefficient at 
each uaial position.'1 For a range of plasma condi
tions, these experiments have yielded tha result that 
both the thermal and the particle diffunvities have a 
minimum in the center of the discharge and a maxi
mum at the edge. The shapes of the profiles for both 
these quantities are similar and agree to within a fac
tor of two actoss the full profile. Additionally, it is 
observed that the profile-averaged diffusivity is rough
ly proportional to 1/ne. A substantial inward velocity 
is also noted that has similar p.oliles and depen
dences as the diffusivities, with vaiues in the range of 
0.5-1.0 m/sec. 

Impurity transport was also studied by the injection 
of a prescribed amount of impurity ions via a laser 
blowoff technique. Tha impurity diffusion coefficients 
were found to be in the range of 0.5-1.5 m2/sec, 
which is larger by over an order of magnitude than 
neoclassical predictions. There is no observed 
dependence of the diffusion coefficient on the back
ground gas or the mass of ihe injected impurity; how
ever, there is a reduction in the impuriiy diffusivity as 
the density is increased. The qualitative features of 
the impurity diffusivity are fouryj to be similar to those 
of the electron diffusivity. 

In anc""s<?r series of perturbation experiments, a 
small arriuunt (2 MW) of reutral beam power was 
injected into a low-density target plasma. Measure
ments of the charge-exchange spectra at various tan-
gency radii were compared with beam-deposition and 
slowing-down models. It was found that the fast ions 
exhibit relatively small thermal and momentum diffu
sion rates (D < 0.05 mi/sec) The difference between 
the fast-ion diffusivity and that of the thermal plasma 
suggests that the fluctuations, thought to be responsi
ble for ihe anomalous diffusivity, are probably local
ized and small scale. Experiments such as these can 
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lead to significant new u iderstanding of the physical 
processes governing transport 

Current Drive anJ Momentum 
Confinement in MBI-hea*ed TFTR 
Discharges 

Neutral-beam-injeclion-hefited piasmrs in TFTR 
show evidence ot strong ne-i-ohmic currents. During 
near-balanced co- and counter-Leam injection, the 
surface voltage is driven negative for hrgh-p plasmas. 
T he time evolution of these plasmas was analyzed, 
and it was found necessary to include the bootstrap 
currant, predic'ed by neoclassical theory, in order to 
explain the obser/ed evolution of surface voltage. 
Voltage reversal has been observed1 in plasmas witti 
currents of l p = 1.4 and * 6 MA having (3p > 1.1 (Hef. 
5). Initial analysis gives good agreement between 
the measured and calculated V s u r when the boot
strap current is included. Co-beam injection at a 
power of 11 MW alone has been found to reverse 
V 6 V j r for up to 2 sec for l p = 0.9 and 1.0 MA, c id to 
reduce V s u r to nearly zero for l p = 1.2 MA. The plas
mas have been modeled by the TRANSP code, 
which provides a prediction of '.he expected V s u r . 
Figure 9 shows the results of the analysis ot a dis
charge with l D = 1.0 MA. The experimentally 
observed evolution of V s u r is well-mafchert when both 
the bootstrap and beam-d.. /en currents are included 
in the model. 

#86X0995 
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f! is very important to include the effects of toroidai 
rotation in the analysis of these discharges. The rota
tion dovvnshitts the eneigy ol the beam ions ir. tha 
p!?isma frame, causing them to carry less current ar •• 
to slow dowi f-ster. The central rotation velocity is 
driven by the unbalanced injection, as measured by a 
horizontally viewing X-rcy crystal spectrometer (XCS) 
and is lourrd to scale approximately linearly with 
increasing beam torque-per-elactron (Fig. 10). The 
central velocity driven by a fixed value of torque-per-
electron id insensitive to plasma current, over the 
range L = 0.6-2.2 MA. 
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Figure 10. Central rotation speeds in TFTR measured by 
an X-ray crystal spectrometer as a function ol incident 
beam torque, normalized to the line-averaged electron 
densty. 

The TFTR supershot regime, characterized by high 
neutron emission, high ion temperatures, arid a broad 
electron temperature profile, is generally optimized by 
the use of ne^r-balanced injection. It was recognized 
early that classical effects associated with large 
toroidal rotation velocities oou!d impair ihe perfor
mance of purely co-injected difcharges: the relative 
energy between the incident beam neutrals and the 
plasma in reduced in the rotating plasma frame, lead
ing to poorer fusion reactivity, poorer beam penetra
tion, and broader beam power absorption profiles. 
Whether these effects are sufficient to account for the 
observed optimum performance in the balanced 
injection case, or whether there is some underlying 
difference in the energy transport as the beam bal
ance is varied, is a question of considerable interest. 
Detailed measurements of the electron and ion diffu-
sivities as a function of the beam direction indicate lit
tle change in this quantity, suggesting that the rota
tion speed of 1.5 x 10 s injs&c at r = a/2 has little 
effe :t on heat transport. 

Figure 9. The time variation ol Vsur from experimental 
magnetic measurements and calculated lor various mod
els: ohmic current only (OH); beam-driven and ohmic cur
rent (OH + Beam); bootstrap, beam-driven, and ohmic 
currents for the 10-MA dfsr'<arge (OH + Beam + 
Bootstrap). 

Stability Studies of TFre 
Plasmas 

Studies of thb stability of high-beta TFTR plasmas 
have been carried out in order to optimize the condi-
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tions for reaching breakeven. In this work, plasma 
pressures greater than 4 x 10 5 Pascals have been 
achieved for the peaked profiles of supershots. which 
is close to the ideal-MHD limit for these circum
stances.8 

An interesting feature of the MHD behavior of 
supershots below the beta limit is the occurrence of 
m/n = 3/2 modes in the absence of n=i activity or in 
the presence ot a large scale m/n = 2/1 mode. For 
supershots at higher current ( l p > 1.2 MA) or lower q, 
sawteeth or bursls of m/n = 1/1 activity are observed. 
The rise in stored energy and neutron emission stows 
at these bursts, indicating that these modus are 
affecting the plasma center; in addition, enhanced 
losses of fast ions and high-energy tritons are 
observed. It should be noted that TFTR L-mode and 
ohmie discharges are generally free of coherent low-
m MHD activity. 

Stabilization of the sawtooth oscillation has been 
observed in the supershot regime for a duration of up 
to 2 sec. Transport analysis using TRANSP indicates 
1hat the stabilization may be due to the centra) q 
value rising above 1. The calculated increase in q(0) 
for supershots is due in part to the presence of non-
ohmic current drive which tends Lo broaden the q pro
file. Figure 11 shows the onset of sawtooth stabiliza
tion for (a) co-only (b) balanced, and (c) counter 
injection on TFTR. It is clear that co and balanced 
injection are more effective for sawtooth stabilization 
than counter injection. 

Over a wide range of parameters in the L-mode 
regime the background turbulence in TFTR, as mea
sured by surface Mirnov probes, indicates very good 
correlation between the fluctuation level and the 
inverse of the global confinement time. Such is not 
the case for surarshots, where it is found that the 
fluctuation lev .is increase with beam power but the 
global confinement time does not change. Thus the 
cause-and-effect connection between transport and 
these magnetic fluctuations is not clear. 

A new type of instability is observed on TFTR when 
the neutral beams are first injected. This axisymmet-
ric beam mode (ABM) has a standing mode structure 
of m/n = 2/0 with an antinode in B e at 45° to the 
poioidal midplane. At high intensities, the mode is 
coherent, with a frequency in the range 30-60 kHz. 
The value of this frequency corresponds to the 
poloidal transit time of the last ions at the plasma 
edge, ano the duration of the mode is comparable to 
the thermalization time of these ions. In its present 
form, this instability does not appear to have any 
detrimental effects on the plasma. 

Hfgh-confinement-mode-Jike discharges, but with 
(imiter geometry, have been obtained on TFTR, with 
l p in the range of 0.9 to 1.25 MA and injected-beam 
power of 14 to 24 MW. Associated with this mode is 
a characteristic dop in the H a signal and an increase 
in both the edge T e and n e levels. However, these H-
modes observed on TFTR do not lead to an enhance
ment of the confinement time, but rather to a modest 
drop in -eg relative to the supershot level. 
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Figure 77. Onset of sawtooth stabilization for 1 sec of neu
tral-beam injection for: (a) co only, (b) balanced, and (c) 
counter injection on TFTR. The crosses are lor conditions 
where sawteething occurs; the solid squares are for condi
tions which have no sawteeth. 

Fusion Product Measyremenfls 
on TFTR 

The confinement of the charged fusion products in 
D-D plasmas is deduced from the magnitude of Iheir 
subsequent burnup in the d(t,n)a and d(3He,p)cc 
fusion reactions. The 14.7-MeV protons from the bur
nup of the 0.8 MeV 3 He in the d(3He,p)ct fusion reac
tion were detected by surface barrier delectors at the 
edge of the plasma, while the 14.1-MeV neutrons 
from the burnup of the 1 MeV tritons in the d(t,n)a 
fusion reaction were detected by Cu(n,2n) activation.8 
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For TFTR supershots, the bumup fractions for 1-
MeV tritons are five to ten times below the Z = 1 
steady-state value. These bumup fractions are 
thought to be below ideal levels primarily due to deu
terium depletion by impurities in the plasma and the 
lack of time required to achieve equilibrium. In both 
the 3He and triton cases, shown in Fig. 12, the bur-
nup time evolution during beam switching is delayed 
from the source signal by times that agree with the 
electron drag times. This indicates that the slowing-
down processes are not anomalous. The net result, 
given various measurement uncertainties, is that the 
triton burnup is a factor of two less than expected. 

LOST TRITON FLUX 

Z - 1 . Slearjy State 

Triton Burnup 

PEAK ELECTRON TEMPERATURE (keV) 

Figure 12. Magnitude of the burnup for the 0.8 MeV 3He 
ions steady-state value (solidpoints) and for the 1-MeV tri-
ton burnup (integrated over the plasma duration) with 
small observed triton losses (open circles) and with two 
times larger observed triton losses (open squares). The 
triton data arm limited to 1.4-MA plasmas. The lines are 
the calculated steady-state Z-1 values. The shaded 
region indicates the magnitude ol the burnup expected 
when transient effects and realistic deuterium deplethn 
are included in the calculations. 

The escaping triton flux has been measured with 
time resolution (less than 0.1 msec) and pitch angle 
resolution (5°) with an array of collimaled ZnS scintil
lators located below the plasma. The fraction of tri
tons escaping to the detector was observed to 
decrease as the plasma current was increased from 
0.8 to 2.0 MA, in agreement with the classically 
expected relative decrease in prompt losses. This 
effect is shown in Fig. 13. The implication of these 
measurements is that the observed triton losses are 
not sufficient to account for the shortfall in the burnup 
fraction as mentioned above. 

An enhanced triton loss correlates with the appear
ance of MHD activity in the plasma, described previ
ously, as shown in Fig. 14. These observed losses of 
up to twice the non-MHD levels may be an indication 
of either a prompt or diffusive toss correlated with the 
MHD activity. However, these plasmas with two-
times larger losses have similar triton burnup frac
tions, indicating thai the losses correspond to a small 
effect on the total triton population. 
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Figure 13. Observed energetic triton loss signal at the 
pitch angle of maximum flux, normalized to the neutron 
source rata (so'id points) and triton burnup magnitude 
(open squares) as a function of plasma current. The 
dashed line indicates the range in the calculated classical 
prompt loss to the detector. The solid line indicates the 
expected traction of confined triton. 
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Figure 14. (a) Pobidal cross section of TFTR with an 
escaping 1-MeV triton orbit that reaches one • I the lost 
alpha detectors. The bottom two traces indicate some of 
the 1-MeV triton bsses correlated with MHD activity 
including: (b) a sawtooth crash and (c) a n - 2/1 oscilla
tion. The neutron flux signal indicates a reduction of the 
2.45-MeV neutron emission with sawteeth and m = 2/1 
MHD. 
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Conditioning of Graphite 
Limiters in TFTR 

ICRF and ICRF/NBI Experiments 

Careful conditioning of the limiters is necessary to 
achieve the optimal performance in supershots.s 
Moreover, the widespread use of graphite in present 
and proposed fusion devices warrants careful studies 
of the properties of this material in tokamaks. To this 
end, a detailed study has been carried out to ascer
tain effective conditioning methods and to determine 
the relevant material properties of the graphite com
ponents in TFTR. 

Conditioning procedures following a vent of the 
torus are comprised of baking the vessel at 150 "C, 
glow-discharge cleaning, pulse-discharge cleaning, 
and disruption-discharge cleaning. After this proce
dure, it is found that reproducible ohmic plasmas can 
be produced. However, specific limiter degassing 
techniques are required to achieve the best perfor
mance. These include the use of low-density ohmic 
plasmas to degas the graphite limiters, and neutral-
beam-heated discharges to complete the conditioning 
process. The amount of carbon influx to the plasma 
edge is also reduced by conditioning neutral beams. 
With the application of increasingly high-power neu
tral beams (greater than 20 MW) to the discharge, it 
is found that the density of the target plasma can be 
reduced to 80% of the level achievable by ohmic con
ditioning alone. The target plasmas with lowest den
sity give the best energy confinement time (Fig. 15), 
neutron yields, and Qpo-
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Figure 15. The variation of energy confinement time dur
ing neutal-beam injection with the density of the target 
plasma showing the importance of conditioning. The 
points shown are lor 1. B-MA plasmas at R - 2.45 and P;„. 
> 20 MW. 

Ion ryclotron range of frequency heating experi
ments have been conducted on TFTR for powers up 
to 2.5 MW. Both the hydrogen aid 3He minority heat
ing regimes have been explored in a 4He majority 
plasma with ICRF heating alone.8 The differences 
between in-phase and out-of-phase antenna excita
tion have been investigated. While in-phase excita
tion provides a factor of two higher antenna radiation 
resistance, as expected, out-of-phase excitation 
leads to better plasma performance in terms of 
increased absorbed power in the plasma core and a 
decrease in metallic impurity radiation. Eighty to 
ninety percent ot the power is absorbed in the center 
of the plasma for out-of-phase excitation while, for in-
phase excitation, only 40-50% absorption is observed. 
The results of a scan of the position of the resonance 
layer are shown in Fig. 16. They indicate both the 
good penetration-absorption of the power on axis as 
well as the tendency for central electron heating 
through Ihe minority ion tail. 
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Figure 16. Total stored energy and central electron tem
perature increments for 2 MW of ICRF power applied to an 
L-mode TFTR discharge in the minority hydrogen heating 
regime. The results indie He well centralized power depo
sition predominantly into electrons consistent with the 
expected slowing down of a fast proton component. 

Experiments in low-density plasmas in conjunction 
with deuterium neutral-beam injection (NBI) have 
been concentrated on attempts to raise neutron emis
sion by central electron heating. An increase in cen
ta l electron temperature from 6 to 7.5 keV has been 
oLtained with P r i = 2 MW. Enhancements in neutron 
envssion have been most pronounced (approximately 
30%) for co-only injection cases. This enhancement 
appears to be due to central electron heating 
Enhancements of neulron production tor balanced 
injection cases have been smaller as these cases are 
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dominated by beam-beam produced neutrons. 
Neutral beam power levels used to date at this large 
major radius (R0 = 2.6 m) are insufficient to produce 
supershc-1 conditions. 

Modeling Activities 
In addition to the experimentally oriented analysis 

codes (SNAP and TRANSP) mentioned previously, 
modeling work with the one-dimensional predictive 
BALDUR code was undertaken to test various con
finement models relative to the plasma conditions of 
supershots. Code development was centered on 
improved theoretical models of microinstabilities for 
electron and ion thermal transport which apply lo the 
collisionless conditions commonly encountered in 
TFTR supershots. Numerous supershot discharges, 
including full ion temperature profiles, were compared 
in detail to the the fully time-dependent iransport sim
ulations. The model indicated that the ion and elec
tron thermal diftusivities were proportional, as has 
been found from other analyses described above. 
The TFTR-calibrated, profile-consistent model for the 
n.;-mode ion thermal diflusivity was found to predict 
suppressed i^j-mode losses during TFTR supershots 
as being responsible for the enhanced confinement 
observed in these discharges. Simulation of other 
discharges with this model was also carried ->ut, with 
the result thai the Tij-mode effects were required to 
model the confinement adequately in these various 
regimes. 

HEATING SYSTEMS 
Fiscal Year 1988 was a period of record achieve

ments and progress for TFTR Heating Systems. 
Foremost of 1hese was the injection of 30 MW of neu
tral-beam power, exceeding the 27-MW design goal, 
and the highest level yet achieved in lusion energy 
research. Average voltage of (he neufraJ-beam 
sources approached 110 kV, very close to the design 
maximum of 120 kV. The relocation of one of the 
beamlines to balance the injection power was com
pleted early in the year. The high levels of injection 
were achieved consistently over an eight month run 
period >ith availability of the total system rising from 
67% to 83%, representing a rewarding payback from 
numerous improvement programs in design, opera
tion, and maintenance. In addition, radio-frequency 
ion-cyclotron heating was installed on 7FTR for the 
first time, with conditioning of the sources and anten
nas progressing <o nearly 40% of the 9-MW design 
gcal. 

The mature motor generator and energy conversion 
systems continued to achieve gains in run perfor
mance Ihrough systematic and comprehensive main
tenance programs, reaching levels of availability 
above 95%. Design upgrades of portions of the ener
gy conversion system, to raise the ohmic-heating cur
rent and provide for variable magnetic field curvaiure, 
were also completed at the end of this year to support 

tests of 3-MA plasma current operation scheduled for 
FY89. 

The neutral-beam engineering groups also began 
exlensive design efforts this year to modify and pre
pare the beamline hardware for tritium beam opera
tions. Physics studies at PPPL and in collaboration 
with other laboratories determined the minimum 
inventory of tritium required to operate a source. The 
tests also demonstrated that the neutral-beam 
source;; require no modification to substitute tritium 
for deuterium. An engineering review of beamline 
components, however, revealed a number of design 
modifications for the tritium phase. The beam drift-
duct, the duct support, and the torus interface valve 
required a rearrangement oi components to accom
modate the tokamak shielding enclosure. The need 
for speed o! maintenance, in the radiation environ
ment, generated design changes for the source 
mounting platform, access door, and electrical con
nections, and for the calorimeter electrical and water 
connections. Finally, the higher reliability demanded 
for tritium operation dictated design improvements to 
the water system, the calorimeter bellows, and the 
120-keV ion dump. 

Neutral-Beam Operations 
During the shutdown in the fall, neutral-beam activi

ties included the relocation of beamline No. 3 to posi
tion #1 and the precision alignment of all beamlines 
and components. Also, the power subsystems which 
were used to operate the neutral-beam test stand 
were recommissioned on the "B" position of beamline 
No. 5. Injection experiments with the beamlines 
began in May using twelve long-pulse ion sources 
developed by the Lawrence Berkeley Laboratory 
(LBL) and fabricated by RCA (Burle, Indiana). 
Administrative restrictions on source operation were 
set at one second and 110 kV to minimize activation 
of the tokamak and to enhance component reliability. 
The Neutral Beam Operations Group provided 1,363 
injection shots between May 23 and October 7, at an 
average energy of 102,2 keV and with more lhan half 
of all shots delivering greater than 20 MW of power to 
the torus and 17 shots exceeding 30 MW (Figs. 17 
and 18). 

For the first time, all operation of the long-pulse ion 
sources was accomplished through the use of the 
CICADA (Central Instrumentation, Control, and Data 
Acquisition) computer control system. This was 
made possible by the addition of filament-power-sup
ply phase control and indication and ion-source fault-
detector control and indication capabilities to the 
CICADA control pages. 

This year saw a marked increase in the availability 
of Ihe neutral beams. The reliability of the power sys
tems was improved by the implementation of more 
dependable gradient-grid current telemetry and by 
upgrades to the modulator/regulator electronics. New 
controllers for the ion-source deflection magnet and 
an enlightened approach to ion-source gas control 
kept operating temperatures of the ion dumps within 
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F/gwe f 7. Wafefo/ms showing the record TFTR neutral-
beam-heating input of 30.4 MW for one second, with a 
plasma current of 1.6 MA yielding a peak output flux of 3.7 
x 10™ neutrons/second(TFTR Shot #37081). 
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Fgure 18. Power waveforms for all of the twelve neutral-
beam sources for TFTR Shot #37081. The average accel
erator voltage is 10B.4 kV for 1.0 see, and the peak power 
is 30.4 MW, with peak co-injected and counter-injected 
powers of 14.6 MW and 15.8 MW, respectively. 

specified levels. No tailures occurred in tt-.e calorime
ter bellows during this run period after reverting to an 
earlier design and selecting an operating routine that 
limited the number of calorimeter cycles. An inspec
tion of long-pulse ion-source filaments indicated little 
deterioration after this year's run, allowing the 
sources to remain in place for she next year's opera
tion. 

Neutral-Beam Project 
Engineering 

In support of the relocation of beamline No. 3, the 
nitrogen and helium cryogenic lines were rerouted 
and shortened to reduce the heat load and to provide 
compatibility with the shielding enclosure planned for 
D-T operations. The neutral-beam vacuum drift-duct 
and bellows were also modified on this beamline to 
be compatible with the D-T igloo shielding. The torus 
interface valve was repositioned outside the igloo and 
the support structure was redesigned for compatibility 
with the igloo and seismic qualification. This new 
design will also be implemented on beamflnes Nos. 2, 
4, and 5 during an upcoming shutdown period. 

A design was completed to modify the existing sup
port platform for the ion sources. This design is 
shown in Fig. 19. The improvements correct an 
excess deflection caused by the additional weight of 
the long-pulse ion sources. The design changes also 
improved access for maintenance and repair under 
the platform in order to reduce radiation exposures 
during the D-T phase of operation. These modifica
tions will be installed during a future shutdown period. 

The cooling water system for the beamlines was 
redesigned and improved for D-T operations. 
Changes included the replacement of radiation-soft 
materials with hardened materials and the elimination 
of components no longer required tor operatior of the 
beamlines. Over 250 unused components per beam-
fine were eliminated to improve reliability. The instal
lation of the new system is planned for the shutdown 
prior to D-T operation. 

Work was started on a f i ne element model of the 
neutral-beam vacuum enclosure and internal compo
nents. This model will be used to identify areas 
requiring structural modification to address failure 
modes and meet the seismic requirements of D-T 
operations. 

Design work was started on the interface require
ments for the neutral-beam shielding enclosure and 
the external maintenance manipulator. The planned 
maintenance activities on the neutral beamlines were 
studied to determine how they would be affected by 
the presence of the concrete shielding enclosure. As 
a resuft of this study, changes in the enclosure pene
trations and support structure were recommended to 
the shielding group to improve access to the 
ca'orimeter, ion dump, and ion sources. 

A redesign of the ion source connections was start
ed to reduce by more than half the time required to 
replace a source during the D-T phase of operation. 
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Figure 19. Modified neulral-beam support structure for 
more accurate alignment of sources showing new support 
frame, cross member, braces, and columns. 

Changes to the ion source and enclosure included 
the addition of a hinge to the rear access door, relo
cation of the SF 6 (sulfur hexafluoride) gas connec
tion, as wel! as the addition of simplified connectors 
to reduce the time required to wire in a new source. 

The D-T phase will require a new gas injection sys
tem capable of injecting either deuterium or up to 380 
curies per shot-source of tritium gas into the ion 
sources. The planned design consists of a piezoelec
tric valve with an electronic feedback circuit to regu
late (he upstream pressure and hence flow rate. A 
breadboarded test of this design has shown that the 
pressure can be regulated precisely. Refinements of 
this design are now in progress and the installation is 
scheduled to be completed during the next major D-T 
installation period. 

A finite element analysis was completed to deter
mine if the fields of the bending magnets could be 
defccused to reduce the thermal fatigue damage on 
the ion dump plales. The results of this study were 
negative, so some minor redesigns were made to the 
thermocouple attachments in ihe ion dump plates to 
reduce the stress concentrations by a factor of two. 
The fabrication and installation ot this new design is 
scheduled for early 1989. 

The neutral-beam calorimeter is being redesigned 
to add a "bolt-on" assembly feature and to increase 
the number of bellows convolutions from 150 to 
approximately 270 to extend the experienced fatigue 
life. The n^w bellows configuration is shown in Fig. 
20. A test chamber was designed and built to cycle 
the bellows under operating conditions of stroke and 
vacuum to prove out the new design. A new anli-
squirm feature is also being looked at to replace the 
existing Teflon strips to further improve thr life of the 
bellows up to 20,000 cycles. 

The calorimeter was also identified as a candidate 
for "hands off" removal using the TFTR external 
maintenance manipulator, The water and electrical 

connections were redesigned so that they could be 
disconnected by this manipulator from above. A 
mock-up of the modifications is planned to demon
strate the remote maintenance feasibility. 

Figure 20. Neutral-beam calorimeter bellows modifica
tions showing extended bellows length and antisquirm 
rings. 

Neutral Beam Systems 
Engineering 

Neutral-beam systems engineering activities during 
the year concentrated on three areas: support of 
neutral-beam operations 1o integrate and trou-
bleshoot equipment and improve availability; support 
of neutral-beam physics diagnostics; and develop
ment of new electronic and electro-mechanical 
designs for future operations. 

Operations support began wi'h the rerouting of 
approximately 2,000 instrumentation and control sig
nals to accommodate the relocation of beamline No. 
3. Significant effort was then given to integrating all 
the beamline and power subsystem controls and 
instrumentation to the computer system. Mso, the 
last ot the computer power system controls, the fila
ment phase-back adjustment and ihe fault detector 
monitoring, were incorporated into the software, 
allowing full remote operation from the TFTR control 
room for the entire eight month run period. 

Operational availability during the run was signifi
cantly increased through improved versions of the 

17 



magnet controller and the gradient-grid current moni
tor. Other improvements having a positive effect on 
availability were a redesign of fhe indicator switches 
for the calorimeter position and a synchronization 
system beiween TFTR neutral beams and the PBX-M 
power subsystems to excluda mutual line loading. 

A sponger engineering presence within the Heating 
Systems Division led to the establishment of an on-
site repair and test facility to reduce turnaround time 
on failed electronic equipment. Good progress has 
been made in eliminating critical shortages of spares 
and reducing the general repair backlog. Additionally, 
the review and disposition of failure rpports was orga
nized as an engineering function in close collabora
tion with Quality Assurance. The backlog of unan
swered failure reports was eliminated and a review of 
failure history was undertaken to pinpoint high failure 
rate components. Approximately 15 failure cate
gories have been iden'ified that merit engineering 
investigation. Examples of problems that are receiv
ing corrective design modifications are deterioration 
of switchyard signal cables, lockup of the telemetry 
transmitter power supply crowbar, and false Iriggering 
of hardware timers. 

The computer control system has improved appre
ciably so that remote operation of al! 12 sources is 
reasonably user friendly and reliable. The major gain 
has been the graphics throughput, which now dis
plays over 200 waveforms in less than 30 seconds. 
Other features for operational improvement that have 
been specified and are being addressed by the com
puter group include several high-level control pages, 
a data-base storage and retrieval system, thermocou
ple monitoring software, and a computer self-check 
and alarm mechanism. 

New designs or design modifications under devel
opment and scheduled for completion next year 
include a real-time thermocouple scanning system, a 
tritium gas delivery system, rerouting of lhe beamline 
instrumentation and control cabling for D-T shielding, 
remote control of the helium refrigerator, redesign of 
the ion dump thermocouples, and definition of the tri
tium recovery requirements for tritium-beam opera
tion. 

Neutral-Beam Physics 

Much of the neutral-beam physics effort was devoted 
to studies for r-jnning tritium beams during the final D-
T phase of rFTR. A study of geftering in the ion 
sources determined that this effect should not be a 
majo trap for tritium. In a collaboration with the JET 
(Joint European Torus) neutral-beam group, the 
TFTR neutral-beam physics group carried out experi
ments on the JET neutral-beam test bed in which 
deuterium was fed into the source and hydrogen into 
1he neutralizer (and vice versa). By measuring the 
isotopic composition of the extracted beam (which 
included all possible cross combinations of isotopes 
in the molecular ions) it was shown that the composi

tion is very well described by a model in which the 
gas flow connecting the source and neutralizer is free 
molecular, and the extraction from the source plasma 
is proportional to the inverse square root of the ion 
mass. The behavior of the neutron production with 
hydrogen fed into the source and deuterium into the 
neutralizer was also well predicted by this same 
model. Thrj observed contamination of the beam by 
the neutralizer isotope led to Ihe conclusion that only 
tritium should be used in the trilium beamlines (rather 
than trying to reduce tritium consumption by making 
up part of the required neutralizer line density with 
deuterium). 

This understanding of the flow characteristics along 
the neutralizer and near the source then led to a sim
ple model of the pressure profile in the neutralizer 
and source as a function of gas-feed position. The 
model was tested and confirmed on TFTR beamlines. 
As a result of these tests, it is now planned to supply 
tritium to the sources at ground potential just a little 
downstream of the accelerator grids. The whole gas-
feed system can be in stainless steel tubing, rather 
than requiring a plastic section for high-voltage hold-
off surrounded by the sutfur hexafluoride (SF6) in the 
source enclosure. The SF 6 would have contaminated 
the tritium handling system if a rupture in the plastic 
tubing allowed the tritium and SF 6 to mix. In addifion, 
feeding the tritium in at ground potential precludes 
any possibility of an accelerator voltage breakdown in 
the supply line due to electron-ion pairs produced by 
the betas from tritium decay. 

The neutral-beam physics group also performed 
experiments at Sandia National Laboratory (Livermore) 
to determine whether the charging current associated 
with the beta decay of tritium on TFTR neutral-beam 
accelerator insulators (and also a JET accelerator 
insulator) caused any changes in the voltage hold-off 
capability. Tritium did not impair the voltage hold-off 
capability for either type of insulator, and the leakage 
currents were about the same within the experimental 
accuracy. Also tested was the breakdown character
istic of a tritium filled Tefcel tube, which was found to 
be approximately the same as for deuterium 

In addition, the atomic and molecular species to be 
expected for tritium were considered, with the conclu
sion drawn that Ihe intrinsic species mix should prob
ably be no less atomic than with deuterium, leading fo 
a larger fraction of the neutral beam being in the full 
energy component because of the tower velocities of 
tritium. Full confirmation of this projection would 
require running a source on tritii'm. Also, in light of 
the stringent constraints on tritium inventory, operat
ing scenarios were developed which use deuterium 
for conditioning shots 10 reduce tritium consumption. 

Near the end of this operating period, an extensive 
study of the power calibration of all twelve ton 
sources was carried out to obtain a more systematic 
idea of the source-to-source variability and to verify 
the calibrations that have be^n used. Plasma experi
ments having special beam requirements were also 
evaluated and supported. 
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Motor Generator System 
The motor generator {WG) system continues its 

operation with excellent reliability (above 98%). 
Maintenance procedures are currently updated to 
establish a good reference for obtaining records, his
tory, and trends. The manufacturer's report and con
sultation with Westinghouse about the thrust bearing 
problem indicated no operating risk under this condi
tion. 

The weld cracks on the motor gussets of both units 
have been repaired. The cause of the cracks is not 
>at clear. Cracks on Unit No. 1 might be due to poor 
welding while Unit No. 2 is unknown. Stress mea
surements will be performed in January '89 on motor 
gussets under all MG operation modes to determine 
the cause ot the cracks and if corrective action is 
required. Inspection of welding on the motor gussets 
has been performed monthly since April '88. 

The inlet cooling waler temperature during the sum
mer time is high which affects MG operation. 
Corrective action is underway to bypass the chiller 
and provide MG with cooling water directly from the 
tower. The problem with the broken paddle of the 
MG cooling water flow switches was corrected by 
modifying the flow switch and monitoring the MG 
cooling water flow remotely. In addition, the inlet and 
outlet water temperature will be monitored. 

Energy Conversion System 
The energy conversion system (ECS) has operated 

at or near full-rated capability for the past three years, 
converting approximately one gigavoltampere of ac 
power (supplied through the MG sets) to approxi
mately 900 megawatts of dc energy to the tokamak 
coils for each operational pulse. Availability of the 
ECS has been on the order of 95% — occasionally 
higher for several days at a time. The system has, 
therefore, reached maturity if compared to its design 
ratings. 

The ECS design is such that greater power can be 
converted with modest adjustments lo experimental 
operating parameters (such as time between pulses, 
for instance). It has been planned to take advantage 
of this possibility during TFTR operation to test the 
capability of satisfying the Compact Ignition Tokamak 
(CIT) requirements and to enhance the performance 
of TFTR experiments by supporting 3-MA plasmas. 

Two steps toward achieving this 3-MA capability for 
TFTR were completed during 1988. First, a method 
of protecting ihe ohmic-heating power diode arrays 
against thernai overload was designed, fabricated, 
and installed. This protection has functioned well to 
date, but o1 course has not yet encountered the 3-MA 
conditions 1hat will constitute its most demanding test. 
Second, a high-powered variable curvalure (VC) 
power supply was installed. The previously used VC 
supply was not capable of supplying the required 
magnitudes of current to the VC coil under some 
anticipated high-plasma-current experiments; there-
lore, one of ihe equilibrium-field supplies, which fortu
itously was not needed for this type of experiment, 

was rearranged to supply the enhanced VC current. 
It is anticipated that this arrangement, which was 
completed and commissioned just at the end of 
FY83, will be tested under plasma experiment condi
tions during the FY89 operations. 

A number of operational practices were introduced 
during F>'88 which improve ihe programmatic effi
ciency of the ECS. A systematic preventive mainte
nance program that includes detailed procedures and 
check-offs for each piece of apparatus within Ihe ECS 
was developed and put into practice. A computer-
aided replacement parts system was developed that 
has greatly reduced time-to-repair, and hence sub
stantially improved ECS availability. An automated 
(computerized) operations logging system has also 
been initiated to record the resuris of each ECS 
pulse, keep track of any ECS lailures, aid diagnoses, 
and list repair procedures involved. Since this log is 
archived in a data-base format, the information has 
been used to perfect operational procedures and 
determine areas of frequent trouble to be addressed 
in preventive efforts. 

ICRF Project 
Fiscal year 1988 marked the beginning of ion 

cyclotron range ol frequency (ICRF) heating experi
ments on TFTR. A PPPL-designed antenna and an 
ORNL-designed antenna having a combined design 
output of 9 MW were successfully commissioned and 
operated into tokamak vacuum at full voltage. A pho
tograph of the two antennas in place on the TFTR is 
shown in Fig. 21, By year end both antennas had 
demonstrated discernible heating effects on tokamak 
plasmas, with the PPPL antenna reaching a power 
output of 2.8 MW and the ORNL antenna, still in its 
early conditioning phase, attaining an output of 0.6 
MW. Power for the antennas was derived from a set 
of ICRF power sources from the Princeton Large 
Tokamak (PLT), modified 1or 47-MHz operation. 
Pulse wtuihs were initially limited to 0.5 sec due to 
cooling limitations in the power sources, but subse
quent changes to the water system allowed operation 
at the full 2-sec pulse design goal. The antenna cool
ing water systems, the ORNL antenna control air sup
ply, and the transmission line SF 6 gas system also 
operated satisfactorily at their design levels. 

Figure 21. The ICRF antennas mounted in the tokamak: 
left, ORNL design; rigi,;. PPPL design. (88E0449) 
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The successful operation into plasmas confirms the 
basic ICRF system design approach. For space and 
economy reasons the PLT power sources for the 
antennas have been kept at their original C-Site loca
tion. Power is sent from the C-Site sources to D-Sife 
through separate coaxial transmission lines for each 
antenna. A set of transfer switches inserted in the 
transmission lines diverts the power back fo C-Site 
for dummy load tests. Tl.e switches are located 
approximately two thirds along the transmission path 
length in an electromagnetic interference (EMI) enclo
sure at the D-Site mock-up area. The EMI enclosure 
also contains the tuning components for the PPPL 
antenna transmission line. The ORNL line is tuned at 
the antenna, using a remotely operated capacitor at 
the vacuum vessel interface. A test program to fully 
characterize the two transmission line tuning con
cepts and the two antenna designs has been started 
and will continue into the next run period. 

Spinner of West Germany designed and fabricated 
the dummy load skids and electronics for the testing 
?r*d conditioning of each power system. Each load is 
a seif-contained unit consisting of a radio-frequency 
cavity and calorimeter assembly, cooling paths and 
controls, a 600-gpm pump, heat exchanger, and a 
1,000 gallon reservoir to provide thermal capacitance. 
A high heat capacity mixture of water and sodium 
bicarbonate is used as a coolant. Instrumentation 
located on the skid provides readouts of coolant flow 
and temperature rise for dummy load calorimetry cal
culations. Each skid can absorb 6 MW of ICRF 
power for 2 sec at a continuous repetition interval of 2 
minutes. Calibration o« the power measurement 
instrumentation for both units is underway. 

The design of the ICRF power and ancillary sys
tems allows control from a local control station at C-
Site or from a remote operating console in the TFTR 
control room. A dedicated micro-VAX computer per
forms the oontrol, monitoring, and display functions 
for remote operations. For either mode of operation 
an independent hardwired control system provides 
1he interlocks required for personnel and equipment 
safety. By year end, all of the hardware and most of 
the software control functions were integrated with 
(he ICRF system and operating successfully. 

Two power sources from the Fusion Materials 
Irradiation Test (FMIT) Facifity have been delivered 
and are being commissioned. The sources have a 
combined output of 3 MW at 40-80 MHz and will be 
used to power the ORNL antenna during 1he FY89 
operating period. 

TFTR DIAGNOSTICS 
The FY87/88 vessel opening provided ample time 

for numerous diagnoslic activities. Measuring capa
bilities were enhanced with many upgrades to exist
ing diagnostics along with several new installations. 
Many diagnostics were realigned or extensively cali
brated and all diagnostics were reviewed from a relia
bility aspect. In addition, the FY88 machine run 
schedule included a one week maintenance period 

following each two week experimental run, which pro
vided greater opportunity for fine tuning of diagnostics 
than was available in past run periods. As a result c, 
these efforts, ihe FY88 experimental period produced 
extremely well-diagnosed plasmas with extensive 
data collected concurrently. The capabilities of the 
TFTR diagnostic set which was available for the 
FY88 run are illustrated in Table I. Under each plas
ma parameter, the diagnostics used to measure it are 
listed. Note that not only are most parameters mea
sured by several diagnostics with different spatial and 
temporal capabilites as well as different physical pro
cesses, providing a redundant cross check on the 
quality of data, but also that many diagnostics are 
now capable of measuring more than one principal 
parameter. 

Another area of major concentration this year was 
the design of radiation shielding for diagnostics in 
preparation for O-T operation. 

Charge-Exchange 
Recombination Spectrometer 

Improvements to the TFTR Charge-Exchange 
Recombination Spectrometer (CHERS) diagnostic 
were made in FY88. The tangential view of the pri
mary co-directed heatinq beam was relocated to ^ay 
K on TFTR when the neutral-beam injectors were 
repositioned for Ihe 1988 run. This new position pro
vides for a better discrimination between the primary 
beam sightline intersection and the secondary co-
directed beam seen simultaneously with the inner 
sightlines of this view. The complication of having to 
simultaneously fit Gaussian profiles to emission from 
two different radii in the plasma led to notching exper
iments. The notching in the power of one of the heat
ing beams allowed single-Gaussian fits to be made 
during the "notch" time. These single Gaussian-fitted 
data gave reliable resufts as tar inward as R = 244 
cm, whereas double Gaussian-fitted data gave reli
able results to R = 274 cm. The CHERS measure
ments were made with the diagnostic neutral beam 
(DNB) as an illumination source primarily when only 
counter-directed heating beams were injected. 
These measurements had a 5.0-cm resolution avail
able when data was combined from two identical dis
charges. An example of data is shown in Fig. 6. 

The spatial positions for the heating-beam view 
were identified using a procedure in which the individ
ual beam sources were injected into a gas-filled torus 
with no fields applied. The resulting Doppler-shifted 
H a signals provided an accurate spatial calibration. 

The software upgrades included a VAX-based anal
ysis code, and creation of radial proliles for each time 
step. Improvements in the ability of the analysis code 
to treat combinations of single-Gaussian and double-
Gaussian profiles allowed the T^r) profiles to be 
made sequentially lor the entire duration of the beam-
heated portion of the discharge even in high-power 
supershots. 

Comparison of T,(0) from CHERS with T,(0) from 
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Table I. Operational TFTR Diagnostics In FY88. 

Principal Plasma 
Parameter Measured Diagnostic Location of Measurement 

Electron Temperature TV Thomson Scattering (TVTS) 
ECE Heterodyne Radiometer 
X-ray Pulse Height Analysis (PHA) 
ECE Fourier Transform Spectrometer 
ECE Grating Polychromator 
Fast Edge Probe 
Combined Electrical 

and Sample Exposure Probe (CESEP) 

Dual Midlane Profile 
Radial Profile 
1 Horizontal, 2 Vertical Chords 
Radial Profile 
20 Point Radial Profile 
1 Midplane Radial Profile 

1 Vertical 

Electron Density 1-mm Microwave Interferometer 
Multichannel FIR Interferometer (MIRI) 
TV Thomson Scattering (TVTS) 
Fast Edge Probe 
Combined Electrical 

and Sample Exposure Probe (CESEP) 

Horizontal Midplane 
10 Vertical Chords 
Dual Multipoint Profile 
1 Mtdplane Radial Profile 

1 Vertical 

Ion Temperature X-ray Crystal Spectrometer 
Charge-Exchange Recombination 
Spectroscopy (CHERS) 

Diagnostic Neutral Beam (DNB) 
Soft X-ray Spectrometer (SOXMOS) 

1 Horizontal, 5 Vertical* Chords 

1 Vertical, 3 Horizontal Arrays 
Horizontal Midplane 
Horizontal Midpiane 

Energetic Ions Charge-Exchange — EIIB Mass Resolving 
Electrostatic 

Tangential Bolometer 

Lost Alpha/Triton Detector 
Fast Edge Probe 
Combined Electrical 
and Sample Exposure Probe {CESEP) 

RF Probe 

2 Vertical Chords 
6 Vertical Chords 
16 Chord Counter View* 
2 Chord Co View 
3 Toroidal Locations* 
1 Midplane Radial Profile 

1 Vertical 
Edge Array 

Impurity Concentration Visible Bremsstranlung Array (HAIFA) 

UV Survey Spectrometer (SPRED) 
X-ray Pulse Height Analysis (PHA) 
Pellet Polychromator 
Sample Exposure Probe 

18 Chord Array, 4 Toroidal 
16 Chord Tangential" 
Horizontal Midplane 
1 Horizontal, 2 Vertical Chords 
1 Location 
1 Vertical 

Radiated Power Bolometer Arrays 
Wide Angle Bolomelers 
Tangential Bolometers 

19 Horizontal, 19 Vertical Chords 
6 Toroidal Locations 
16 Chord Counter View' 
2 Chord Co View 
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Table 1. Operational TFTR Diagnostics In FY88 (Continued) 

Principal Plasma 
Parameter Measured Diagnostic Location oi Measurement 

Fusion Products Epithermal Neutron Fission Detectors 
Neutron Activation Irradiation Ends 
14-MeV Neutron Fission Detectors 
Neutron Fluctuation Deleclor 
Lost Alpha/Triton Detector Array 

Coilimated NE213 Neutron Spectrometer 
Surface Barrier Detector 

4 Toroidal Locations 
7 Toroidal Locations 
1 Toroidal Location" 
3 Toroidal Locations* 
3 Toroidal Locations* 
3 Poloidal Locations* 
1 Toroidal Location* 
1 Location 

Magnetic Properties Rogowski Loops 
Voltage Loops 

B^Bp Loops 
Diamagnetic Loops 

2 Toroidal Locations 
6 Toroidal locations plus 

Saddle coil 
2 Sets of 26 Pairs, external 
2 Toroidal Locations 

Plasma Edge/Wall Plasma TV/IR Camera 
Edge Probes 
Laser Blowoff Impurity Injector 
H 0 Array (HAIFA) 
Cll Array (HAIFA) 

Periscopes at 2 Toroidal Locations 
2 Horizontal, 1 Vertical 
1 Location 
5 Telescopes in Poloidal Array 
5 Telescopes in Poloidal Array" 

Fluctuations/Wave Activities Microwave Scattering 

EC5 Grating Polychromator 
Mirnov Arrays 
X-ray Imaging System (XIS) 

Neutron Fluctuation Detector 
RF Probes 
Edge Probes 

4 Scannable Antennas, 1 Toroidal 
Location** 

20 Point Radial Profile 
30 Internal Coils 

60 Horizontal, 20 Vertical'* 
chords 

3 Toroidal Locations 
Edge Array 
2 Horizontal, 1 Vertical 

Plasma Rotation X-ray Crystal Spectrometer 
Charge-Exchange Recombination 

Spectrometer (CHERS) 

1 Horizontal, 5 Vertical* Chords 

1 Vertical, 3 Horizontal Arrays 

'Upgraded in FY88. 
*New in FY38. 

K a spectral line measurement by the crystal spec
trometer showed good agreement. This is shown in 
Fig. 22 for a portion of the 1988 data set. 

Transport studies, focusing especially on the scal
ing of ion thermal conductivity, were performed using 
the CHERS radial profiles. With integration times of 
10 msec, sawteeth in ion temperature profiles were 
measured. Also, T,(r) profiles were obtained during 
ICRF-healing exper.mems on TFTR. 

TFTR Diagnostic Neutral Beam 

The initial period of the TFTR shutdown was 
used to add a small target chamber at the beamline 
exit port. This allowed beamline pumpdown and 
operation indet ~r"ant of TFTR status. The target 
tank was instrumented with an electrostatic charge-
exchange snalyser viewing the center of the beam 
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Figure 22. A comparison of the ion temperature from the 
X-ray crystal (XRC) Ka measurement, using a horizontal 
view, with the central CHERS ion temperature using the 
CVt 5292 A transition. 

through a 1-mm aperture and sn optical multichannel 
analyzer (OMA) lens viewing the central 6 cm of the 
beam. Systematic scans of beam current, gas feed, 
and voltage up to 50 keV updated the perveance 
curve and provided species and neutralization infor
mation tor both hydrogen and helium." 

Attempts to extend these results beyond 50 kv 
resulted in faulting in the source. Disassembly and 
inspection revealed a badly warped internal heat 
shield which was believed to be a long-standing limit
ing factor in source reliability. In conjuration with 
source repairs, other improvements in reliability were 
made. Alt internal water cooling lines with brazed 
joints were replaced with continuous lengths of tubing 
and cooling lines were armored Irom possible beam 
spray where necessary. Thermocouples were in
stalled on the ion dump and on the movable calorime
ters; new getter panels to provMe approximately 20% 
more pumping speed were installed, the bending 
magnet was recalibrated, and the magnetic shield 
around the neutralizer was enhanced. Beam opera
tion resumed after carefully checking the perfor
mance of the new components. 

The operation of the beamline was adminstratively 
controlled at 72 kV, 17 A, 300 msec (9C% ol the 
design parameters), and represented a good compro
mise between adequate CHERS/charge-exchange 
signal and high reliability at the existing degree of 
conditioning. Beam modulation was successfully 
implemented, with a useful pulse train of three pulses 
of 50 msec duration, 100 msec apart, or two 50 msec 
pulses one second apart. The many upgrades result
ed in reliable injection into TFTR during the FYB8 
experimental run and aided in the measurement of 
high resolution ion temperature profiles under a vari
ety of plasma conditions. 

Charge-Exchange 
The charge-exchange neutral anal; zer (CENA) 

diagnostic consists of a vertical array containing two 
ELIB and six electrostatic analyzers. An m = 1, n = 1 
internal kink mode reminiscent of fishbones was 
observed during low-beta experiments as evidenced 
by spikes on the charge-exchange fluxiz lor a hori
zontal CENA viewing at a tangency radius of 91 cm, 
as shown in Fig. 23, Measurements with higher time 
resolution also show thai the spikss have an internal 
frequency of about 5 kHz, which is the same as that 
of both the Mirnov coil and the X-ray imaging system. 
The bursts vanished as the CENA sightline became 
increasingly tangential and at energies below the 
neutral beam injection energy of about 90 keV. 
Unlike the results from near-perpendicular injection in 
the Poloidal Divertor Experiment (PDX) and the 
Princeton Beta Experiment (PBX), no fluctuations in 
the neutron emission were observed beyond the 3% 
level and the instability does not degrade the plasma 
performance for discharges observed to date. 

\ 

Figure 23. Plasma characteristics for a representative 
discharge in TFTR exhibiting ann= 1 bursting mode (L = 
0.9 MA q-cylindrical - * /, beta-poloidal - 1.2. and pb = 
10 MW - balanced). From the top, the figure shows the 
perpendicular stared energy, beam power, neutron emis-
sivity, Mirnov coil signal, and the charge-exchange flux at 
the two energies indicated. The event at 4.25 sec is a 
sawtooth oscillation. 

The technique to obtain the ion temperature from 
tangential charge-exchange neutral analysis using 
the spectrum above the deuterium neutral-beam 
injection energyis was explored for application to the 

23 



vertical array1* using the Fokker-Ptanck code analy
sis. 

Using the vertical CENA EilB analyzers, initial 
measurements of the ion energy distribution during 
ion cyclotron resonance heating (ICRH) experiments 
were obtained for hydrogen minority healing ol bulk 
deuterium and helium plasmas. As shown in Fig. 24 
energetic hydrogen tails extending to 190 keV were 
observed. The amplitude of the spectra increased as 
the resonance layer was scanned toward the measur
ing analyzer located at a major radius ot 2.97 rrt. 
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Figure 24. Comparison of the energetic tail during ion 
cyclotron resonance healing for ICRH hydrogen minority 
heating of helium plasmas as the resonance layer is 
scanned toward the EIIB analyzer, viewing vertically at R 
••» 2.97 m. The mean temperature of the hydrogen tail is 
<2BQ>~80keV. 

X-ray Crystal Spectroscopy 
The TFTR horizontal X-ray crystal spectrometer 

provides central ion temperature values as well as 
tiie plasma rotation velocity. The range of this sys
tem's operation was extended to higher neutron flux
es by the installation of more radiation shielding. 
Substantial improvements were made in 1988 to the 
TFTR vertical X-ray crystal spectrometer with the 
addition of two crystals and the installation of neutron 
and gamma shielding. It is now possible to record X-
ray spectra from five major radial chords and to deter
mine the radial profiles of the ion temperature and 
rotation velocity from discharges with intense neutral-
beam heating of 30 MW and the highest observed 
neutron production rales. Since the observed spectra 
consist of X-ray lines from hydrogen-like, beryllium
like, and boron-like metal impurity ions, they also pro
vide detailed information on the charge state distribu
tion of these ions. Atomic rate coefficients for ioniza
tion, recombination, and line excitation, as well as 
transport parameters, such as the ion diffusion coeffi
cient, can therefore be determined with greater accu

racy than previously possiDle. This is achieved by 
comparison cf the observed spectra with synlhetic 
spectra which are constructed from predictions of 
transport code calculations" and atomic theories.18 A 
comparison of the measured experimental and syn
thetic spectra is shown in Fig. 25. 
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Figure 25. Observed and synhetic spectrum of Ka line 
radiation from FeXXII-FeXXV ions, (a) The experimental 
spectrum has been obtained from an ohmi'ca/Jy heated 
plasma with a central major radius R(Q) = 2.70 m and a 
central electron temperature Ta = 2 keV. The radial chord 
for the major FeXXV Ka line w: Is? 'S 0 - 1s2p 'P, was at 
R - 2.34 m. (b) The synthetic spectrum. 

X-ray Pulse-Height Analyzer 
Th3 two vertical X-ray pulse-height analyzer (PHA) 

channels were moved from major radii 1.94 m and 
2.7 m to 2.07 m and 3.0 m to provide more balanced 
views of Shafranov-shifted plasmas. An improved 
neutron/gamma-ray shield was constructed around 
the vertical PHA detectors to permit measurements in 
plasmas with neutron emission up to 10 1 7 neutrons 
per second and was demonstrated to perform well at 
3xl0 i6n/sec. 

The charge-slate-averaged metal excitation rates 
used in the PHA analysis code were revised to pro
vide more reliable analysis at high electron tempera
tures and with intense neutral-beam injection. 
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Charge-state distributions calculated by ihe MIS! 
(Multiple Ionization State Transport) code, including 
charge-exchange with beam neutrals, were used. 

In low density ohmic plasmas intense K-shell 
recombination edges from hydrogen-Jike metal ions 
(chromium, iron, nickel) were observed in the spectra 
of the v-rtical PHA channel viewing the plasma edge. 
Both of these recombination edges and the enhanced 
K-line exctation, due to recombination, confirmed dif
fusion of hydrogen-like metal ions from the core 
[Te(0) = 5.5 keV] to the cool plasma edge (T e < 0.9 
keV) before recombination. 

The X-ray Imaging Diagnostics 
Continuing improvements have bean made in the 

horizontal and vertical cameras. The X-ray imaging 
system is used primarily in the study of MHD instabili
ties such as sawteeth, low-rr, tearing modes, and dis
ruptions. The horizontal camera has beon used 
extensively for one-dimensional tomograph;' of saw
tooth crashes, and a three-dimensional tomography 
program has recently been started using data from 
both the horizontal and vertical cameras. Extended 
memory for two of the digital data channels provided 
100 kHz data for 1.3 sac, a necessary feature in the 
study of sawtooth crash times and low-m MHD. The 
addition of two comb filters now gives continuous 
spectra from two diodes throughout the shot. The 
comb filters cover the frequency range from 101o 500 
kHz. 

The disruption trigger system is operational and 
presently provides a simultaneous trigger for high
speed data acquisition for the soft X-ray cameras, the 
grating polychromator, the fast neutron diagnostic, 
the generalised high-speed digitizer, arxf the infrared 
disruption monitor and is being enhanced to include 
the edge probes, the radio-frequency (rf) probes, the 
microwave scattering system, and the Thomson scat
tering system. The system is used to obtain high
speed temperature and soft X-ray profiles as well as 
data on MHD precursors of the disruption A second 
application is to guarantee the timing between the dif
ferent diagnostics for the study of other MHD phe
nomena such as magnetic islands and sawtooth 
crashes. 

The Mirnov Coil and Locked-
Mode Diagnostics 

A saddle coil system for Ihe detection of locked 
modes has been installed, although testing has not 
been completed at this time. This syMem consists of 
four "electronically sleerable" radial field coils dis
tributed approximately uniformly around the outer 
midplarte of the vacuum vessel. A six-channel sum
ming integrator has been built and computer interface 
hardware installed. The system should be sensitive 
to n = 1 (and possible n = 2) locked modes of ampli
tudes of a few Gauss. 

In addition, the single-channel internal Mimov coil 
integrator has been expanded to siy'jan channels. 
This will provide fast timescale equilibrium plasma 
shape measurements. It may also be possible to use 
this system to detect very low-frequency or locked 
MHD modes. 

Extended memory for the digitizers has improved 
the ability to detect and identify low-m tearing mode 
activity during neutral-beam injectior Data at 10 kHz 
on thirty coils is now available Mr approximately 3.2 
sec of the discharge ana at 100 kHz for approximate
ly 1.3 sec on two coils. 

Spectroscopy 
The visible impurity photometric spectrometer 

(VI PS) was recalibrated in the lab with a standard 
lamp and reinstalled on TFTR. The calibration of the 
ultraviolet survey spectrometer SPRED was then 
checked using the branching-ratio method. The 
results showed little change in the SPRED calibration 
since ft was taken to the Synchrotron Ultraviolet User 
Facilriy (SURF) at the National Bureau cf Standards 
in 1985 and thoroughly calibrated using synchrotron 
radiation. 

A visible bremsctrahlung array to view tangentially 
was instated, aligned, and calibrated. Unfortunately, 
a defect in the protective shutter resulted in the win
dow becoming coated and meant that the data was 
severely compromised. Corrections, making use of 
the measured transmission of the window, are being 
developed to retrieve plasma data. For absolute 
measurements of visible bremsstrahlung emission, a 
view through another window wss used. This window 
is substantially off the midplane (30 cm) and the 
sightlins is tNitsd, but careful alignment and detailed 
computational studies and comparisons have 
assured that the results are as valid as possible for a 
single-channel measurement of Z^n-

A five-channel poloidal array of carbon influx detec
tors was installed, aligned, and calibrated. The line 
being used is Cll at BTB0 A, with the high fields split
ting the fine structure into four widely separated lines. 
To avoid possible overlaps in these neighboring lines, 
the H„ filter array system (centered at 6561 A, but 
also split, with satellite lines several angstroms on 
either side) was completely realigned at the same 
time. It is usua' for the line intensities of H a and Cll 
radiation to be comparable (and often nearly identi
cal) in magnitude as seen in Fig. 26. However, there 
are types of discharges (high density low-mode 
shotsj where Ha:C(l = 200:1, and an" overlap must 
be stringently guarded against. 

In a detailed study o: transport in ohmlcaily heated 
discharges using spectroscopic techniques, the impu
rity diffusion coefficient was found to be independent 
of the plasma working gas and plasma current, and it 
decreases with <n0> (Ref. 17). One of the beams 
from the new counter-injection beamline intersects 
the SPRED (and VIPS) view-line shortly after enter
ing the plasma, and the resulting charge-exchange 
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Figure 26. The surface brightness of Da and Cll emission 
al 6578 A. shown as a function of pofefrfa/ angfe, from the 
upper half-plane of TFTR. At 3.5 sec, 28 MW of neutral-
beam power was injected. At 4 sec, a "carbon bloom" 
occurred, which eventually doubled the brightness of both 
D„ and Cll. 

lines become the most prominent features in the 
spectrum. Since SPRED is absolutely calibrated, the 
charge-exchange line brightnesses, coupled with a 
detailed beam attenuation code applied to the heating 
beam, has been used to measure impurity concentra
tion In the plasma center. The preliminary results are 
in substantial agreement with values tram other less 
accurate or less localized techniques, and it is looked 
forward to continuing and expanding the measure
ments. 

The data from the Cll array is routinely displayed 
immediately after a shot aa a guide to machine condi
tion. Since carbon is by far the major impurity in 
TFTR, and because of the disastrous effects of the 
so-called "carbon bloom," the carbon data has been 
scrutinized carefully. A major effort to study carbon 
influx, which included the Cll array data and a modi
fied version of DEfiAS has been started. (DEGAS is 
a neutral transport code, and the carbon light used is 
from an ion. This introduced problems, but is neces
sary since there is a source path which passes direct
ly from a hydrocarbon molecule to CM.) At the same 
time, further study of H„ and comparison of its profile 
with that of Cll has led to the modification of DEGAS 
to include the actual noncircular outer flux surfaces. 
While the noncircularity is no' large (several percent) 
it makes a large difference in the geometry of the 
scrape-off, since the plasma nests into the circular 
limiter. 

Additional work was done with modelers at other 
institutions. For example, J. Brooks at Argonne 
National Laboratory has been given data for modeling 
ir- his REDEP code; results show good agreement 
with secular trends in carbon evolution over 20 shot 
suans and emphasiz? again the criticality of rather 
fine details in magnetic and limiter geometry. 

Pellet Polychromator 
The purpose of 1he pellet polychromator is to study 

the parameters of the luminous cloud surrounding 
solid deuterium pellets injected into TFTR. Data 

analysis for injection into ohmic plasmas yield the 
electron density and temperature in the ablation cloud 
around the pellet to be 2-4 x 10 ' 7 cm-3 and 1.4 Jo 1.7 
eV, respectively, independent of the average density 
and temperature of the target plasma. A hydrody-
namic model was developed using the measured pel
let ablation parameters 1o predict the number of H„ 
photons yielded per injected atom at the time of peak 
luminosity and was found to be consistent with obser
vation on TFTR. In preparation for the next run peri
od, a system of fast (1 MHz), high-gain amplifiers was 
tested with the existing photomultiplier detectors, and 
it will provide satisfactory response to transient phe
nomena in the microsecond range. 

Thomson Scattering 

The Thomson scattering system was modified to 
increase reliability. Since one of the two ICCD 
(Intensified Charge-Coupled Device) detectors in the 
dual TVTS (TV Thomson scattering) system is 
marginal in rejecting plasma light in high density 
cases, the laser system was modified so that both 
lasers could be used with one detector. This was 
accomplished by mixing the beams with a polarizing 
plate and selecting the beams with half-wave plates 
which are inserted and withdrawn pneumatically. In 
the first demonstration of this technique the lasers 
could be fired 3 sec apart, but it is straighforward to 
achieve a minimum interval between laser shots of 
0.1 sec. 

Late in previous run periods there was always a 
concern that the TVTS viewing window was being 
coated. The coating would first of all reduce the sen
sitivity of the system. More importantly, however, if 
the coating was chromatic, it would affect the derived 
temperatures. In one case, a chromatic coating was 
discovered when the machine was opened following 
a run which necessitated a 15% correction in the 
peak temperatures. Before the 1988 run, there were 
two modifications to address this problem. 

First, to trac-: the window transmission during a run, 
an illumination system was added to the TVTS verti
cal alignment probe. A vacuum window and a quartz 
fiber were added so that the probe target, which is 
normally inserted into the laser beam path for align
ment, can be illuminated with a llashlamp at the fiber 
input in the Test Cell Basement. This calibrated, 
wideband light source allows periodic calibrations of 
the window transmission. 

In addition, the stainless steel shutter which pro
tects the inside of the viewing window during dis
charge cleaning was replaced with two transparent 
quartz shutters. These shutters can be placed either 
over the viewing window or inside a protective enclo
sure. This provides three clean surfaces at the 
beginning of a run. Through the course of the run, as 
each surface in turn becomes coated, its transmis
sion can be tracked with the illumination system 
described above. When its transmission is seriously 
affecting performance, ihe next clean surface can be 
substituted. 
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Interferometry and Polarimetry 
In order to get precise local density information 

from the ten-channel multichannel infrared interfer
ometer (MIRI)'s interferometer system, a self-consis
tent and reliable inversion technique is necessary. A 
suitable new asymmetric Abel inversion technique" 
was developed. This technique includes flexible 
boundary conditions, application to a noncircular 
geometry, and estimation of the plasma in the scrape-
off layer. The advantages of this technique, as com
pared against the slice-and-stack method** and the 
separation-of-variables method,2' are illustrated in 
Fig. 27(a) and 27(b) for both hollow and highly asym
metric profiles, respectively. In application, Ihe 
peakedness of the electron density profile, defined as 

n s(0)/<n e>, 

is an extremely useful parameter during plasma heat
ing and density perturbation experiments. The time 
behaviors of peakedness, peak density, and the hori
zontal line-integrated density for a neutral-beam-heat
ed plasma are shown in Fig. 28. 

MAJOR RADIUS (ml 
Figure 27. Inverted profiles of three different techniques: 
separation-of-variables, ( }new technique f ) , 
slice-and-stack (- - -). fa) Hollow profile case, (b) Highly 
asymmetric case. 
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Figure 28. Time dependent density profile peakedness 
(nepk), peak electron density (n^), and density integrated 
along the horizontal diameter during neutral-beam heating. 

The ten-channel polarimeter, used to measure 
Faraday rotation signals, was originally designed to 
make optimum use of laser power and permit radia
tion shielding of sensitive components. The resulting 
optical contiguration produced standing waves which 
seriously affected polarimetric measurements. Isola
tion techniques employing half-wave plates and 
polarizers have been applied to eliminate these 
standing waves. Polarimeter test signals for a variety 
of plasma conditions have demonstrated the effec
tiveness of these isolation techniques and juslify 
completion of the ten-channel polarimeter. 

Microwave Scattering 
In order to study the role of drift waves and other 

plasma modes which may affect plasma transport, a 
microwave scattering apparatus has been installed.22 

Most of such scattering measurements in tokamaks 
are done with the polarization of the incident radiation 
approximately parallel to the toroidal field (ordinary 
mode) and at a fequency which is sufficiently above 
the plasma frequency that refraction effects are small. 
However, as confinement devices get hotter, drift 
wave turbulence is expected to occur at longer wave
lengths. In order to observe these density fluctua
tions with good spatial resolution, the ideal probe 
wavelength is near or beyond the ordinary cutoff. As 
a result, the propagation and scattering of the 
extraordinary mode has been used with fj = 60 GHz 
(Xi = 0.5 cm). For B T = 5.0 T, the X-mode cutoff den
sity is 1.5 x 10 1 4 cm - 3 so thai a major part of the oper
ating density range can be studied by this technique. 
Four identical scanning antennas have been installed 
af a single toroidal location. The arrangement is 
shown in Fig. 29. Thus, one transmitting beam can 
be sampled simultaneously with three receivers 
Data from this device was obtained during the June-
October 1988 run period during which time low-mode, 
supershot, and ohmic helium discharges were exam
ined for electron and ion drift modes. 
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Figure 29. Cross section of TFTR showing the physical 
location ol the scattering antennas and their scanning 
range. The computed path ot a bundle of X-mode rays 
propagating through a parabolic density profile with ng(0) « 
1.0 x H>20 rn-3 shows the refraction and defocusing caused 
by the density and field gradients. 

Scattered spectra typical of drift wave turbulence 
have oeen observed in ohmic. L-mode, and super-
shot discharges. In boam-heated discharges the tur
bulence level increases significantly, in order to 
investigate the effects of ri, modes, ohmic helium dis
charges have been studied in the low-density, linear 
confinement regime and in the high-density, saturated 
confinement regime. No qualitative differences have 
been observed in the spectra. Similarly, L-mode dis
charges in helium >\hich are expected to have strong 
T)J turbulence (based on profile measurements) show 
no qualitative differences in the turbulent spectra; 
however, work is underway to improve the spatial res
olution by reducing the effects of reflections from the 
transmitter in the vacuum vessel. 

Edge Probe 
Three probe systems have been used to make a 

variety of measurements in the edge plasma. The 
energy and flux of charge-exchange neutral deuteri
um 'ncident on the outer wall were measured using a 
carbon resistance probe23 {in collaboration with 
Sandia National Labs), which was sensitive within an 
energy range of about 50 to 5,000 eV. Figure 30 
shows the time dependence of tlw voltage of this 
resistance probe for the ohmic ^nd neutral-beam 
heating {10 MW) phases of an L-mode discharge. 
During the beam heating, the magnitudes of the flux 
and the Maxwellian temperature are 1.4 x 10 1 4 parti-
clesfcmZ sec and 1,500 eV, respectively. Detection of 

low-energy charge-exchange neutrals was also per-
t. ;med using a novel Pd-MOS diode array, developed 
•at Sandia. If works by sensing the change in barrier 
potential induced by deuterium at the Pd-SiOa inter
face, the deuterium having diffused there from the 
detector surface. 

I 

TIME (seconds) 

Figure 30. Resistance probe voltage versus time during 
an L-mode discharge. Two regions on the prche surface 
had thin overlayers of silicon (8 nm and 44 nmj, whose 
stopping effect on the incoming neutrals provides for the 
measurement of particle energy. For comparison the top 
panel shows the line integral plasma density and plasma 
current. 

Collector probe measurements have been made in 
the scrape-off layer to study ohmically heated plas-
mas,2* and a deuterium-hydrogen-deuterium isotope 
exchange experiment was also performed.*5 

Langmuir and calorimeter studies have continued, 
characterizing the edge plasma during neutral-beam 
injection20 largely through the use of the midplane fast 
probe. Interesting differences were observed in co-
versus counter-injection, particularly that counter-
injection leads to a hotter andtor denser scrape-off 
plasma than co-injection at similar power levels. A 
one-dimensional model was developed to find values 
of transport parameters which were consistent with 
the probe data and lo mahe comparisons with other 
diagnostics. 

Bolometry 
The new tangential bolometer array, shown in Fig. 

31, and its opposite-viewing two-chord unit were put 
into service for this years run. The profiles showed 
clear effects from fast-ion losses in addition l i ihe 
impurity radiation. A large fast-ion signal was seen at 
the plasma edges early in the neutral-beam heating 
(Fig. 32). The tangential array also yields radiation 
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profiles free of the local edge effecis that confuse the 
profiles from the radial views, which see the inner 
bumper limiter. 

In the first observations during ICRF heating and, 
over the range of power covered, the traction of 
power lost in radiation declines with heating power. 
just as it has with neutral-beam heating. The fraction 
radiated is independent of the mix of auxiliary heat
ing, 

Radio-Frequency Probes 
The study of high-frequency (0.05-20oCj) emission 

from tokamak plasmas is of interest because of the 
high potential use of the observed spectra as a diag
nostic of beam ions or fusion products and because 
of the possible relation of various spectral features to 
MHD activity. For example, previous work on the 
PDX tokamak" showed a relaiion between certain 
fast-ion losses, MHD phenomena, and bursts of 
radio-frequency (rf) emission. A prototype probe 
(measuring B0) was installed in an outer midplane 
port in TFTR in 1987 and revealed complex spectra, 
particularly during neutral-beam injectionv 

In order to study the polarization and global struc
ture of the rf emission and to provide a diagnostic for 
characterizing the large amplitude waves driven by 
the new ICRF healing antennas, seven new, two-
axis, fixed-position rf probes (one is shown in Fig. 33) 
were installed at various toroidal and top and bottom 
locations for the 1988 run. Each probe measures the 
<(>- and 6-components of the rf magnetic field and 
each includes a ceramic shield over the sensing 
loops anrJ precisely balanced processing electronics 
to reduce electrostatic contamination of the signals. 
Larger probe loop area and improvements to Ihe sys
tem cables and the signal processing system yields 
an overall sensitivity that is typically 25 dB greater 
than for the prototype probe. The new diagnostic 
provides a bandwidth of 1 to 500 MHz and a dynamic 
range, in stages, of 175 dB in order to study both 
high-power rf-heated discharges as well as the very 
low-amplituae features observed during ohmic plas
mas. 

Figure 31. The tangential bolometer array with its and 
cover removed. The detectors for the sixteen viewing 
chords, as well as tour shaded background detectors, are 
housed in the eight cylindrical modules. The diameter of 
the whole assembly is 8 inches. (87E1622) 
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Figure 32. Radiated pz ir profiles plotted as a function 
of major radius and time. The enhancements at inner and 
outer edges after 4 sec are due to fast ions lost by charge 
exchange early in the neutral-beam heating. Increasing 
electron density later in the beam phase reduces these 
tosses. 

Figure 33. One of seven radio-frequency probes installed 
in TFTFtin 1938. 

Initial results from the 1988 run wrth a single probe 
channel exhibited much higher signal levels, as 
expected. A .ow-frequeixy continuum, observable 
only below 10 MHz with the prototype probe, was sig
nificantly above the system noise throughout the 
spectrum. During beam injection, a sequence of 
harmonically related sharp spectral peaks were 
observed in the frequency spectrum with frequency 
spacing between peaks which corresponded to l d at 
the outer plasma edge on the horizontal midplane (R 
= Rp + Ra), even though the radial position of the new 
probe was near R = Rp. During high-power beam 
injection, a broadband component was seen in the rt 
emission spectrum beginnning at or around the lifih 
harmonic peak and extending for several hundred 
MHz. The structure and time evolution of this compo
nent was indicative of a different origin lhan the har
monically related narrow peaks. Averaging the 
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broadband component of the emission in frequency 
space yielded a signal that was similar to the neutron 
flux (Fig. 34), suggesting that this emission may be 
driven by charged-fusion products. 

(solid line) is obtained for a scrape-off of X = 0.5 cm. 
One consequence of this short scrape-off length is 
that aN limiter tiles in TFTR need to be aligned to a 
tighter tolerance than previously envisioned. 
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Figure 34. Comparison of the time-evolution of neutron 
flux and frequency-averaged (200-300 MHz) radio-fre
quency emission power. 

Plasma and infrared Camera 
Diagnostics 

Two periscopes equipped with visible TV, infrared 
TV, and 35-mm film cameras remain on TFTR to pro
vide imaging of the plasma discharge, measurement 
of the surface temperature of first-wall componentr,,* 
and inspection of the vessel interior (using illumina
tion probes). A previously existing third periscope 
was removed in oider to release port access for 
installation of the ORNL-designed rf antenna. 

A pair of poloidal limiters serves to protect the rf 
antennae. During high-power neutral-beam injection, 
the power flow in the scrape-off region becomes high 
enough to heat regions of the inboard tips of these 
limiters to surface temperatures in excess of 1700±15D 
°C. As shown by the inspection photograph in Fig. 35 
the Mica-Mat insulators, part of the rf limiter support 
mechanism, suffered damage in those areas which 
intercepted power. 

The flux lines intercept the limiters at an angle that 
allows the observed temperature gradient along the 
limiter to be used to determine lambda (Ji), the effec
tive power scrape-off length of the plasma outside the 
last closed flux surface. Since the topology of the last 
closed flux surface changes during the heating pulse, 
the model used in the analysis code was modified to 
simulate this effect. During the chmic phase, a 
scrape-off length of approximately 2 cm was mea
sured. During neutral-beam injection, the scrape-off 
length is much shorter. For example, Fig. 36 shows 
the temperature profile (data points) along the edge 
of a rf limiter tile measured with the infrared TV cam
era. From the heat code simulation, the best match 

Figure 35. Periscope inspection photograph of the radio-
frequency limiter tip at Bay N-O showing the damage to 
the Mica-Mat due to scrape-off power deposition during 
neutral-beam injection. (Roll 164. #34, 8/23/83) 
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Figure 36. The temperature profile along the radio-fre
quency limiler edge measured with the infrared TV (data 
points) is best matched with a code simulatbn using a 
power scrape-off length of X~ 0.5 cm. Plasma parameters 
were: L= 1.4 MA, R = 2.60 m. a = 0.93 m. q(a) = 9.7and 
Ph~8.2MW. 

Laser Blow-Off Impurity Injector 

The laser blow-off technique^ was used to inject 
iron, nickel, germanium, yttrium, and zirconium into 
TFTR plasmas during FY88. The material reaches 
the plasma edge as both atomic and particulate 
species with velocities approximately 2 x 105 cm/sec 
and 5 x 10 4 cm/sec, respectively.30 

Spectroscopic studies of the injected tracer ele-
30 



ments have been used to measure particle confine
ment and transport during ohmic and neutral-beam 
heating and alter pellet injection. Figure 37 shows 
the line intensity of GeXXX emission following injec
tion ol germanium. The signal evolution has been fit
ted with calculated diffusion coefficients using the 
MIST code for balanced, co-injected, and counter-
injected neutral beams.4 The MIST simulation indi
cates faster impurity diffusion within the region r/a < 
0.75 for the unbalanced case. 
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Figure 37. Time evolution ol GeXXX line radiation follow
ing laser blow-off into beam-heated discharges with bal
anced. Co-, and counter-injection. Simulations ol the emis-
sioi, intensity by the MIST code are shown for two cases: 
a constant diffusivity and a step-function diffu.'^'ity, which 
is larger in the plasma edge. 

The system was also used to enhance the iron and 
nickel signals for the X-ray crystal spectrometers dur
ing neutral-beam injection, for studying atomic ioniza
tion processes of the injected species, ion tempera
ture determination, and magnetic fluctuations.31 

Lithium Pellet Injector 
The lithium pellet injector was originally 

at MIT and was installed on TFTR in FY88. Injection 
of high-speed lithium or carbon pellets provides the 
opportunity to explore the physics of plasma fueling 
or profile modification with low-Z impurity pellets and 
may also allow for the measurement of the plasma 
current density profile. 

The goal of the fueling experiments is primarily to 
create target plasmas for neutral-beam-injection 
experiments which have peaked electron density pro
files. Simulations of lithium pellets as compared to 
deuterium pellets which are injected at the same 
velocity and have the same total number of electrons 
show that the lithium pellets penetrate significantly 
farther into the plasma and should reach the center of 
the low-density (n e = 1 x 10 1 3 cm-3) discharges found 
in the TFTR supershot regime, producing peaked 
electron density profiles while only causi'-g the vol
ume-averaged electron density to double. Other fuel
ing and transport experiments will include the effects 
of lithium pellet fueling on energy and particle con
finement, which were both enhanced on Aleator C, 
and a measurement of the confinement of the inject
ed lithium nuclei. 

The current density profile measurement is deter
mined from the polarized line emission from Li* ions 
radiating in the pellet ablation cloud created along the 
path of tha pellet. The polarization, due to the 
Zeeman effect, is <n the direction of the total magnetic 
field at the position of the emitting ions. The direction 
of the total magnetic field is radially resolved along 
the pellet's trajectory at the midplane of the torus. By 
comparing the direction of the total magnetic field 
with the well known vacuum fields produced by exter
nal coils, the distribution of currents inside the plasma 
can be determined. 

The injector became operational at the end of the 
last run period and did not have the opportunity to 
inject into TFTR, but will inject in the next operating 
period. Figure 38 shows a photograph of the injector. 

Figure 38. Photograph of the lithium pellet injector on 
TFTR during preoperational testing. (88E1184) 
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Associated diagnostics include a spatially resolving 
camera viewing the pellet path from the top and a 
poiarimeter/spectrometer required for the current 
density measurement. 

Fusion Products 
Uranium fission detectors (epilhemnal neutron sys

tem),^ remained the primary measurement technique 
for the neutron source strength. Figure 39 shows the 
time behavior of neutrons for the three TFTR super-
shots that produced, respectively, the highest S, neu
trons/pulse, and Q D D - These three record results 
were obtained with different beam powers, but all at 
i p = 1.6 MA. The highest D-D neutron intensities, 
exceeding 3 x 10 ' 6 n/sec, were itta.ned at the high
est beam powers, but the neutro/i yield in these sho.s 
tended to roll over at about 0.5 sec into the bojm 
pulse because of the influx of carbon from the wall, or 
sometimes from MHD activity. At somewhat lower 
beam power, it was possible to maintain a steady 
neutron intensity tor the entire length of the beam 
pulse, thereby producing the highest neutron yield 
per pulse, corresponding to a D-D fusion yield of 28 
kJ. Maximum Q D D = 1.55 x 1 0 3 was also achieved 
at somewhat lower beam power, and with the co
in jecied power 50% larger ihan the counter-injected 
power. 
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Figure 39. Time dependence of the neutrons tor the three 
TFTR supershots that produced fa) highest neutron source 
strength, (b) the highest neutron yield in a pulse, and (c) 
the highest Od& 

Fusion neutrons from TFTR cc-sisl of two distinct 
energy comporents, with the majority of neutrons 
from the D-D reaction being close in energy lo ° 5 
MeV and a srMI fraction near 14 MeV (D-T neu
trons). To calibrate the sensitivities of the different 
types of neutron detectors for both energies on 
TFTR, a Kaman model A-711 neutron generator with 
first a D-D and then a D-T head was inserted into the 
vacuum vessel. The generator, movable torotdally 
around the tokamak, allowed the calibration of all 

neutron diagnostics on TFTR in concert. 
The recalibration of the seven uranium fission 

detectors was crucial.* This system, calibrated two 
years ago, was found to be subject to long-term drifts 
in the sensitivities of the counters with respect lo 
each other. The detection efficencies were deter
mined to be 3.04, 3.42, and 73.8 (x 10 9) for detec
tors Ne-1, Ne-2 and Ne-6 with stated uncertainties of 
+50% and -30%. The additional uncertainties from 
the previously announced ± 20% were thought to be 
due to long-term electronic drifts. 

Calibrations of the Ne213 proton recoil spectrome
ter, the activation system using indium, copper, and 
aluminum foils,*1 the 3He ionization chamber.^ and 
the silicon surface barrier detector,* were also car
ried out. The spectom&ler. which has good energy 
resolution and low response to scattered neutrrns, is 
located in a collimator on the Test Cell lloor The 
absolute calibration of this energy sensitive detector 
for both 2.5 and 14 MeV neutrons agreed with the 
response of the fission detectors to within 20%. No 
significant effects were seen in the ratio of 2.5 MeV 
Ne213 counts to fission chamber counts between 
ohmic or beam-heated discharges or for discharges 
with different major radii. 

Triton burriup, that is, the ratio of the number of tri
tium ions reacting to the number produced, is impor
tant in that it gives information on the confinement of 
energetic particles in TFTR.^ An example of the data 
is shown in Fig. 12. Data on the absolute bumup 
ratio were provided by the Ne213 proton recoil spec
trometer and the activation analysis. Time dependent 
information on the bumup was provided by the proton 
recoil spectrometer arJ the surface barrier diode. 

At 4-4.5 keV centra! electron temperatures, bumup 
ratios between 0.35 and 0.40% were measured with 
the spectometer. This ratio is about a factor of two 
less than that expected from !he TIMEEV code. In 
addition, Ihe 14 MeV neutron response of this spec
trometer was used to cross calibrate the time-inte
grated aluminum and copper neutron activation sys
tem. 

Foils of copper, indium, and aluminum have been 
used to measure simultaneously the total yield of 14 
MeV and 2.5 MeV neutrons during TFTR shots. The 
ratio of these fluences gives the integrated triton bur-
nup fraction. 

The lost alpha detector array has operated very 
successfully. Measurements were made of the 
escaping 2 MeV triton flux from D-D reactions versus 
pitch angle, time, energy, and detector position.' In 
most cases the data behaved as predicted from the 
single-particle first-orbit loss model, implying that 
good alpha-particle confinement can be expected in 
high current reactor plasmas. Exceptions to this, 
such as shown in Fig. 14, were also studied. This fig
ure shows unexpectedly large tr'rton losses clearly 
associated with strong MHD activity such as a saw
tooth "crash" and large coherent low-m oscillations 
Theoretical work to understand these anomalous 
losses has begun. 

The mechanical modifications to the multichannel 
neutron collimator have been completed. An array of 

32 



ten ZnS scintillator fast neutron detectors has been 
installed, and will be operational when TFTR recom
mences operation next year. This system will provide 
profiles of line-integrated D-D neutron emission with 
better than 100 msec time resolution in TFTR super-
shots. Analysis software is presently being devel
oped to process profile data from the array. 

Diagnostic Interfacing with the 
Igloo 

In parallel with the measurement program de
scribed above, considerable engineering effort has 
gone into preparation of diagnostics for operation dur
ing D-T sludies, the main goal of this program being 
alpha-particle physics. The initial effort has 
addressed the interface region at the tokamak ports 
and the close-in igloo shield. All diagnostics requiring 
penetrations of the main TFTR igloo structure were 
identified. Standardized penetrations, which accom
modate many of the diagnostics, were detailed (or 
size and location and the designs were presented at 
a preliminary design review. Figure 40 shows a 
cross-section view of one of the modified diagnostic 
arrangements at one of the bays. Provisions were 
made for the relocation of the torus interface valves 
where necessary, and a heating mantle for bakeoul 
was included on each diagnostic. Methods for 
remote operation of dynamic systems were deter
mined and a detailed scheme for assembly of 1he 
penetration hardware without disturbing installed 
diagnostics was established which included the appli
cation of RTV as a final radiation and air seal. 

Position #1 and new hardware was added inside the 
vacuum vessel. The Shutdown and normal sched
uled maintenance periods restricted operating time to 
17 weeks. Very high ion temperatures (32 keV) and 
record neutron yields (3.7 x 1016rVsec) were achieved 
although plasma attempts were limited by 1he sched
ule producing 3,045 successful experimental dis
charges. More detailed shot statistics are listed in 
Table II and a summary of TFTR operations for FY88 
is shown in Fig. 41. 

Table II. Fiscal Year 1938 Shot Statistics for TFTR. 

Plasma Discharges 
Onmic Heating 
(Ohmic Heating with 
ICRF Heating -186) 

Neutral-Beam heating 
(Neutral-Beam Healing 
with ICRF Heating - 40) 

Discharge Cleaning 

1,590 

1,168 

3,045 

152,770 
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Figure 40. Cross-section view of the Bay F diagnostics 
showing the components inside the igloo, the penetration 
o( the igloo, and the concept lor seating this penetration. 

TOKAMAK OPERATIONS 
During the shutdown extending from FY87 through 

the •first half of FY88, ICRF heating equipment was 
installed and Neutral Beam No. 3 was moved to 

1 h - ' 5 n p o « « r 

Figure 41. Summary of the operations ot TFTR in FY8S. 

In anticipation of D-T operation, efforts continued to 
improve machine operational safety, reliability, and 
availability. Additional machine operating procedures 
were formally documented. A step-by-step sequence 
for machine start-up after a long shutdown was devel
oped and used. The effectiveness of these proce
dures is now reviewed in detail by management and 
each anomaly and discrepancy is investigated before 
operation is resumed. 

A work permit requirement was imposed for all 
hands-on maintenance, repair, and calibration func
tions performed in the Test Cell. Records ot, reasons 
for and frequency of personnel access to the Test 
Cell are used to identify those areas, particularly 
inside the planned igloo shield, for which an improve
ment in reliability is necessary. To expose other prob
lems which could impact D-T operation, reports incor
porating considerable detail were introduced to docu
ment hardware malfunctions. Targets and corrective 
actions for improving reliability are tracked by the 

33 



Operations Review Board (ORB). Growth curves and 
predictions of reliability are prepared based on the 
Duane Method. 

increased emphasis was placed on personnel train
ing by creating a management position devoted to the 
subject. A D-T training course was conducted and a 
data base of personnel qualifications was established 
1or tritium system operators. Specifications for a data 
base program covering all TFTR personnel training 
was completed and a software eifort started. 

The effectiveness of personnel training and proce-
durized operations was indicated by smooth start-up 
of all machine systems, following the February 1988 
pumpdown. Most nolable was the flawless perfor
mance of the torus vacuum pumping system. 
ThelTincidence ol vacuum leaks during the operating 
period was reduced and the lowest leak rate yet 
attained (5 x 10 - 6 Torr liters/sec) was measured. 

Algorithms relating coil stresses to machine operat
ing parameters were finalized for use in a coil protec
tion calculator (CPC). When installed in the control 
circuitry, this CPC will safely permit increased 
machine operating limits by removing conservative 
operating current margins required to cover approxi
mations in the existing system. The detailed design 
of the CPC was completed and, after reviews of hard
ware end software, ail modules were fabricated. 
Bench testing is in progress with installation sched
uled for December 1988. 

An automated system was placed in service to 
record machine availability by individual subsystem 
and to record shot statistics. The system generates 
daily logs and weekly statistics reports. 

Another automated system was installed to monitor 
each of the 206 cooling water llow switches. This 
programmable controller-based system prevents 
machine power supply operation unless all s vitches 
evidence proper action in both on and oft states, 
effectively neutralizing the stuck-on failure mode. A 
detailed study or machine protection interlocks was 
completed. Work was initiated 1o implement the rec
ommendations presented in the study report. 

Routine operation with neutral-beam pulses at up to 
30 MW of injected power for one second imposed 
high thermal stresses in the graphite tiles of the lim
it er. Equilibrium temperatures of 230 °C were ob
served at hot spots on the inner bumper limiter (IBL). 
Due to uneven energy deposition, equivalent cool 
spois on the IBL measured 30-40 X at the same 
time. A maximum transient surface temperature of 
2600 °C was measured on the graphite using the 
infrared TV system. As a consequence, 48 graphite 
tiles were eroded and damaged (of 2002 tiles total), 
particularly in the vicinity of diagnostic cutouts in the 
IBL. Plans were made for a shutdown to replace the 
damaged tiles (deleting diagnostic features) and to 
adjust the physical location of tiles in the IBL for 
improved distribution of energy deposition. 

With the normal configuration of the poloidal field 
windings in TFTR, the magnetic field lines in the 
scrape-off region become displaced as the plasma 
pressure increases during high-power heating. It was 
predicted, and later confirmed in experiments, that 

ihis displacement could lead to high local power flux
es at the tips of the radio-frequency limiter restricting 
the heating pulse length which could be used at high 
power. Modeling of the plasma scrape-off region has 
shown that these potentially damaging power fluxes 
can be avoided by biasing the current in the variable 
curvature (VC) winding to decrease the vertical 
dimension of 1he plasma. An independent power 
supply has been provided for biasing the VC winding 
and is now ready lor testing. The existing coil protec
tion system has been modified to include protection 
for the additional VC bias supply. One of the radio-
frequency limiters and the inner bumper limiter are 
shown in Fig. 42. 

Figure 42. A view of the inside of the vacuum vassal, 
showing one of the radio-fiaquency limiters and 1ha inner 
bumper limiter. 

During visual inspection, some bolts on the toroidai-
lieid coil-case sidewalls were found to have come 
loose. The 7/8-inch and 1-inch diameter bolts were 
originally torqued to 255 feet pounds and 355 feet 
pounds, respectively, to ca/ry tension and shear 
loads between ihe toroidal-field coil-case rings and 
sidewalls. A detailed visual inspection using miniatur
ized remote TV revealed about 15% of the 18,400 
bolts in the 20 coil cases had loosened. All accessi
ble bolts were promptly retorqued. The Engineering 
Analysis Division analyzed the stresses assuming a 
composite ot the observed worst cases of sequential 
inaccessible loosened bolts in all coils. Plasma oper
ating limits of 73 kA toroidal-field current and 24 kA 
equilibrium-tield current were established. These lim
its may be raised when the remaining loose bolts are 
retorqued using the special-access tools which are 
now being developed. The Engineering Analysis 
Division has started modifying coil protection calcula
tor algorithms to reflect the loose bolt situation so that 
the design operating levels can be fully exploited. 

Ion cyclotron range of frequencies heating power 
has been delivered to the TFTR plasma during this 
period via the PPPL-designed (Bay M) and ORNL-
designed (Bay L) ICRF antennas shown in Fig. 21. 
The differing features o1 the PPPL and ORNL designs 
— slotted versus solid walls, titanium-carbon coaled 
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versus graphite coated shield elements, and end feed 
versus off-center feed, respectively — are being 
investigated with respect to relative effects of spectral 
differences, outgassing, impurity generation, and con
ditioning performance. Until now, most of 1he opera
tions effort has been directed toward evaluating the 
performance of the PPPL design" Radio-frequency 
power at 47 MHz up to a level of 2.8 MW has been 
delivered by this antenna to a helium plasma with a 4 
x 1019 m-2 line-integrated density and at a major 
radius of 2.62 meters. The antenna loading mea
sured under this condition should be sufficent to sup
port the full 5-MW design power level. The heating 
performance is good, as indicated in Fig. 43, when 
the antenna is excited with the current straps out-of-
phase. In-phase excitation results in approximately 2 
limes the antenna loading and about 3/5 the incre
mental healing efficiency relative to the out-of-phase 
excitation, suggesting that longer wavelength waves 
do not effectively heat the plasma core. The most 
dramatic result obtained thus far is that a strong parti
cle-shield interaction is produced at the top and bot
tom of the antenna in the vicinity of the septum for the 
in-phase case only. The relatively short density 
scrape-off length provided by the bumper tiles 
(approximately 1 mm) apparently accentuates this 
effect for this coupler and, it is suspected, highlights a 
fundamental impurity generation effect associated 
with in-phase excitation generally. (Enhancement oC 
impurity generation from the antenna has been 
observed on both JET and JT-60 with in-phase exci
tation.) This effect is apparently linked to the bng 
wavelength wave spectrum and is localized in major 
radius. 

The evaluation of the performance of the ORNL 
antenna has been carried out to a power level of 
approximately 0.6 MW. The relatively low power level 
achieved thus far may be limited by the necessity of 
conditioning the off-center power feed line under 
high-power operation into the TFTR plasma as 
opposed to the end feed case for which the antenna 
can be fully conditioned into vacuum. However, at a 
power level of approximately 0.5 MW the loading and 
heating performance is similar to that of the PPPL 
design — in-phase loading is approximately 2 times 
the out-of-phase level, and the In-phase incremental 
heating is about 3/5 the out-of-phase level, which in 
turn is comparable to that achieved with ;he PPPL 
design. Up to the 0.5-MW level, no visible plasma-
shield interaction has been observed in the in-phase 
case for this antenna, which is graphite covered. 

The results obtained thus far suggest that the ICRF 
antenna for the Compact Ignition Tokamak should be 
designed to facilitate conditioning and to avoid strong 
local plasma-shield interaction at the antenna. That 
is, the end feed design is preferred for the relative 
ease in conditioning and completely lesting the volt
age standoff capability prior to installation. At least 
two current straps per antenna are preferred to permit 
oul-of-phase excitation. 

An extensive series 01 sludies (in collaboration with 
Sandia National Laboratory) quantifying the required 
tritium throughput for the proposed D-T phase ot 

tokamak operations was completed this year. These 
studies involved measurements of the particle bal
ance of high-power D-D fueled discharges, measure
ments and modeling of the hydrogen isotope reten
tion in TFTR first-wall and limiter samples, and labo
ratory measurements of basic hydrogen-carbon inter
actions. The results of these studies showed that the 
present 5-gram site inventory limit for tritium is suffi
cient to carry out the limited series of 200-300 D-T 
discharges planned tor the D-T phase.^^ 
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Figure 43. Plasma stored energy versus ion cyclotron 
range ot frequencies heating power for in-phase and out-
of-phase excitation. 

D-T SYSTEMS 
The D-T Systems Division is responsible tor the tri

tium systems, shielding, and manipulators required 
for D-T operation on TFTR, 

The basic goal of D-T operation is to perform alpha-
particle physics studies at O values of approximately 
one, and a very important secondary goal is to gain 
experience in operating TFTR with tritium. It was 
determined that the facility shielding should be com
patible with production of 3 x 10 2 1 D-T neutrons. 
Code simulations gave roughly 10 1 9 neutrons per dis
charge, so several hundred full-power discharges 
would be feasible in one year. Additional shielding is 
needed, and detailed design of a concrete "igloo" 
enclosure (approximately 30-inches thick) around the 
tokamak was performed in FY88. 

Since it is desired to perform alpha-particte physics 
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experiments during these D-T runs, the plasma diag
nostics have to be improved, new ones added, and 
all diagnostics have to be made compatible with the 
shielding. 

Since the TFTR facility is needed for Compact 
Ignition Tokamak construction, it was decided to limit 
the length of the TFTR D-T operational period to a 
few months. As a consequence, it is feasible to mini
mize the remote-handling considerations of TFTR if 
the parts of the machine which are inside the igloo 
can be made sufficiently reliable for this period of 
time. Work was initiated to investigata various 
aspects cf this proposal. It was further decided to 
add a manipulator to operate outside the machine for 
well-defined tasks. The manipulator for inside the 
vacuum vessel was delivered to PPPL for site testing 
in FY88. 

A revised "TFTR D-T Plan" was produced in May 
1988, and a draft management plan for the "DT 
Preparations Project" was issued for comment in 
September 1986. 

Tritium Branch 
The use of tritium as a fuel is essential for the 

attainment of energy break-even conditions (Q ~ 1) 
expected for TFTR. A primary technical goal of D-T 
operation is to demonstrate tritium-handling capability 
in a tokamak environment. The demonstration of tri-
ti'jm handling in an operating confinement experiment 
will provide invaluable experience for the design and 
operation of future D-T magnetic fusion devices. In 
addition, the issue of tritium inventory and control 
ir.side the lokamak is important for the ignition pro-
£-am. 

The Tritium Branch is responsible for constructing, 
commissioning, and operating the tritium systems 
(including all ancillary tritium-related assemblies that 
will provide complete tritium-handling capability) and 
r diation-monitoring capability for TFTR. A complete 
project schedule was developed. It includes the 
d-Bsign, installation, commissioning, and operation of 
the system. 

In 1985, the Burns and Roe Company was selected 
as the subcontractor to modify the design of the pro
cess systems for tritium storage, tritium cleanup, rad-
waste, monitoring, and HVAC (heating, ventilating, 
and air conditioning) for the facility. This design worl: 
commenced in September 1985 and will continue 
tr.roLyh FY89. During FY88, the design and con
struction efforts were concentrated on modification of 
the tritium-process systems and the tritium-storage 
and tritium-de'ivery systems. 

As the tritium systems were being completed by 
Burns and Roe, the commissioning of these systems 
was begun by PPPL personnel. It is anticipated that 
these systems will be fully commissioned in early 
FY89 and the first tritium will be accepted in March 
1989. 

New gas-injection valves are requi/ed for tritium 
operation. The design of 1he piezoelectric valves was 

completed, two valves were ordered last year, and 
the system design was started in 1988. This will be 
completeoin 1989. 

Design and procurement of the remote control and 
monitoring equipment for the tritium system was com
pleted. The system (called TRECAMS — Tritium 
Remote Control and Monitoring System) is based on 
programmable logic controllers and will operate as a 
stand-alone system with interfaces to the Central 
Instrumentation, Control, and Data Acquisition (CICA
DA). The system has been delivered and is partially 
installed at PPPL. Installation and testing of the auto
mated system will be completed during FY89. 

Maintenance Manipulator 
The TFTH maintenance manipulator, a six-link 

articulated arm designed to allow either a vacuum 
and temperature rated or an atmospheric rated end-
eflector to do inspection, leak detection or tile 
removal and replacement, was delivered from KfK 
(Kernforschungszentrum-Karlsruhe, FRG) Laboratories 
in August 1988. Final assembly and air tests of the 
maintenance manipulator were successfully per
formed at K1K during March-July. The maintenance 
manipulalor was set up in the TFTR Mock-up area to 
undergo air and subsequently vacuum and tempera-
lure testing. It is shown in Fig. 44. Air tests will be 

Figure 44. A photograph showing the maintenance 
manipulalor lor application inside the vacuurr. vessel 
depbyed for tes ting. (8BX1393) 
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performed using a mock-up of the Bay R port and 20 
hoops in a torus representing the port nozzle and the 
vacuum vessel inner wall through which the mainte
nance manipulator will articulate to position the end 
effectors. 

The vision and lighting system tor the maintenance 
manipulator was designed, fabricated, and tested by 
CEA (Commissariat a I'Energie Atomique) at 
Fontenay-Aux-Roses, France, and arrived at PPPL in 
Seplember. This system will be installed and tested 
with the maintenance manipulator during the tests 
planned in FY89. The controls for the maintenance 
manipulator, the vision and lighting system, and the 
master/slave TeleOperated System (TOS) tooling to 
remove and replace the tiles were installed in the 
maintenance manipulator control room. The full set 
of qualifying tests will commence in FY89 in the 
Mock-up area. 

External Manipulator 
The TFTR external manipulator design, fabrication, 

and testing was subcontracted 1o Oak Ridge National 
Laboratories, Oak Ridge, TN. A conceptual design 
and equipment specifications were completed. The 
conceptual design review (CDR) design was a skid-
mounted articulated arm on which the PPPL slave 
arms will be mounted. Figure 45 shows the hardware 
design evolving lor the preliminary design review 
(planned for November). The skid along with the 
articulated arm could be positioned on the igloo, any 
of the six enclosures appended to the igloo or the 
Test Cell floor to allow the external manipulator to 
access the TFTR machine or hardware such as the 
neutral beamlines, the diagnostic neutral beam or 
the joints in ihe electrical buswork. Tasks that the 
externa) manipulator would perform, or assist in per
forming, would include the removal and replacement 
of the neutral-besm calorimeters, the getter panels in 
the diagnostic neutral beam, the bus syslem water fit
tings and associated hoses, as well as the visual and 
audio inspection of the tokamak and its auxiliary 
hardware. 

Figure 45. The preliminary design of the external manipu
lator. 

D-T Shielding 
The design of the proposed shielding for D-T oper

ations has evolved to consist of a cylindrical igloo 
marie of 30-inch thick, borated concrete surrounding 
the okamak on its substructure. This cylinder is 
approximately 40 feet in diameter and 30 feet high. 
The upper third of this cylinder, as well as the 30-inch 
roof shielding, will be supported by a new steel super
structure. The remainder of the shielding consists of 
appendages of varying thickness for the four neutral 
beams, the diagnostic neutral beam, the pellet injec
tor, and the Bay C pumping duct. 

The shielding design effort accelerated rapidly dur
ing FY88 in anticipation of the installation of the 
superstructure, and a portion of the lower igloo wall, 
scheduled for ihe second and third quarter o1 FY89. 
A successful preliminary design review for the shield
ing was held in February 1988, followed by the final 
design reviews for the superstructure in June and the 
lower igloo shield wall in September. The main ele
ments of the shield design are shown in Fig. 46. A 
final design review for the remaining shield wall and 
appendages is scheduled for January 1989. A full-
scale mock-up of one bay of the lower wall, shown in 
Fig. 47, was constructed 1o demonstrate the feasibili
ty of the proposed design in May. Bids were solicited 

BAY C PUMP DUCT ENCLOSURE 

HEUTRAL BEAU 1.2 
ENCLOSURE 

Figure 46. A layout drawing showing the major compo
nents of ihe igloo shielding configuration. 

Figure 47. Full-scale mock-up of one bay of the lower 
wall of the shielding to demonstrate feasibility of the fabri
cation technique. (88E0958) 
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for the fabrication of the steel superstructure, as well 
as other miscellaneous steel components, and orders 
were placed at year end. 

Machine Modifications for D-T 
Construction of a 30-inch igloo shield on the sub

structure ol the tokamak requires considerable modi
fication to bolh mechanical and electrical systems 
presently in place. Considerable design effort was 
expended in preparation lor relocation, removal, and 
consolidation of these systems to remove interfer
ences, thereby providing space for the installation of 
the shielding. A preliminary design review of the indi
vidual bay modifications was held in April 1988, The 
final design reviews (FDR's) were divided into group
ings of bays. Two of the four scheduled FDR's were 
held in FYB8. 

Other design modifications in preparation for the 
shielding involved relocation pt a main cable tray 
above the machine and the removal of all strain 
gauge wiring and associated junction boxes. Design 
work continued on the modifications to the vacuum 
vessel heating and cooling piping These modifica
tions were necessary to reduce the overall heigh' of 
the igloo shielding by S feet, as well as to provide 
acceptable reduction in radiation streaming where the 
13-inch supply and return piping penetrate the igloo 
wall. The redesign of the piping runs and distribution 
and return manifolds was performed utilizing comput
er-aided design and dratting (CADD), the first major 
application of this design technique af PPPL. A final 
design review was held in July. Pipe and associated 
components were purchased and fabrication started 
during FY88. 

A second major design effort involved the modifica
tions to the Bay C pumping duct. Cryopumping of 
impurities will be required in conjunction with glow-
discharge cleaning during the tritium operations. A 
preliminary design review on the proposed cryopump
ing system was held in July; the final design review is 
scheduled for November 1988. 

SAFETY AND ENVIRONMENT 

In anticipation of bringing tritium on site in 1989, 
and D-T operations in 1990, the TFTH Project contin
ued its efforts to improve environmental monitoring 
techniques lor the measurement of tritium in the envi
ronment and in training its personnel in the aspects of 
radiation safety. Lessons learned during the FY87 
vessel opening are being incorporated in procedures 
to be used during anticipated opening:-- in FY89. 
Monitoring continued to provide baselines for tritium 
and gamma emitters in surface water, groundwater, 
air, soil, and biota. 

An in-house Radiation Safety Training program was 
initiated in early 1987 by Project and Operational 
Safety Health Physics, supplanting the vendor-provid
ed training program offered previously. The ten-hour 
course covers many conceptual topics, ir^'uding 

radioactivity, methods o1 decay, half-life, radiation 
sources, risks, as-low as reasonably ac1" evable 
(ALARA) philosophy, biologica; effects, units, and 
protective measures, as well as practical subjects 
such as instrumentation, warning signs, radiation 
monitoring programs, tritium considerations, and 
other topics specific to PPPL operations. Participants 
must pass a written examination at the conclusion of 
the course with a grade of at least 80%. The course 
may also be directly challenged by self-study of Ihe 
course materials and subsequent testing. It was 
decided, and approved by the PPPL Executive Safety 
Board, that supervisors of radiation-qualified person
nel must also be radiation-qualified since ihey assign 
the work. This basic course was an excellent back
ground course for those taking Ihe Tritium Technology 
course offered by the D-T Systems Division. 

The TFTF Engineering Review Board (GRB) and 
Management Configuration Control Board (MCCB) 
were combintJ into a single board called the 
Configuration Review Board (CRB) in FY88. This 
has streamlined 1he process after many years of 
experience with the two boards. Project and 
Operational Safety (P&OS) review and participation 
in the CRB is still, however, a requirement and a 
strong commitment on the part of the TFTR Project. 
Nuclear safety participated on the TFTR Seismic 
Task Force, which made recommendations on 
revised seismic requirements for TFTR systems and 
components. Extensive safety reviews were also 
performed of work packages for Burns & Roe who 
were commissioning the tritium and heating, ventila-
tior, and air conditioning systems. Safely input and 
review were provided in the draft TFTR Final Safety 
Analysis Report (FSAfl) Amendment. An approved 
version of the initial phase of this report is a require
ment for bringing smalt quantities of tritium on-site for 
system tests in FY89. 

Project and Operational Safety advised PPPL and 
TFTR management on the need to perform tracer-
gas tests to dei^rmine the unique atmospheric dis
persion/dilution characteristics of the TFTR facilities 
and the surrounding area and their effects on trans
port of potential radioactive effluents. Project and 
Operational Safety also provided assistance to the 
National Oceanic and Atmospheric Administration 
(NOAA) personnel conducting these tests. While the 
tests wsre conducted primarily for Compact Ignition 
Tokamak environmental analysis, they will be> of great 
benefit to TFTR. Th& results indicate substantially 
increased dispersion/dilution over predictions of con
ventional Gaussian models This test thus showed 
that the projected exposure dose irom any potential 
tritium release t r iden t is aciuafiy much smaller Ihon 
conservative theoretical codes predicted 

The TFTR Project management continued to sup
port the international effort to further understand Ihe 
interaction of tritium with the environment. Our PPPL 
Differential Atmospheric Tritium Sampler (DATS)"0 

was one monitor used in the tritium release modeling 
experiment in Chalk River, Canada, in June 1987 
(Fiq. 48). Oala analyzed from this experiment*' 
helped to verily the usefulness of the PPPL environ
mental monitor, its correlation with other international 
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monitors tor tritium gas (HT), Fig. 49, and provided 
some useful discussion on discrimination limits of 
monitors for tritium gas (HT) and tritiaied water 
(HTO). Follow-up discussions with this international 
group provided a useful exchange of information and 
a good example ol international cooperation. 

Data collected during the 1987 opening of the 

TFTR vacuum vessel was analyzed in 1988 to help 
prepare for future openings following D-D operations 
and in preparation for D-T activities." Tritium pro
duced during D-D operations was found to be 
retained in the graphite first wall. Figure 50 shows 
the results of a series ot bakeouts in a test set-up of 
about one hour duration, to evaluate the retention 
properties. The tritium slowly outgassed during the 
vessel opening and was measured both in the vessel 
and within the Test Cell during the vessel cpening, as 
shown in Fig. 51. The levels early in the opening 
were such as to 'equire the use of procedures and 
operational health physics support tor worts inside the 
vacuum vessei. Protective clothing was . .quired tor 
all personnel entering the vacuum vessel and special 
precautions were Taken io limit any spread of contam
ination outside the vessel. 

Safety aspects related to the transportation of 
tritium and disposal of radioactive materials were 
investigated in 1988." 

During 1988, emergency tire response procedures 
were inflated which will, among other things, electri-

Figure 48. Layou, of PPPL Differential Atmospheric 
Tritium Sampler at ti~e Chalk River National Laboratory 
(CRNL) for the tritium release modeling experiment. 
(88A0295). 
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cally isolate a TFTR tire zone effectively during an 
emergency. Also initiated was the implementation of 
the use of a software package entitled, "Computer-
Aided Management of Emergency Operations 
(CAMEO)." Developed by NOAA, the Environmental 
Protection Agency (EPA), and the Coast Guard. This 
system was obtained at a nominal cost through :he 
Department ol Energy and has the promise to greatly 
enhance our emergency response capabilities as it 
has for other emergency response units in the U.S.4 4 
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PRINCETON BETA EXPERIMENT-
MODIFICATION 

INTRODUCTION 
The primary goal of the Princeton Beta Experiment-

Modification (PBX-M) is to demonstrate access to the 
high-p second stability regime tor ballooning modes. 
As part of achieving this objective, secondary areas 
of investigation include (1) confinement in highly elon
gated, highly shaped, high-aspect-ratio tokamaks and 
(2) current profile modification with counter neutral-
beam injection, pellet injection, and radio-frequency 
current drive. In FY88, PBX-M's first year of opera
tion, the activities were targeted at assessing the 
effectiveness of the modifications made to the 
Princeton Beta Experiment (PBX), which preceded 
PBX-M. These modilications, based on results from 
PBX and designed to enable PBX-M to attain opera
tion in the secor.d stability regime, are detailed in the 
section on "Operations and Engineering." The results 
of the initial assessment are presented in "Experi
mental Results from PBX-M." The diagnostic devel
opment required to measure those parameters critical 
to PBX-M are presented in the section on "Diagnos
tics Development." The research plan for the immedi
ate future is presented in the concluding section. 

BACKGROUND 
A high-p tokamak is ol great interest to the design 

of a commercially successful fusion reactor because 
the fusion energy yield scales with J3?. In addition, 
high-p operation may reve - ' a region of improved 
global plasma confinement, L vital issue for the pre
sent generation of tokamaks. For example, it is pre
dicted that in high-p plasmas the growth rate of drift 
wave instabilities, such as the trapped-electron or ^ 
modes, should be suppressed.' Research at the 
Princeton Plasma Physics Laboratory (PPPL) on 
strongly shaped plasmas has been addressing one of 
the major obstacles preventing tokamaks from run
ning at high p-values. This obstacle is an energy loss 
phenomenon localized at the outer side of a toroidal 
plasma, around the midplane, known as ballooning 
modes. As beta and .he plasma pressure increase, 
the poloidal flux is compressed towards the outside ot 
the vessel and field gradients are increased. This 
also has the effect of reducing the local magnetic 
shear, which is related to the variation in the direction 
of magnetic field as a function of radius. If the local 
shear is reduced to zero, high pressure gradients can 
drive the plasma unstable to the ballooning insta-
bilty.a Remarkably, il the plasma could be main

tained, and if the pressure gradient could be 
increased further, the value of local shear would 
eventually fall below zero and the plasma would 
become stable again. Once the stabilizing effects of 
high shear offset the destabilizing eilscts of higher 
pressure, the plasma becomes increasingly stable 
against ballooning modes. In this way, a large sec
ond-stability region can be entered if a critics, value 
o1 p p can be obtained. 

Both PBX and PBX-M mimic such a high-pp config
uration by creating a highly indented plasma where a 
strong pusher coil is used to outwardly compress 
poloidal flux. This is intended to provide access to 
the second stability regime without requiring such 
high values of p p or having to traverse an intermedi
ate region of instability. In addition to plasma inden
tation, access to second stability is also dependent 
on the shape of the current profile. The lower-cur
rent, higher-Pp discharges typical in inductive!- driven 
tokamaks tend to have peaked current profiles with 
q(0) < 1. As shown in Fig. 1, theory indicates that 
second stability for plasmas with suci: centrally 
peaked current profiles would require still higher val
ues of p p or greater plasma indentation. Conversely, 
broad profiles with q(0) > 1 tend to relax the require
ments for shaping or high p p. 

Many of the lossons learned from operational limi
tations faced during the life of PBX were incorporated 
in to the design tor PBX-M. One was that highly 

Ol 0 2 
INDENTS! ION fa.'2o> 

Figure t . Plot of p p required tor access to the second sta
bility region as a function of plasm? ^dentation (or several 
values of q(0). 
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indented plasmas with broad current profiles required 
tor high p, had 10 be created with large current ramps 
and, consequently, they were nigh-current, low-q(a), 
low-Pp discharges.^ A consequence of operating at 
low q(a) was that instabilities other than ballooning 
morJcts posed an even more stringent limit to achiev
ing high p,. The high-current, high-pt shots on PBX 
normally terminated with disruptions, which were 
thought to be caused by an external n = 1 kink insta
bility, which became troublesome at q(a) < 4. 
Theoretical analyses indicated that this mode couid 
be stabilized by a close-fitting conducting shell. At 
the other end of the operating spectrum, operation 
with low-current ramping did generate plasmas with 
high p„, however, these were slightly indented with 
peaked profiles and, consequently, tow q(0). According 
to Fig. 1, the requirements for accessibility to second 
lability region in this operating regime are more diffi
cult to achieve. From an operational viewpoint, it is 
clear that generating the plasma currents by r,r»ans 
other than inductive methods would allow much more 
flexible tailoring of the current profile and would be ot 
great benefit in achieving second stability. Such pro
file control would also be beneficial in the study of 
other instabilities and their effects on high-p confine
ment. For example, q-profife modification for sup
pressing sawlooth oscillations or gradient modifica
tion lor altering gradient-driven modes. Presently 
available methods of profile control include neutral-
beam injected currents and bootslrap currents sup
ported by the plasma's pressure gradient. An impor
tant goal of the PBX-M program is the demonstration 
of fine profile control using radio-frequency (rf) haai 
ing expertise gained on the Princeton Large Torus 
(PLT). Current profile control with lower hybrid cur
rent drive (LHCD), 2-4 MW, 4.6 GHz, and toca/ized 
plasma heating and pressure profile control with ion 
Bernstein wave heating (IBWH), 5 MW, 40-50 MHz, 
will altow sustained seconct stability regime operation. 
These have been delayed due to funding constraints. 

Finally, the issue of confinement is crucial to 
achieving second stability because of PBX-M's limit
ed auxiliary heating power. As shown in Fig. 2, con
finement must be greater than the low-confinement 
mode {L-mode) parameters to insure adequate plas
ma stored energy to satisfy the twin desires of obtain
ing both high p p and the high current ramps neces
sary tor good indentation. This is illustrated in Fig, 2, 
where the required confinement time necessary to 
susiain a given p, is plotted versus the Troyon param
eter Holp/aBj. The empirical Troyon Limit, p, = 
2.5|0o'p/a8,, represents the instability boundary Kmii-
ing p t to 1he first stability region. As L-mode confine
ment improves with plasma current, it is seen that 
PBX-M's heating capability of 7 MW is jusi adequate 
to enter 1he second stability regime at high p c (3.3), 
low q(a) (3.1), and high p, (8%), whereas high-con
finement mode (H-mode) confinement provides a 
substantially greater confinement margin. In addition 
to the improvement in confinement observed during 
the H-mode, the changes in transport during H-mode 
operation give rise to the broader pressure profiles 

which may aid in achieving second stability. The 
influence of the plasma edge conditions has oeen 
observed in PBX as a dependence of energy confine
ment and power thresholds for H-mode transitions on 
separain'x position. PBX high-confinement mode 
operation was limited to a transient phase because of 
the open divertor configuration, where the pasma 
separatrix intersects the passive stabilizers in the 
main chamber. A closed divertor allows for improved 
particle handling and edge density control so that H-
mode behavior can be controlled and extended. 
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Figure 2. Plot of achievable p, versus .'royon parameter 
tor various confinement enhancements over L-mode. The 
line through the origin is the Troyon limit due to ballooning 
modas. 

THE PBX-MODIFICATION PLAN 

To address these issues raised by PBX operation, 
PBX was exfensively modified in a way to facilitate 
entry into the second stability reylme. The result was 
PBX-M which incorporated the following improve
ments over the PBX device: 

• Install a new "pusher coil" to increase the major 
radius from 145 to 165 cm [allows indentations 
up to 30%, which it is believed will permit q(0)=l 
entry into the second stability region]. 

• Provide a 90% coverage stabilising shell against 
long wavelength external kink modes and veni-
caf n = 0 modes.4 
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• Use the larger 165-cm major radius to permit 
operation with a closed divertor (where the edge 
plasma is guided into a remote chamber) as well 
as an open divertor 

• install a pellet injector for central fueling of the 
plasma. 

• Upgrade the neutral-beam injection system and 
install ion Bernstein wave healing for additional 
auxiliary heating.3 

• Hegroup the existing potoidal-field coils and fab
ricated in place in the vacuum vessel five new 
active pototdal field-coils to provide finer shape 
control. 

• Add six new, faster, independently programmed 
poloidalHeld power supplies for more precise 
shaping control to supplement those already 
existing for PBX. 

• Modify the ohmic-heating power supply to 
increase the usable flux swing by one volt-sec
ond. 

• Add a feedback system to the equilibrium-field 
power supply. 

• Replace the formerly used lBM-1800 computer 
with programmable logic controllers. 

• install active control of the current profile with 
localized lower hybrid current drive (LHCD). 
This has been initiated, but delayed by funding 
considerations. 

In October, 1987, the PBX-M device attained first 
plasma. The machine availability during the FYfc3 
start-up year, roughly 40%, is representative of the 
extent of the modifications and the complexity of the 
device. During run periods in January through mid-
March and June through September, machine avail
ability was a respectable 85%, with the ohmic-healing 
power supply being responsible for roughly two thirds 
ol the tost run time. 

EXPERIMENTAL RESULTS 
FROM PBX-M 

Initial operations were dedicated to refining the 
techniques employed to control this highly shaped 
plasma in close proximity tc the stabilizing shell. The 
results included ohmically heated and moderately 
neutral-beam-heated (P i nj s 2.5 MW, D° - H+) plas
mas with moderate indentations (15%) and elonga
tions (1.6 to 2.0).s The formation dynamics in PBX-M 
were similiar to those in PBX in thai the plasma 
shape was initially circular, and it was quickly elongat
ed and formed into a "Dee" shape to carry a larger 
current without disrupting. The indentation coil was 
energized to create a bean-shaped plasma. With 
high ohmic-heating (OH) cuirent levels (550 KA), 
indentations as high as 15% in ohmic-heated dis
charges and 24% during neutral-beam injection (NBI) 
were achieved. Figure 3 shows the magnetic equilib-

Fhure 3. Magnetic equilibrium flux plot ol a wall-indented 
(35^) PBX-M plasma. 

rium flux plot of a well-indented (25%) PBX-M plas
ma, a considerable increase over the (dentation m 
PBX(12%-20%). 

Shaping of internal flux surfaces is measured with a 
tangential soft X-ray camera. Figure 4 shows the 
contours of equal emission for a moderately indented 
plasma with no current ramp. The indentation is 
approximately 15% and the elongation is about 1.8 
on the outer flux surfaces. The indentation is small 
on the inner flux surfaces because the shaping fields 
primarily affect the outer surfaces in a low current-
ramped discharge. 

Figure 4. Soft X-ray emission contours showing the inter-
ttdl flux surface shape for a moderately indented discharge 
with no current ramp. (10/06/83. #34A) 
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A principal improvement in PBX-M operation over 
PBX is the ability to attain low-qM Ho discharges, 
where q is defined at the 95% flux surface. In PBX, 
the discharges always disrupied at q-vaiues £ 3.3. 
Very few discharges with q < 2.3 could be made, and 
these required very high current ramps (greater than 
1.4 MA/sec). In contrast, discharges with q < 3 were 
routinely achieved in PBX-M, as seen in Fig. 5, with a 
significant number terminating without a disruption. 
The disruption rate for 2 < q < 3 was no greater than 
that for q > 3. The low-q discharges were obtained 
with comparatively moderate curren! ramping (less 
than 0.5 MA/sec). This preliminary finding may be an 
indication of ihe beneficial effects of increased inden
tation and a clcse-fitting conducting shall. 
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Figure S. Distribution of accessible Qmt)d l n both ohmic 
and neutral-beam injected discharges in PBX-M for inden
tation greater than 5%. 

Nevertheless, during initial operation when the 
shaping control system was still being optimized, 
80% of the discharges ended with a disruption. One 
cause was a loss of vertical control in which the plas
ma was rapidly displaced from the midplane into 
either the upper or lower divertors. The second case 
for disrupting was too great a separation between the 
plasma and the passive plates. In this case, the pre
cursors to the disruption were typically low-n oscilla
tions of various types. One category of precursor is 
shown in Fig. 6, where a n = 1 oscillation was seen 10 
lock and grow (525 to 532 msec) just prior to the cur
rent decay portion of the disruption at 533 msec. The 
n = 1 structure was inferred from the current pattern 
measured on the passive plates. Other types of dis
ruptions with n = 1 precursor activity were low-fre
quency (a few kHz) growing oscillations and a n = 'i 
growing locked mode. A fourth type of disruption 
scenario involved higher-frequency (50-70 kHz) pre
cursor activity, which appeared to have short toroidal 
and poloir. ; correlation lengths. 
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Figure 6. Sequence of events leading to a particular type 
of disruption in PBX-M. Depicted from top to bottom are 
edge and central soft X-ray signals, Mirnov coil, plasma 
current, two signals from the passi/e plates, the Ha signal, 
and the diamagnetic signal. 

The passive plates appear to provide stabilization, 
as evidence by certain features of the discharge. 
These include the observation of n = 1 plate curisnts 
in response to n = 1 activity in the plasma, the insta
bility growth times being longer than in PBX for com
parable conditions, and mode amplitudes being com
parable in PBX-M and PBX though the observation 
point in PBX-M is 50% closer to the plasma than in 
PBX, indicating a weaker source. 

Another benefit of operation with strong current 
ramping, is the fact that the broader current profile 
raises q(0). This has the effect of suppressing saw
tooth crashes, a significant energy loss mechanism-
Even increasing the period between sawteeth con
tributes to maintaining the stored energy in the plas
ma, essential to reaching high p, with limited heating 
power. In PBX-M ohmically heated discharges, the 
sawtooth period depended on density and indenta
tion, with a maximum sawtooth period of 40 msec 
compared to 5-10 msec for PBX. In PBX-M neutral-
beam injected plasmas, a 90-msec sawtooth period 
was achieved with a current ramp of only 0.1 MA/sec, 
whereas in PBX discharges, operation was possible 
with a 100-140 msec sawtooth period, but this 
required a current ramp of 1.5 MA/sec. 

As mentioned in Ihe background section, an essen
tial element for adequate confinement is H-mode 
operation. In the early PBX-M experiments, the sim
pler open divertor geometry was used. Distinct H-
morie transitions were indicated by drops in divertor 
and edge H a emission and a strong rise in the plas
ma density as shown in Fig. 7. A sharpening of plas
ma boundary was observed with the plasma TV 
imaging system. The neutral-beam injection power 
thresholds for these transitions were only 1.1 MW, as 
opposed to the approximately 2.5 MW value required 
for PBX. 

The confinement properties of PBX-M are similar to 
those observed in PBX with an open divertor in that 
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Figure 7. Transition into the H-mode. Shown are signals 
from plasma current, line-averaged density, injected-beam 
power, central visible bremsstrahlung, midplano Hu and 
central soft X-ray emission. 

the improvement in particle confinement is very evi
dent, while the change in energy confinement is rela
tively weak, about 20% above Kaye-Goldston scaling. 
At these moderate power levels and H-phase dura
tions (approximately 100 msec), there was no indica
tion of impurity accumulation, unlike PBX where 
strong concentrations of light and heavy impurities 
were observed to concentrate in the center of the 
plasma.6 As measured with ihe tangential bolometer 
array, 1he total radiated power increased to about 
40% of the total input power during Ihe H-mode, but 
the radiation profiles were as flat {or even hollow) as 
in the L-mode phase. No metallic impurity radiation 
was observed during the H-mode with the vacuum 
ultraviolet (VUV) spectrometers; mainly a low-2 (car
bon and oxygen) spectrum similiar to that observed 
during L-mode. Further improvements in H-mode 
performance should follow operation with a closed 
divertor, deuterium plasmas, and more precise con
trol over separatrix position. 

The broadband MHD activity in Ihe 30 to 40 kHz 
range, measured by the poloidal array of Mirnov coils 
[Fig. 8 (top)], exhibited behavior across the H-mode 
transition that was dramatically different from that 
observed across a typical sawtooO crash, where 
MHD activity decreased at all locations. This is 
indicative in a reduction of microinslabilities and plas
ma energy loss. Seen across the transition was a 
decrease in the magnetic activity off the midplane, 
but an increase in the broadband activity on the mid-
plane. This enhancement in MHD activity is 
strongest at higher frequencies (70 to 100 kHz). The 
largest decreases in the signals occur near the top or 
bottom of the plasma (near the x-point) as shown in 
Fig. 6 (bottom). 

The central ion temperature T|(0) and the central 
toroidal rotation velocity v^O) continue to increase, 
up to approximately 2.7 keV and 1.0 x 10 s rrVsec, 
respectively. At the lowest neutral-beam injection 
power (1.1 MW, perpendicular) for which H-mode 
transitions are observed, Tj(0) stays at about 1 keV 
and v^(0) increases slowly up to approximately 0.5 x 
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Figure 8. Top: Raw signals from two Mirnov coils (top 
and inner midplane) showing the chanr,a in broadband 
activity across the midplane. Bottom: Poloidal -iistribution 
of the ratio of Mirnov signal levels before and after the H-
mode transition for two frequency ranges. 

105 m/sec. Figure 9 shows the lime evolution of T,(0) 
and v0{0) before and after the L-to-H transition. 
Sawtooth activity from the soft X-ray diagnostic is 
also presented. Strong long-sawtooth activity are 
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Figure 9. The evolution of T,{0) and vt(0) before and after 
the H-mode transition. 
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often seen in ihe soft X-ray traces during neutral-
beam injection and a large drop in Ti(0) and v?(0) 
[ATj(O) and Av^O) approximately 30%] is observed at 
the crash of the soft X-ray (SXR) signal. This was 
also observed in PBX.' A small drop in T|(0) and 
v0(0) is sometimes observed between the successive 
soft X-ray signal crashes, in particular just before the 
L-to-H transition or during the H-mode. When the 
crash occurs, strong MHD acWity is not observed in 
the rort X-ray signals. 

OPERATIONS AMD 
ENGINEERING 

Overall machine availability was impacted primarily 
by problems with two machine systems: the ohmic-
heating power supp and the in-vessel hardware. 
The ohmic-heating • ;wer supply recommissioning 
took until December, 1987, which was longer than 
expected. PBX-M began full start-up lesls in 
January, 198B, ant, since that lime the ohmic-heating 
system availability has been at an acceptable level. 
Failure of in-vessel hardware was the major source 
(3-1/2 months) of unanticipated time loss. In March, 
structural problems were associated with currents 
flowing unexpectedly in passive coil supports during 
plasma disruptions, possibly due to the direct ground
ing of the plates. Interim improvements were made, 
which include electrically connecting the plates 
through 500-ohm resistors and repairing the inner 
cone area, the region which was the most heavily 
damaged. In August ar.J September, problems 
involved Vespel insulator breakdowns, which caused 
a rapid rise of vacuum vessel background pressure 
due to charring and arc damage to adjacent elements 
of the passive plate insulators. Repairs included 
modification of the plate mounting hardware to permit 
thicker insulators. The insulators were replaced with 
a stepped design with a longer tracking path. 
Additional analytical studies and tests are being com
pleted to make more extensive reliability upgrades of 
the in-vessel hardware in early FY89. 

PLASMA SHAPING CONTROL 
SYSTEM IN PBX-M 

The shaping control of a strongly noncircular toka-
mak plasma generally requires a complex nonlinear 
system. In order to minimize the complexity, the 
feedback control in PBX-M has been linearized about 
a particular design shape. The design shape was 
chosen from an equilibrium calculation or from any 
previous shot. The deformation of the piasma shape 
was calculated as the individual coil currents are per
turbed, and the change in ihe olasma shape was 
decomposed into pseudo-orthogonal moments: (1) 
radial displacement, (2) mainly hexapole, and (3) 
elongation or higher-order deformation. With this 
approach, a simple matrix multiplication reduced the 

magnetic fluxes and magnetic field values into three 
eigenvalues. The corrections to the currents in the 
coil systems were obtained through another matrix 
multiplication. The linearized feedback system 
worked only when the plasma shape i~ r-.car -he 
design shape. In order to control the plasma position 
during the early part of the discharge, before it has 
evolved to its design shape, several control wave-
lorms were provided in addition to the prepro
grammed waveforms that control coil currents. 

The adequacy ol this approach was numerically 
evaluated with various numerical codes. An equilibri
um code WPS used lor the static equilibria, and the 
Tokamak Simulation Code (TSC) was used for the 
time-varying dynamic control, including the passive 
siabilizer. The resuffs of these codes indicated that 
with adequate feedback gain, the plasma shape 
could be controlled from the low-to-medium beta 
range without any special filter arrangement. It was 
also shown that the effectiveness of Ihe feedback 
system strongly depends on the choice ol the location 
of the observation points and matrix elements. The 
concept developed for PBX-M is now usee* in design 
studies for Dlll-D and the Compact Ignition Tokamak 
<CIT). 

The feedback system on PBX-M was implemented 
using an analog computer (EAI-2000) which was 
already available at the Laboratory. The analog sys
tem offers the advantages of speed, i.e., no computa
tional times delay in the response of the system, and 
flexibility, with the addition of complicated filters 
where necessary. A limitation of the analog system is 
its capacity to handle a large number ol inputs and 
operations. 

In the initial operation of PBX-M, highly indented 
and diverted plasmas with indentations ol 20-25% 
were obtained with an l p ramp ol i MA/sec. 
Preliminary operation has shown Ihe following 
aspects of the control system performance: 

• Detailed computations on such a large number 
of observation signals (including live continuous 
loops, nine segmented (oops, and ten B-loops) 
were unreliable. The reliability was improved 
after some ol the logic was eliminated that 
required many observation points, such as the 
separatru flux value calculation. 

• Programming of the waveforms for the coils sys
tems must generate a moderate error signal, a 
priori, since the system cannot respond when a 
very large error signal is requested in response 
to an improper waveform. The required signals 
were redefined so that they can be estimated 
with equilibrium calculations before the experi
ments or from previous results. 

« The higher correction eigenmodes cannot be 
introduced early in the discharge, but must be 
introduced after Ihe plasma shape has been 
allowed to evolve, otherwise, there is a tendency 
for an excessively abrupt change in the coif cur
rents and plasma shape. The feedback gain is 
now a time variable waveform inpu' to the ana
log computer by the operator. A gradual 
increase in gain minimizes the sudden perturba
tion of the system. 
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- The choice of the position ot observation points 
is important given the limited number that the 
analog computer can accept. An inappropriate 
choice may request a current from a particular 
coil system that exceeds its capacity. A more 
appropriate combination ot observation signals 
and the generation of the associated matrix has 
eliminated overcurrents in the coil systems. 

• Interactive adjustment of the design shape using 
control waveforms by an operator is necessary 
to force the feedback system to generate the 
desired response to a plasma shape that is far 
from the design shape. 

DIAGNOSTIC DEVELOPMENT 
Continuing development of diagnostics to measure 

the high-P, highly indented PBX-M plasmas occurred 
during FY88. An overview of the diagnostics pre
pared tor the first year of PBX-M operation is present
ed in Table I. Major additions and improvements are 
detailed below. 

The MHD activity in PBX-M is measured using a 
six-coil toroidal array and a nineteen-coil poloidal 
array o1 Mimov probes. The probes can be as close 
as a few centimeters from the edge of the plasma 
and can respond to oscillations up to 150 kHz. These 
coils are configured to assess the effect of the pas
sive stabilizing plates on the long wavelength edge 
magnetic activity. Preliminary studies using data 
measured by these coils have focused on studying 
these low-n fluctuations, as well as the change in the 
broadband magnetic activity across the H-mode tran
sition. 

The measurement of electron temperature and 
density profiles will be made using a Thomson scat
tering apparatus. This system has 55 channels along 
the major radius at the horizontal midptene. The local 
resolution is the order ot 1.1 cm. The more elongated 
geometry of PBX-M necessitated a redesign of the 
collecting optics. A low profile mirror optical system 
collects the light scattered from a 15-joule ruby laser 
and relays it via 12-meter fiber optic bundles to a 
polychromator located outside the radiation shield 
wall. This provides good accessibility to the appara
tus during a run and permits better environmental 
control. The reduction of noise sources such as stray 
magnetic field and neutron noise during neutral-beam 
heating should contribute to more reliable data. The 
system should accommodate, easily, temperatures of 
up to 3.5 keV. In its actual configuration (one ruby 
laser), the system is limited to one time point per 
plasma. System reliability has been improved with 
the installation ol a new ruby laser, which is pumped 
by longer-life linear flashlamps as opposed to the 
helical lamps used previously. Together with an 
improved cavity design, the system appears to be 
stable over a period of ol weeks. 

The problem of synchronizing the laser pulse with 
the ICCD (intensified charge-coupled device) camera 
gate was addressed by introducing a spark gap trig
gered by the laser pulse. Successfully implemented 
in the Tokamak Fusion Test Reactor (TFTR), some of 
the laser light is focused onto a fiber optic delay line 
and transmitted to the electrodes of the gap. To pro
vide identical switching for background subtraction an 
uftraviolet-producing spark is generated near the gap 
two msec later. 

Table l. PBX-M Diagnostic Set. 

Measured Quantity 

nB(R). Te(fi) 
Ti(R,1), v,(R,t) 

Pflad(R,D 
r>imp(R) 
Stored Energy 
Plasma Shape and Control 
Fast Ion Dynamics 

Internal Shape 
External Magnetic Fluctuations 
Internal Magnetic Fluctuations 
Density Fluctuations 
Current Distribution 

Main Plasma Imaging 
Divertor Plasma imaging 
Divertor Recycling 

Diagnostic 

Thomson Scattering 
Charge-Exchange Recombination 

Spectroscopy (CXRS) 
Visible Bremsstrahlung 
Bolometry 
Vacuum Ultraviolet (VUV) Spectroscopy 
Diamagnetic Loop 
Magnetic Flux Loops 
Fast 'on Diagnostic Experiment 

(FI!JE)/Neutral Probe Beam (NPB) 
Soft X-Ray Camera 
Mimov Coils 
Horizontal Soft X-Ray Array 
Beam Emission Spectroscopy 
(1) Motional Stark Effect Polarrmetry 
(2) Soft X-Ftay Array Plus Soft X-Ray 

Camera Tomography 
(3) Fast Ion Diagnostic Experiment 
Plasma TV Camera 
Divertor TV Camera 
Divertor Bolometers 
Divertor H„ 
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The determination of ion temperature and plasma 
relation in initial PBx-M experiments has been 
accomplished by charge-exchange recombination 
spectroscopy (CXRS). Since the heating neutral-
beams on PBX-M provide relatively low-velocity neu
trals (D° beams are 20 keV/amu), the highest excita
tion rate coefficients, and therefore the best signals, 
obtainable with a visible spectrometer are those in 
the near-ultraviolet, e.g., OVIII, n = 8-7 at 2976 A. 
The measurement is localized to the intersection vol
ume between the neutral beam and a collimated 
spectrometer sightline. The resulting spatial resolu
tion is about 3 cm on the plasma midplane. Each 
spectral profile is sampled successively with an inte
gration time of 4 msec. 

Sample spectra of OVIII line emiss^n during 1.2 
MW of neutral-beam injection is shown in Fig. 10, 
along with a lit to the theoretical Gaussian line shape. 
The local ion temperature and plasma rotation veloci
ty are obtained by determining the Doppler-broad-
ened widtn of the line and measuring the shift of the 
line center from a reference wavelength (i.e., 2983.3 
A, from the QUI 2p3s-2p3p transition excited by elec
tron impact at the plasma's edge}. 

T-^ p 1 1 1 [ I 1 1 1 1 

Figure 10. Profile of a measured charge-exchange line 
{OVHL 2975.8 A) and least-square fit to the Gaussian line 
shape. The Olll (2983.8 A) line emission is a collisionally 
excited transition from the plasma's edge. 

In order to investigate transport during the MHD 
activity or H-mode discharge and 1o sludy Tij-driven 
drift modes, a new multi-chord, wavelength resolving 
charge-exchange recombination spectroscopy (CHERS) 
diagnostic system is under construction for PBX-M. 
Derived from a prototype system installed on TFTH, it 
allows T|(r) and v0(r) profile observation at 15 spatial 
locations in the plasma midplane, sampled simultane
ously with an integration time of 3 msec 

The current density profile has plavad an important 
role in the theorelical modeling of plasma equilibrium, 
stability, and confinement for many years. Current-
driven instabilities have been observed or theorized 
under various conditions and ma/ be the key to 
understanding and improving plasma confinement. 

However, experimentally the current profile has not 
been controlled or measured because of the difficulty 
in doing so. With the strong emphasis on high-j} 
equilibrium in the PBX-M research program and its 
concomitant need for current profile control, it is 
essential as a first step to develop credible measure
ment techniques for j(r) and q(r). Three such tech
niques are underdevelopment tor PBX-M. 

(1) The Fast Ion Diagnostic Experiment (FIDE) has 
demonstrated the ability to measure the radial current 
distribution j(r), the poloidal flux profile yp(r), and the 
magnetic safety factor q(r), during the start-up Dhase 
of the Poloidal Divertor Experiment (PDX) and PBX-
M discharges.8 The FIDE technique, based upon the 
conservation of toroidal angular momentum, obtains 
direct information about the poloidal flux by measur
ing shifts in the orbits of fast ions injected tangent to a 
magnetic field surface by a well-collimated diagnostic 
neutral probe beam (NPB). For plasmas which â e 
circular or for the elongated flux SLrtaces near the 
magnetic axis of shaped plasmas, the FIDE tech
nique can give a direct measure of q G y l or q ^ s d -
The use of injected probe ions, with energies well 
above those of the fast ions from the bulk Maxwellian 
distribution and the heating ions, allows the study of 
highly indented, auxiliary-heated, high-temperature 
plasmas.* For the highly shaped plasmas, additional 
information on the plasma shape combined with FIDE 
measurements will yield q(r) or j(r) profiles. 

Using the 30-keV PBX diagnostic neutral beam, 
orbit shift measurements had to be made before the 
start of neutral-beam injection, because of the limita
tion on the electron density. A new BO-keV neutral 
probe beam was installed and commissioned on 
PBX-M and is now operational. With this beam, later 
discharge times at higher density during neutral-
beam injection can be investigated This new beam 
permits the study of the current distribution and safety 
factor as PBX-M approaches the second stability 
regime during hrgh-jj operation. 

The Princelon Plasma Physics Laboratory/Culham 
Neutral Probe Beam Project was initiated in June 
1987 to fabricate, test, instan, and commission a 80 
kV, 2.7 amp neutral probe beam (NPB), for use by 
late 1988. The unmodulated NPB pulse length is 100 
msec, and 40 msec when modulated at 1 kHz. The 
pulse repetition rate is 3 minutes. The beam diver
gence is 0.5° and has a local length of 400 cm. The 
injection angle is variable over 28°, from near perpen
dicular to outboard tangential, initial accepta ce test
ing in hydrogen at 80 kV was completed at CuJham 
Laboratory in August 1988. The beamline was dis
mantled and shipped to PPPL for reassembly, instal
lation, and commissioning on PBX-M in September 
1988. Hydrogen beams were obtained on PBX-M up 
to 55 kV, and residual power supply, transmission 
line, and telemetry limitations were identified. 

(2) Another application of the neutral probe beam 
on PBX-M is spectroscopy of the Stark shift of neutral 
hydrogen to determine the q-profile. The Jayccr 
Corporation of San Diego is presently collaborating 
with PBX-M Group members in Ihe development of a 
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current profile diagnostic using neutral-beam polarime-
try. Most current profile measurement attempts to 
date suffer from one of several problems. Frequently 
the measuremenl is line-integrated, which requires a 
numerical inversion process to obtain spatial informa
tion, introducing some uncertainly, particularly for 
noncircular plasma shapes. Diagnostics in 1his cate
gory include Faraday rotation and potarimetry of mag
netic dipole radiation. Neutral-beam techniques have 
good spalip! resolution but often suffer from the prob
lem of beam attenuation. With a neutral lithium 
beam, attenuation becomes a severe problem above 
densities of 1 x 10 1 3 cm" 3 . in addition, almost all 
lechniques are very difficult to implement either from 
a diagnostic or machine access point of view. 

This diagnostic, based on polarirnetry, will utilize a 
neutral hydrogen beam 10 measure the internal mag
netic fields, avoiding the above mentioned problems. 
The beam will permit a local measurement of the 
magnetic field direction with good spatial resolution 
(approximately 2 cm). With helium or hydrogen 
beams with 80-keV beam energies, beam attenuation 
is not a problem up to plasma densities of 2 x 10 1 4 

cm - 3 . 
As a neutral-beam propagates through a plasma, 

collisions between the beam particles and the back
ground ions and electrons excite beam atoms leading 
10 emission of radiation. The Motional Sfark Effect 
(MSE), which arises from Ihe electric field induced in 
the atom's rest frame due to its motion across (he 
magnetic field, causes the two changes in the radiat
ed spectrum: (1) a wavelength splitting of several 
Angstroms (A) and (2) linear polarization either per
pendicular or parallel to the electric field depending 
on the specific transition. When viewed transverse to 
the magnelic field as is done with the polarimetsr on 
PBX-M, the Am±l transition is linearly polarized par
allel to the magnetic Held. Unlike the Zeeman effect, 
the emission is unpolarized when viewed parallel to 
the magnetic field. When using a hydrogen neutral 
beam, the Stark shift is linear with the electric field, 
producing a large spectral shift. For a magnetic field 
of 13 kG and a beam enargy of 55 keV, typical for 
PBX-M, the electric field viewed by the atoms is 
approximately 40 KV/cm and the average spectral 
shift for Am=0 transitions is about 4 A. 

A lens, mounted on the vacuum vessel, collects the 
light from the torus as shown in Fig. 11, A second 
lers collimates it through two photoelasiic modulators 
{PEM), a polarizer, and a wavelength selecting inter
ference filter before it is focui, >d onto a photomullipler 
detector. The PEM's, which are birefringenl crystals 
driven by a piezoelectric transducer, introduce a time-
varying phase shift in the electric field, resulting in the 
rotation of the polarization of the light from the plas
ma Using two PEM's at slightly different driving fre
quencies, the sine and cosine of the polarisation 
angle can be measured simultaneously using syn
chronous detection techniques, The tangent of the 
angle of the plasma light polarization is a simple ratio 
of the detected amplitude at the two different frequen
cies used to drive the PEM's. These are obtained by 
Fourier analysis of (he detected light or through use 
of lock-in amplifiers. 

Figure 11. Experimental apparatus of the diagnostic neu
tral beam and polanmater on PBX-M. 

The diagnostic is presently in the iinal testing 
phase. Intensity measurements of the diagnostic 
neutral beam with hydrogen have been obtained both 
with neutral gas and with a plasma in Ihe torus 
Polarimetry data has also been obtained with the 
hydrogen beam, showing that magnetic field changes 
corresponding to 710 Gauss can be observed. The 
measured polarization fraction and spectral profile 
are in good agreement with the Motional Stark Effect 
theory, and measurement of the poloidal field with 
less than 10% uncertainty is expected. This diagnos
tic approach for measurement of the current density 
appears very promising. Measurement of q(0) and 
j(r) will be attempted in the immediate future. 

(3) A third method for measuring the current density 
profile involves the recording of the shape of the 
internal flux surfaces via a tangentially viewing soft X-
ray camera. Combining shape data with external 
magnetic measurements, the dependence of q(0) on 
internal flux shape makes it possible to infer q(0) 
through comparison to the results of a computed 
equilibrium. Such a camera was tested on PBX" 
and reconstructed lor PBX-M. The camera consists 
of a foil filter (which blocks radiation less than 1 keV) 
in front of an imaging aperture and a phosphor 
screen at the image plane. The phosphor converts 
the soft X-rays into visible light, which is then trans
mitted via a fiberoptic out of the PBX-M vacuum ves
sel and magnetic field. Here the image is amplified 
by an image intensifier and deteded using a high
speed (3 msec per frame) video camera. This 
enables it !o measure the plasma shape just prior to 
and after a sawtooth crash. The images are digitized 
and temporarily stored on a commercial image pro
cessor and permanently stored using an analog opti
cal disk recorder For analysis, each image is redigi-
tized from the optical disk recorder into the memory 
of the image processor, which then performs the nec-
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essary corrections to the image in preparation for fur
ther analysis. 

Each image represents a X-ray snapshot through 
the toroidal extent of the plasma. To measure the 
internal shape, the image must be transformed into a 
two-dimensional poloidal cross section ot the X-ray 
emissivity. Because of the two-dimension nature ol 
this process, standard nonlinear techniques such as 
an Abel inversion are too sensitive to experimental 
noise to be of use. Instead of a direct transformation 
of the observables, a linear, forward modeling 
approach is used. This is being accomplished in two 
ways. The first is a Fourier method in which a model 
emission profile, represented by a combination of 
several two-dimensional Fourier expansion terms, is 
linearly projected into the actual image space. A 
least-squares best fit 10 Ihe observed image is then 
performed 1or all the Fourier terms. Since the projec
tion is linear, the coefficients of each Fourier mode 
directly reconstruct the poloidal emission profile. The 
second method is similar 10 the first except that the 
emission is modeled with spacial emission zones 
rather than the Fourier modes. Both methods have 
been shown lo be qualitatively accurate for low-fre
quency variations of the toroidal shape. 

Images ot PBX-M discharges have been made and 
analyzed, and an inference of the q(0) in one case 
has been accomplished The FQ plasma equilibrium 
code was run several times where 1he input parame
ters to the code, derived from external magnetic mea
surements, were kept constant. The runs differed 
only in the specification of q(0). The results ot each 
of these runs was compared with the inverted image 
to find the case were the model distribution [Fig. 
12(a)] most closely matched the inverted image ((Fig. 
12(b)). A plot of the correlation (unction versus q(G) is 
shown in Fig. 12(c). It is assumed that q(0) corre
sponds to the maximum ol the correlation function. 
This method included a number of assumptions about 
the plasma equilibrium as input lo the equilibrium 
code, as well as the assumption that Ihe contours of 
equal emissivity correspond to flux surfaces. These 
assumptions are in the process of being checked by 
a sensitivity analysis, with results concerning the reli
ability ol this method available in 1989. 

Two soft X-ray (SXR) cameras have been con
structed to measure the two-dimensional structure o1 
MHD perturbations in F'BX-M. Each camera, which 
contains four arrays of silicon diodes behind a 
curved, 3 mil beryllium foil, provides 32 collimated 
views through the plasma. One camera, which pro
vides a horizontally integrated view, was installed in 
the summer of 1988. To allow for high-time resolution 
studies as well as a complete record for the entire 
discharge, the base sampling rate is 5 kHz, with 
selected time windows sampled at 1 MHz. 

A reconstruction algorithm has been developed 
which combines the low-time resolution (5 msec per 
frame) from the X-ray pinhole <-amera mentioned 
above, with the high-time resolution data from the soft 
X-ray diode arrays. The algorithm is a maximum-
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Figure 12. (Top) Inverted image of camera data depicting 
contours of equal emission. (Middle) Poloidal flux con
tours from the equilibrium code, (Bottom) Fractional a aa 
overlap between the equilibrium code and camera results 
plotted versus q(0). 
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entropy-based technique10 in which tne emission pro
file is represented by a set of grids arranged over the 
plasma cross section. The algorithm finds the emis
sion profile which is consistent with the signals from 
tho diode arrays and also maximizes the entropy of 
the solution. This basis of the emission profile match
es the shape of the pinhole camera image in that in 
the absence of data from the diode arrays, the emis
sion profile is that found by the pinhole camera. As 
additional constraints are introduced by the signals 
from the diode arrays, the solution is perturbed to 
produce a profile which is consistent with these con
straints and is as olose as possible to 1he pinhole 
camera profile in the maximum entropy sense. The 
time resolution of the pinhole earners is just sufficient 
to resolve the effects of a sawtooth crash. The 
reconstructed emission profiles before and after such 
a crash are overlaid in Fig. 13. 

40X3239 

Figure 13. Overlay of reconstructed pinhole cc-ntva 
images before and after a sawtooth crash. 

RESEARCH PLAN 
The principal near-term goals of the PBX-fJl 

research program concentrate on examining con'inu-
ment properties of a class of plasmas unexpired 
with presently existing tokamaks: those in or near the 
second region of stability. This regime is character
ized by f>, values beyond the Troyon limit, high plas
ma indentation (good curvature), high shear, mini-
mum-B geometry, and close proximity to stabilizing 
plates. Specific research objectives inJude: 

Stability. Firstly, experimentally determine the 
boundaries of the second stability regime by varying 
plasma shape and p p (plasma current). This involves 
measuring the shape characteristics (indentation, 
elongation, triangularity, aspect ratio, distance to tne 
passive close-fitting shell, separatrix pes'tion) and the 
stability characteris >cs of beliooning modes, internal 
kinks, and surface kinks. Related issues of interest to 
current-generation lokamaks include ELM (edg<j 
localized mode) suppression with a close-fitting con
ducting wall. Secondly, determine the ability to modi
fy the current profile with piosently existing tools [cur
rent ramp :or transiently broad current profiles, trans
port-initiated profile modifications (H-mode transi

tions), and auxiliary-heated driven currents (beam 
currents and bootstrap current)], and explore the 
influence of current profile on access to second sta
bility. 

Confinement. Examine global scaling behavior in 
the first stability regime. Does high aspect ratio and 
high elongation affect tho confinement quality? Does 
variation in recycling in the open/closed divertor 
geometry affect confinement? Can pellet fueling or 
neutral-beam injection or radio-frequency current 
modification techniques be used to vary q(0) and sup
press sawteeth? Does a peaked density profile pro
vide superior confinement? Examine the effect of 
second stability on global plasma confinement and 
microinstabilities. For example, the inward curvature 
on the smafl-major-radius side is supposed to 
improve the confinement of fast ions. In such plas
mas, the benefits for plasma confinement of a high 
shear, minimum-B well in the bad-curvature region 
can be effectively explored. 

Transport. Observe particle recycling inside a 
close-fitting conducting shell and its effect on core 
confinement. Explore the transition f/orn open to 
closed divertor operation with regard to the effects on 
edge properties (such as edge recycling and divertor 
fueling efficiency) and on the global confinement. 
Examine the sustainment of the H-mode due to the 
improved particle retention in closed divertors. 
Explore central fueling via pellet injection to prevent 
overfueling the divertor. What are the effects of sec
ond stability on plasma and impurity transport, partic
ularly in regard to edge-localized-mode suppression 
and sawtooth suppression? 

Continued Development of Current Profile 
Control. Midterm (FYS9) noninductive current-profile 
control includes pellet injection to flatten the current 
profile or peak the density profile for improved con
finement. The PBX-M program retains the long-term 
goal of demonstrating finer profile introl using radio-
frequency heating expertise gained on the PLT 
device. Current-profile control (LHCD; 2-4 MW. 4.6 
GHz) and localized plasma heating and pressure pro
file control (IBWH, 5 MW, 40-50 MHz) will allow sus
tained second-stability-regime operation. In this 
regime of potentially reduced MHD activity and fine 
control of plasma profiles, the detailed determination 
of confinement scaling in reactor-relevant regimes 
can be pursued. 
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S-1 SPHEROMAK 

BACKGROUND 
A spheromak is a toroidal magnetic confinement 

configuration for plasmas of the "compact toroid" 
type. The toroidal field in the plasma is sustained 
entirely by poloirjal plasma currents, eliminating the 
need for coils that link the plasma. This topology 
allows for a simply connected first wall and blanket 
and also allows for translation so that the plasma can 
be created in one place and then moved to a sepa
rate burn region. In addition, adiabalic compression 
can be conveniently applied to the spheromak plas
ma. The very low aspect ratio of the spheromak per
mits a small volume for a given characteristic confine
ment scale length, which makes possible a smalt-
sized reactor core. The objectives of the S-1 experi
ment were to investigate the formation, equilibrium, 
Stability, and confinement characteristics of hot plas
mas; the scaling of confinement quality with various 
parameters; and the physics of sustainment of 
spheromak plasmas. Spherornak plasmas produced 
in the S-1 device had major radii in the range 0.4 to 
0.G5 m and minor radii of 0.25 to 0,45 m. 

One interesting feature which distinguishes sphero
mak plasmas from, for example, tokamak plasmas is 
the strong tendency to self-adjust, or "relax," to a 
"Taytor stale." Taylor proposed that a force-free Q = 
uB) plasma in which the resistivity is small but finite 
will relax with the aid of some type of turbulence to a 
minimum-anergy state through reconnection of field 
lines, the only constraint being the conservation of 
t,obal magnetic helicity. (Helicity can be thought of 
as the linkage of magnetic field lines.) This relaxation 
is viewed as a convenient phenomenon to both 
access stable equilibria (e.g., spheromak formation) 
and maintain stable equilibria against diffusive forces. 

The main features distinguishing S-1 from other 
spheromak schemes are (1) the plasma formation 
technique, which is based on an induclive transfer of 
toroidal and poloidal magnetic flux from a toroidal 
"flux core" to the plasma and (2) the stabilization of 
the plasma against dangerous rigid-body tilt and shift 
instabilities by use of loose-fitting conductors and 
coils. 

The potential of the spheromak magnetic configura
tion as the core of a fusion reactor depends in part on 
its basic energy and particle confinement properties. 
Assessment o< the confinement and its scaling needs 
to be done in a parameter regime in which the rele
vant transport mechanisms are active. One important 
requirement is high temperature. Significant progress 
has been made in improving plasma parameters over 

the past several years. The plasma parameters have 
been improved to the extent that a preliminary 
assessment of confinement scaling was possible.'•« 
Operation into regimes of high current and high cur
rent density in S-1 has shown promising results for 
spheromaks in comparison to other toroidal magnetic 
confinement schemes. In particular, high current 
density j or magnetic field strength B <* ja (where a = 
minor radius of Vie plasma) was important lor attain
ing high temperature plasmas. The peak electron 
plasma pressure n^ea was found to scale as j 2 , 
indicating constant-beta scaling similar to Reversed-
Field Pinch (RFP) devices. This scaling, in part, moti
vates the study of higher-current spheromak plas
mas. 

Since MHD activity can in some cases influence the 
obtainable parameters and confinement, research 
has also emphasized, among other things, identify
ing, understanding, and controlling the MHD instabili
ties in the experiments and assessing their impact on 
confinement7-13 Relaxation itself occurs in conjunc
tion with instabilities and fluctuations, which in turn 
can affect confinement. 

SUMMARY OF COMPRESSION 
EXPERIMENT 

The S-1 project was terminated at the end o.: 1987 
after tour years of S-1 spheromak device operations. 
Before that shutdown, a valuable and interesting 
compression experiment was performed. 

Compression Experiment 
Because parameter scaling obtained in S-f in the 

absence of compression suggested that high current 
density j was important lor attaining higher tempera
ture plasmas, a magnetic compression experiment 
was performed."-™ Compression is particularly easy 
1o implement in the S-1 type of spheromak device 
bscause there is no highly conductive flux conserver 
wall close to the plasma. Compression is a conve
nient method to obtain high current density dis
charges, thus improving the ohmic-heating density 
and the possibility of obtaining higher temperatures. 
In addition, the compression itself can increase ihe 
temperature. High compression ratios are possible in 
compact toroids in contrast 10 other magnetic confine
ment configurations (e.g., tokamaks, RFP's). Current 
densities near or above the maximum previously 
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oblained values were obtained shortly after the com
pression experiments were started. 

Compression was accomplished by using a pair of 
fast magnetic field coils inserted inside Ihe vacuum 
vessel (Figs. 1 and 2). A current with a rise time of 
100 (or 200) )sec was pulsed into the coils. Stability 
of the plasma against the nearly rigid-body n = 1 tilt 
and shift modes was maintained by the use of a pair 
of funnel-shaped passive conductors, (n is defined 
by the functional dependence exp(in$) of the magnet
ic fluctuations on loroidal angle $.) 

Laser 
Path 

Figure 1. Diagram of S-1 device showing compression 
coils and funnel-shaped stabilizers. Also shown are the 
multipoint Thomson scattering system and the magnetic 
probe (array). 

The compression factor C is defined as Rjnjtiai/Rfinai 
where R = major radius. Because of limited time and 
resouri„>s available for operational optimization, com
pression iactors of only 1.1 to 1.6 were achieved; the 
design was for a lactor of two. Even so, a significant 
increase in the plasma energy relative to the precom-
pression phase was observed. Also because of limit
ed time, it was not possible to condition the precom-
pression "target" plasmas to the highest plasma pres
sures achieved in the absence of compression. 
Nevertheless, compression raised the initially moder
ate values of electron pressure (before compression) 
to values near or above the highest values ever 
obiained previously without compression. Peak elec
tron temperatures of the order of 40 eV before com
pression were increased to 80 £ T e s 130 eV after 
compression. The peak electron density increased 

Figure 2. Picture looking into the large four-foot flange 
opening on the 5-1 spheromak device. The pair of com
pression coils and the flux core are visible. (87X3134) 

from 5 x 10 1 3 c m 3 to 8 x 10 1 3 cm- 3. In general, the 
electron beta value of the order ot 5% stayed roughly 
constant as the plasma current density increased dur
ing compression, consistent with the constant-beta 
scaling observed in the absence of compression. 
The ion temperature, as measured by Doppler 
broadening of low-Z (oxygen, carbon) impurity line 
radiation, was observed to rise as high as 0,5 keV. 

The experiment was designed to compress the 
plasma self-similarfy (R/a is constant). If a plasma is 
compressed self-similarly, both toroidal and poloidal 
fluxes are expected to be conserved independently. 
By avoiding an imbalance in fluxes, the need for flux 
conversion and relaxation phenomena would be 
avoided and the plasma would be expected lo stay in 
the Taylor state. The magnetic reconnection process
es associated with flux conversion and relaxation are 
thought to lead to additional energy losses which 
degrade confinement and the attainable plasma 
parameters. With self-similar compression, the cur
rent density would be increased without forcing addi
tional loss mechanisms. In fact, nearly self-similar 
compression was observed. No tlux conversion pro
cesses were observed to occur during the compres
sion. Thus, compression has a distinct advantage 
over other (helicity injection) schemes of driving cur
rents in spheromak plasmas in which only poloidal or 
only toroidal flux is injected. 

Schedule 
At the beginning of FY88 (October 1, 1987 -

September 30,1988), the S-1 program was operating 
under the constraints imposed by a directive to shut 
down the S-1 device operation at the end of CY87 
because of the tight budgetary situation in the U.S. 
Magnetic Fusion Program. This deadline was actual
ly an extension beyond an earlier deadline ol 
September 30 which was issued at the beginning of 
CY87. 
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The shutdown directive forced physicists to 
reassess how the remaining time and resources 
could test be utilized. It was decided to remain com
mitted to studying magnetic confinement features of 
the spheromak placma, but to use compression coils 
instead of an ohmic-heating transformer to obtain the 
desired conditions of a more fusion-relevant, high-
density, high-temperature, plasma regime. This 
method would take advantage of one of the unique 
features of spheromaks — no coils or vacuum vessel 
linking the toroidal plasma — and, in particular, one of 
the unique features ol the S-1 technique of producing 
spheromaks — no close-fitting conducting walls. 

By the beginning of FY88, the new compression 
coil system was just recently installed and was being 
tested. Initially, both power supply problems and 
gross plasma stability problems precluded adequate 
testing of plasma compression. The design of pas
sive conductors for equilibrium positioning, shaping, 
and stabilizing was made difficult by the conflicting 
requirements of achieving adequate diagnostic 
access and minimizing perturbations to the plasma. 
By the beginning of December 1988, all systems 
were performing well. In the two-week period remain
ing until tt)e device was to be shut down, over 2,000 
discharges were taken of which 1,000 were high-
power discharges. The operation of the S-1 device 
permanently came to a finish on December 23,1987. 

COMPRESSION COIL SYSTEM 
The compression coils were located inside the S-1 

vacuum vessel because the required compression 
time was much shorter than the UR (L is inductance; 
R is resistance) time constants of the vacuum vessel. 
The compression coils were energized by an energy 
storage capacitor bank (of capacitance C) rated at 1 
MJ at SO kV. The resulting RLC circuit was under-
damped so that upon closing the switch (ignitron) 
between the capacitor bank and the coils, the current 
increased with a one-quarter cycle rise-time, or com
pression time, of 100 (or 200) usee, depending on 
how the pair of coils was configured. The current 
was crowbarred near peak current, thus maintaining 
nearly constant current in the compression coils after 
the compressing phase. 

STABILIZATION FOR 
COMPRESSED PLASMAS 

As a plasma is compressed, the Figure-8 coil stabi
lization system used in earlier experiments becomes 
Jess effective since the separation between plasma 
and stabilizer becomes large. A passive conductor 
stabilization system was designed to maintain the 
plasma's equilibrium position, to help shape the plas
ma, and to subdue low-n mode instabilities in addition 
to the n = 1 tilt and shift modes. Passive conductors 
were fabricated in the shape of two funnels on oppo
site sides of 1he midplane, with the small ends of the 

funnels facing each olher. While limiting diagnostic 
access to the plasma and somewhat compromising 
the potential mobility of the plasma offered by the 
spheromak concept, these stabilizers permitted, on 
the near-term basis, the production and sludy of 
spheromak plasmas which were completely detached 
from the flux core and (optionally) subjected to com
pression. The precise shape chosen for the funnels 
was influenced by the desire to keep the aspect ratio 
(major radius/minor radius) of the spheromak plasma 
unchanged as it was compressed (self-similar com
pression) so as to minimize perturbation to the Taylor 
state equilibrium. An additional requirement was to 
optimize the construction of the funnels so as to mini
mize any nonaxisymmetric perturbation effects which 
Ihe funnels might have on the plasma undergoing .he 
compression. 

Copper funnels, covered with tantalum sheets, 
were used successfully in the past for uncompressed 
plasmas. Each funnel was segmented into four sec
tions to reduce any net toroidal current induced in it 
which would tersd t" oppose the formation. To mini
mize any pertuibatirg effect which the new funnc.s 
might have on a highly compressed plasma, an 
attempt was made to construct unsegmented "contin
uous" tunnels at the expense of slightly reduced for
mation and compression efficiency. The need for 
diagnostic access, however, required that one large 
slot in the major radius direction be provided for the 
multipoint Thomson scattering system in each funnel. 
Even \hough each siot was "bridged" by numerous 
conducting strips, the resulting funnels provided an 
unacceptably large n = 1 perturbation. Due to limited 
development time available, we resorted to the origi
nal four-piece design but with tantalum-covered alu
minum funnel segments. The L/R decay tinw o< e<Wy 
currents in the segments was more than several 
msec, much longer than either the total lifetime of the 
plasma (of the order of O.S msec) or the compression 
time (equal to or less than 0.2 msec). 

DETAILED PHYSICS RESULTS 
ON COMPRESSION 

In the S-1 compression experiments, the plasmas 
were compressed immediately after formation was 
completed. The precompression "target" plasmas 
could be characterized as follows: The major radius 
ranged from approximately 50 to Co cm and the minor 
radius from about 25 to 30 cm. Toroidal plasma cur
rents varied irom 140 kA to 200 kA, and magnetic 
field strengths were as high as 2 kG 

As in previous experiments, the evolution of the 
magnetic configuration was mapped with data 
obtained from a one-dimensional spatial array (in 
major radius R) of sets of internal magnetic coils, 
each set containing coils in the R, ij>, and axial (z) 
direction (sea Probe in Fig. 1). By scanning the 
probe array on a discharge-to-discharge basis in the 
z direction, two-dimensional contour plots of magnetic 
rluxes could be drawn in the R-z plane. Figure 3 
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show:; the time evolution of poloidal flux contour plots 
during compression for a compression factor C = 1.3. 
The plasma is initiated at t = 0 and formation is com
pleted at 250 usee. Compressing occurs over a peri
od of 100 usee (t = 250 usee to 350 usee). As shown 
in Fig. 3, the major radius starts at R = 55 cm before 
compression ana decreases to R = 42 cm at the end 
of compression. The plasma size was compressed 

#69X0267 

Figure 3. Experimentally measured contour plots of 
poloidal flux showing the change in the minor cross section 
of the S-1 spheromak plasma during compression. At i -
200 fisec. the plasma begins to be detached from around 
the flux core. The compression phase is from 250 psac tD 
350 usee. The funnels on the top and bottom help to sta
bilize the plasma. 

self-similarly. Because of the self-similar compres
sion, the Taylor stale was kept intact without the need 
of flux conversion or relaxation phenomena. 

Figure 4 shows the time evolution of quantities 
derived from the magnetic data. During compression, 
both the total toroidal flux and total poloidal flux were 
independently conserved, giving further evidence that 
the Taylor state was kept intact. The fluxes were not 
as well conserved without compression or with weak
er compression, possibly due to the lower tempera
tures, if the fluxes are conserved during compres
sion, then the mannet:c field strength" B should 
increase as C2, aM the total magnetic energy W B 

should increase sine? W B « B2 x Vol. « C. The 
toroidal and poloidal fi.?ld strengths did increase as a 
result of the compression, and the total magnetic 
energy of the spheromak was increased. 

C v = 1-3 rtSXOISO 

0.25 0.30 0.35 0 d 0.45 
TIME (msec) 

Compression 

Figure 4. Time evolution of magnetic parameters during 
compression. Top to bottom: Compression ratio Cv; 
poloidal flux y; toroidal flux 0; magnetic helhUy K approxi
mated by 2y$; total magnetic energy WB estimated as 
Mice the toroidal magnetic field energy; and average 8 
field strength. 

Compression was performed over a time scale 
longer than the energy confinement time xg; thus, 
adiabaticily was not to be expected. If adiabatidty 
were to hold and if the number of particles were con
served so that n e « C 3, then T e would be expected to 
scale as T e « C 2. The electron temperature T B and 
density n e profiles were measured by a seven-poinl 
Thomson scattering system. Figures 5 and 6 show 
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the lime evolution of the radial profiles of T B and n„ 
with and without compression. Data is averaged over 
several similar discharges. The profiles are observed 
to peak and move inward in major radius with the 
magnetic axis as compression is applied. Figure 7(a) 
(and Fig. 8) shows the time evolution of T e (and ne) at 
the core of the plasma. Core data is averaged over 
three different measurement points near the magnetic 
axis and over several similar discharges. With a 
compression of C = 1.6 for these discharges, the 
peak electron temperature T ^ rises from approxi
mately 30 eV before compression to approximately 
80 eV after compression. The increase of the elec
tron temperature at the plasma edge [Hg. (7b)] is pro
portionally much less than that of the core region [Fig. 
7 {a)J. With compression, an increase in electron 
density proportional to C is observed, somewhat less 
than expected from conservation of particles. No sig
nificant change in the radial density profile is 
observed. 
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Figce 5. Time evolution of radial electron temperature 
profiles (a) with and \b) without compression. 

The electron temperatures increased more than 
expected from adiabaticity. On the other hand, the 
density increased less than expected, suggesting an 
enhanced particle loss mechanism during compres
sion. One important fact is that the central eleclron 
beta stays constant during compression. Figure 9 
shows the time evolution of the radial profiles of mag
netic energy B 2 and eleclron pressure n aT a. During 
compression, the maximum of the electron pressure, 
near the magnetic axis, moves inward in major radius 

Figure 6. Time evolution of radial eleclron density profiles 
(a) with and (b) without compression. Discharges corre
spond to those in Fig. 5. 

together with the maximum in magnetic field slrength. 
The core electron pressure <n B O T e o > stays roughly 
proportional to the magnetic field pressure B 2 . This 
tendency is seen not only for most of the compres
sion experiments, but also for earlier noncompression 
experiments performed in S-1. The compression 
results of neoTeo versus B 0 are compared with data 
from noncompression experiments in Fig. 10. <B0 is 
the toroidal field at the maqnetic axis.) The compres
sion results are consistent with ihe constant beta 
scaling from noncompression experiments. This 
scaling in turn is consistent with that from many 
Reversed-FieW-Pinch plasmas. As in the noncom-
pression cases, however, (he volume-averaoed beta 
had a tendency to decrease with increased current 
density, suggesting the onset of some new or 
enhanced loss mechanism as the current density is 
increased. 

Ion temperature was obtained from spectroscopic 
measurement of Doppler broadening of line radiation 
from low-Z impurity ions (OIV, OV, NIV, CHI) The 
time evolution of this measured ion temperature T- is 
shown in Fig. 11 as the plasma is compressed by a 
factor of C = 1.6 during a period from t = 250 psec 1o 
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Figure 8. Average electron density <neo> versus time cor
responding to the same discharges as in Fig. 7. 
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Figure 7. ^ Average electron temperature <TBO> versus 
time. The average is over three to four discharges and 
over the inner plasma region. Open circle denotes without 
compression and solid circle with compression. (b) 
Average Te of the outer plasma region with and without 
compression for the same discharges as in (a). Average is 
over several discharges. 
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- "Jo-

t = 350 usee. A maximum ion temperature of 0.5 keV 
is reached. The time evolution of the measured ion 
temperature is qualitatively very similar to that of the 
electron temperature, a general lindina This ion tem
perature data and the data tor electron temperature 
and density comes Irom the same set of discharges. 

Without compression, ihe measured ion tempera
ture was usually the same or higher than the electron 
temperature by a factor of up to three; tor toroidal 
plasma current" of less than 250 kA, the measured 
ion temperature was as high as 100 eV. With com
pression, the ion temperatures were usually one to 
live times the electron temperature. Higher T*/T e was 
usually observed during periods of enhanced mag
netic fluctuations, suggesting the presence of an 
anomalous ion healing mechamism. Similar results 
were obtained in RFP devices. 

H is expected that the measured emission from 
these lines provides an average temperature from the 
bulk of the plasma, based on measured electron tem
perature profiles and on impurity transport modeling 
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Figure 11. ton temperature versus time with and without 
compression. Ion temperature is measured by Doppler-
broadening of line radiation from impurity ions. 
Compression is parte, mod between t - 250 ftsec and t = 
350 usee. 

with the Multiple Ionization State Transport code 
MIST. The equilibration times belween me impurity 
ions and the protons {H 2 gas is used as the tuel) is 
short (5-15 usee) so it is expected 1hat the bulk of the 
plasma ions are at the same temperature as that of 
the impurities. 

The high electron temperatures achieved during 
compression are probably due primarily to the 
increased current density (and ohmic heating power). 
The high ion temperatures may be due to the 
enhanced level of magnetic lield fluctuations and/or 
r .icroinstabilities due to large j /n e values. Classical 
equilibration times between electrons and ions are 
comparable or larger than the compression time in 
these plasmas (50 - 400 usee, T e = 35 -100 eV), so 
that direct coupling may not be responsible for the 
T' - T 8 correlation. 

FUTURE WORK 
The S-1 project was terminated before a compre

hensive data base couli be assembled to definitively 
conclude the effects of compression, especially at 
higher compression ratios. Nevertheless, results 
from this past year, and previous years, provide pre
liminary evidence for the advantages of magnetic 
compression of spheromak plasmas. The data sug
gests that it would be interesting to pursue compres
sion at even higher field strengths. The option of 
compression lor ihe unique spheromak configuration 
enhances the interest in the spheromak's potential as 
a viable core of a fusion reactor. 
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CURRENT DRIVE EXPERIMENT 

The Current Drive Experiment (CDX) research pro
gram is devoted to the experimental study of current 
drive in tokamak plasmas by means of an injected 
electron beam. This technique is termed dc (direct 
current) helicity injection. The essence of this 
method is that a high-current, low-energy electron 
beam is injected along the magnetic field at the edge 
o' a tokamak plasma. Subsequent nonclassical pro
cesses carry that current into the plasma center, 
replenishing current difsipated by the resistance of 
the plasma. 

Plasmas in ihe CDX device have typical parame
ters of R = 60 cm, a = i cm, B, = 4 kG, T1e = 1 x 10 1 3 

cm-3, Te(0) = 25 eV, T|(0) = 15 eV, L = 300-1000 A, 
and q a = 5-15. Evidence ol formation and sustain-
ment ol tokamak plasmas by dc helicity injection was 
first Obtained on CDX in 1986 and, in 1987, 1000 A of 
plasma current was driven, corresponding <o q a = 5. 
In FY88, a study of helicity injection efficiency was 
made, the ion temperature, plasma potential, and 
poloidal rotation speeds of the CDX plasma were 
measured, and characteristics of fluctuations in the 
plasma were analyzed. In addition, a collaboration 
with the CCT (Continuous Current Tokamak) group at 
the University of California at LOS Angeles (UCLA) 
was begun, and ihe design of a low-aspect-ratio, 
helicity-injected tokamak, CDX-U (Current Drive 
Experiment-Upgrade), was developed. 

One accomplishment of the CDX group in FY88 
was the comparison of helicity injection and con
sumption rates in the CDX plasma.'-2 The first com
parison was of the l-V characteristic measured from 
the discharge with that computed from the equations 
governing helicity injection. The result, the curve 
labeled "CDX" in Fig. 1, shows reasonable agree
ment, when the variation of plasma resistivity with 
toroidal current is taken into account. The second 
comparison was of the measured helicity injection 
and consumption rates in the CDX plasma. The con
sumption rale could be estimated from Langmuir 
probe measurements of T e, assuming flux surfaces of 
circular cross section and assuming Spitzer resistivi
ty. The injection rate was known from the voltage on 
the cathode. The result was an injection rate of 1.6 
x i o - 2 Wb 2/sec, and a consumption rate of 7 x 10- 3 

Wb2/sec. The similarity in magnitude of these num
bers was taken as further evidence that the helicity 
equation applies to the tokamak configuration. At 
present, it is thought that the difference between 
these two rates may result from unaccounted-tor 
resistivity in the plasma. 

The radial profile of the plasma potential in CDX 
discharges was measured in FY88 and it wcs tound 

that a substantial negative internal potential was 
maintained by electron injection {Fig. 2). The associ
ated radial electric fields produce significant poloidal 

2400 

2200 

2000 

laoo 

1600 

1400 

E 
S 1200 

I «=4 A/R 

a A m 2 cm 
CDX: 1 60 
CCT: 10 150 

1000 

Figure 1. Plasma current versus applied cathode voltage 
for CDX and CCT plasmas. The points represent data 
trom the experiments white the curves are from the helicity 
equation, assuming that the plasma temperature increases 
with current such that n « t/Varh, The anticipated cur
rents in the CDX-U device are ten times those shown for 
CCT at the same voltage. 
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rotation of the plasma at a velocity of 1.2 x 10 6 

cm/sec at the edge. The electric field was found to 
vary as 

Er(V/cm) = 11B,(kG)/u.,/2, 

where u. is the mass number of the principal ion 
species. This linear dependence of the electric field 
on B, means that the poloidal velocity is independent 
of B,. Further, the plasma was seen to rotate approxi
mately as a rigio body. Spectroscopic measurements 
of a He II line confirf*led the computed rotation 
speeds, and showed an ion temperature of 16 eV at 
the plasma center. 

Also during FY88, measurements of previously 
observed fluctuations were extended and integrated 
with the measurements of poloidal rotation described 
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Figure 2. The plasma potential versus minor radius, as 
measured by an emissive probe. The cathode voltage in 
all cases is approximately 3SO V. 

above.3 The mode previously observed at 140 kHz, 
which had the characteristics of a pressure-driven 
instability, was found to have a mode number of m = 
4, with propagation in the electron diamagnetic direc
tion. The observed propagation velocity was 8.5 x 10 5 

cm/sec, somewhat slower than the bulk rotation of 
the plasma. The difference is approximately equal to 
the diamagnetic velocity, v D = 2.5 x 105 cm/sec, sug
gesting that this mcde propagates in the ion diamag
netic direction in the frame of the plasma, opposite 
the rotation of the plasma. 

Based on the achievemant of the 1000 Amperes 
(A) goal of the CDX program in FY87 a collaboration 
was begun in FY88 with the CCT group at UCLA to 
investigate dc helicity injection on a larger plasma. 
Typical parameters of CCT plasmas are R = 150 cm, 
a = 40 cm, n e = 1-5 x 10'2cm-3, B, = 1-3 kG, and 
Te(0) = 5-400 eV. About six months of effort were 
spent in designing and building a cathode for CCT, 
capable ot emitting up to 1000 A, and a silicon-con
trolled rectifier switch capable of biasing the cathode 
at up to 2000 V. These were subsequently shipped 
to UCLA and installed. Initial operation resulted in a 

plasma current of 1600 A in helium at a toroidal field 
of 3 kG, with Tig = 3 x 10 1 2 c m 3 . Thii; point is shown 
on the curve marked "CCT' in Fig. 1. The curve is 
the result predicted from the CDX model mentioned 
above, but scaled to CCT parameters. 

During FY88, thought was given to possible 
advanced applications for dc helicity injection. 
Particularly appealing was the way in which dc helici
ty injection and a low-aspect-ratio tokamak would 
complement each other. Considerable time was 
spent designing a possible follow-on to the CDX 
device, CDX-U. This design is shown in Fig. 3 and 
would be a tokamak with R = 32 cm, a = 23 cm, K = 
1.5, B T = 2kG, l p = 10-100 kA, f i e = 2 x 1 0 1 3 cm" 3 

and T e (0) =• 40-150 eV. Such a device would allow 
development of helicity injection technology to the 
100 kA range, resolution of current-transport process
es In the poloidal cross section, study of microturbu-
lence at low aspect ratio, detailed investigation of the 
bootstrap current, and additional studies of high-p 
plasmas. Direct-current helicity injection, as a proven 
and efficient technique of current drive, is ideally suit
ed to inclusion in a low-aspect-ratio device in which 
current drive is essential due to the small or nonexis
tent space lor an ohmic-heating transformer. The dc 
helicity injection model predicts the current in CDX-U 
will be ten times larger than that in CCT for the same 
voltage (see Fig. 1). Hence, operation in the 10-30 
kA range is expected to be readily obtained. 

Studies on CDX will continue with exploration of 
confinement and fluctuations in high-current dis
charges as highest priority. On CCT, effort will be 
made to reach the 10 kA goal of that project, as well 
as to study what effects of current transport are readi
ly measurable. The CDX-U device is scheduled to 
begin operation in FY90. 

CDX-U 

Plasma Current -; 100 KA 
Minor rarjrus = 24 cm 
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Figure 3, A cross-seaional view ot the proposed CDX-U 
device. The device is to be a low-aspect-ratio, helicity-
injected tokamak. 
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X-RAY LASER STUDIES 

During the last year, research on X-ray laser devel
opment and its applications has progressed steadily. 
The highlights are: (1) development of a laser system 
for achieving lasing action at wavelengths under 10 
nm; (2) investigations towards the development of an 
amplifier for the air -*v operating soft X-ray laser; (3) 
measurement of gain in lithium-like plasmas and the 
modeling of the experiment; (4) application of Ihe sort 
X-ray laser to contact microscopy; (5) study of the 
radiation properties of laser-produced plasmas; and 
(6) theoretical study n the competition between exci
tation and ionization in multiphoton processes. 

FY88 saw the completion cf the PP-laser system, 
which has a potential peak power of 0.5 TW 
(Terawatt) in a pulse of 300 fsec duration (fsec = 
temto-second = 1 0 1 5 sec), The development of this 
powerful sub-picosecond laser system has been a 
major physics and engineering effort that has 
involved the construction of a noncommercial, large-
aperture KrF* amplifier and the use of pulse compres
sion techniques involving fiber optics. The construc
tion of th's system is an important step in the devel
opment of a X-ray laser with wavelength unde 10 
nm. One mechanism to create the amplification 
medium of this laser is based on a proposed two-
laser method: A commercial high-energy laser is 
used to create a target plasma; subsequent pumping 
by the PP-laser produces the population inversion. 
Preliminary studies of spectra generated by the PP-
laser system were performed along with a study of 
the effects caused by the amplified spontaneous 
emission prepulse that always accompanies the main 
pulse. 

In FY88, a series of experiments using a powerful 
neodymiunvglass laser to produce hydrogen-like car
bon plasmas were performed. The ultimate purpose 
of these experiments is the development of an ampli
fier for the recombination soft X-ray laser. This soft 
X-ray laser, which operates at 18.2 nm and has an 
enhancement ol aboul 500, has been described pre
viously.13 

The recombination soft X-ray laser was used in 
FY88 lo obtain high-resolution images of biological 
specimens. As will be explained below, coniact 
microscopy, using a soft X-ray laser to obtain images 
of biological cells, provides certain clear advantages 
over more traditional methods (electron microscopy) 
presently used by biologists. The prime advantage is 
the possibility of obtaining images of live cells, due to 
the very short exposure times. 

Study of the radiation properties of laser-produced 
plasmas is of primary importance in the search lor 
new pocc Vilifies for X-ray lasing mechanisms and 

was another major avenue of research during FY88. 
Difficulties during the calibration of soft X-ray spec
trometers led, through further experimentation, to the 
conclusion that the Einstein spontaneous emission 
coefficients of an ion might change due to the influ
ence of a surrounding high-density plasma. These 
very interesting and singular observations have so far 
escap&l all attempts at explanation and present a 
real theoretical challenge, the resolution of which 
would b3 very useful in practice and would give more 
ideas for experimentation. 

Theoretical research is also an important part of the 
X-Ray Laser Group's efforts. Theory is essential not 
only for modeling experiments — guiding ihe direc
tion of each step — but also for studying new mecha
nisms lhat could prove to be successful tor generat
ing population inversion. 

Regarding modeling, in FY88, an one-dimensional 
computer code, originally developed to simulate 
experiments with hydrogen-like carbon plasmas, was 
modified for plasmas constituted of lithium-like ions. 
The code takes into account both the hydrodynamics 
and atomic physics of the problem and, when the 
experimental conditions are given as input, provides 
the population distributions and gain. 

The second aspect of our theoretical research in 
FY88, the study of new mechanisms for generating 
population inversion, concentrated on the simulation 
of atomic systems by model potentials in the pres
ence of a strong laser field. These model potentials 
possess only a small number of discrete energy lev
els. This allows the study, utilizing asymptotic and 
numerical techniques, of the competition between the 
multiphoton excitation and ionization. 

TOWARDS AN X-RAY LASER 
UNDER 10 NANOMETERS 

The pumping power, at constant gain, required by 
X-ray lasers using mechanisms based on three-body 
recombination or electron excitation is proportional to 
the inverse fourth power of the wavelength. X - 4. Our 
present 18.2-nm recombination laser requires a pulse 
of 300 Joules (J).>-s This means that t3 achieve las
ing action from 10 nm down to 1 nn using these 
mechanisms, prohibitively large pumping lasers 
would be needed if the duration oi the ,)u(se is to be 
maintained.* On the other hand, one can increase 
1he power of the laser by shortening its pulse The 
tower limit lor the pulse duraiion is then set by the 
lifetime of the ion in the upper stale, which tor i-nm 
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transitions is around 1 to 0.1 psec. Therefore, pump
ing is required only lor a picosecond or less and after 
this time the energy of the pumping laser is wasted in 
heating the target material. It is then extremely 
important to look for pumping mechanisms that make 
the best use ol the energy contained in the laser 
pulse. One approach to this problem is to use two 
lasers.5 The task of the first laser, with relatively low 
power and high energy, is to creaks a plasma column 
of highly ionized atoms, while the second laser gener
ates gain by either multiphoton ionization, very fast 
inner-shell ionization, or selective multiphoton excita
tion.6 A continuing effort during FY88 was to develop 
this powerful second laser which produces sub-
picosecond pulses. This high-power, short-pulse, 
ultraviolet system has a large number of com
ponents.^ A detailed block diagram of the system is 
shown in Fig. 1. 

output of the oscillator is delayed and tht:i directed 
into the three-stage dye amplifier. Alterns'rely, .he 
pulse width of the picosecond pulse can be snortened 
to the 200-300 fsec ru.ige with a fiber-grating com
pressor prior to amplifications The dye amplifier out
put is Ireque.icy-doubled and then mixed with residu
al 1064-nm radiation to yield the desired 248-nm 
seed pulse for the KrF* excimer ampliliers. 

The noncompressed pulse at the c „iput of the sec
ond KrF* amplifier, KrF* II, is 1.1 psec in duration 
(FWHM) at 248 nm and has a focused output power 
density of 10 1 6 W/cm2. If the pulse is compressed, 
its duration at the output of KrF* II is 250 fsec, as 
shown in Fig. 2* 
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Figure 1. Simplied block diagram of the PP-laser system. 

Basically, the front end of the system consists of a 
short-pulse dye oscillilor/amplifier whose output is 
frequency convened to obtain a wavelength of 248 
rrn. Ii, the first stage, the pulse is further amplified by 
two commercial KrF* amplifiers to obtain an output 
energy in the 20-30 mJ range. 

The frequency doubled, 532-nm output of the 
mode-locked Nd:YAG laser is used to pump the cavi
ty-dumped dye oscillator, thus providing an output 
pulse of approximately one picosecond duration at a 
wavelength of 648 nm. The residual 1064-nm pulse 
Irom the YAG laser is directed through a pulse slicer, 
is amplified, frequency doubled, and then used to 
synchronously pump a three-stage dye amplifier. The 

Output from KrF Amp II of PP-laser 
(Two photon fluorescence technique in Xe) 
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Figure 2. Autocorrelation trace o! a compressed pulse 
after the second KrF' amplifier. 

The final KrF' excimer amplifier has as its seed 
pulse the 20-30 mJ, 248-nm output from the previ
ously described fir J stage. The final amplifier was 
tested in both the oscillator and amplifier configura
tions. In the oscillator configuration, a set of tests 
were run to determine the optimum gas mix to obtain 
maximum output energy. In the amplifier configura
tion an output energy of 1 Joule was measured using 
a 20-nsec, 50-mJ seed pulse derived from the first 
two KrF* amplifiers. Output energies of 150-200 mJ 
have been recorded using the compressed seed 
pulse; if the pulse duration is maintained through the 
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final amplification process, this corresponds to an 
output power of 0.5 TW. 

The output of the first stage — 20-30 GW pule -3 — 
was initially used in experiments with solid targets,™ 
Spectra were recorded in the region from 1 to 30 nm. 
The highlights of the spectra were the observation U 
highly ionized species (e.g., FeXVI) and very signifi
cant line broadening for certain transitions. The 
observed broadening may be the result of either 
Stark broadening in high density plasma (>10 2 2 onr 3) 
or the extremely high electric field associated with the 
laser pulse (10 V/A). Modeling, based on Stark 
broadening, indicated that an enhancement of the for
bidden transition 3p -> 2p in FVII occurred; this 
enhancement is due to the mixing of two adjacent 
energy levels and leads to the observed asymmetry 
in the FVII 3d - 2p transition. Another possible inter
pretation of this asymmetry, which appeared 
recently,11 attributes it to the contribution of satellite 
lines. 

The effect of a prepulse on the generation of plas
ma by a cicosecond KrF' laser was examined.12 The 
prepulse preceding the picosecond pulse arises frotii 
the amplified spontaneous emission (ASE) of the two 
KrF* amplifiers. The amount or prepulse energy can 
be controlled by varying the injection timing of the 
seed pulse. Even though the ASE signal is a factor 
>'• ^0i times longer in duration and more thai 10 5 

times weaker in intensity than the main picosecond 
pulse, it neverthp'^ss significantly changes the condi
tion of;. .eraction of the main pulse with the target. 
To study the effect of the prepuise, spectra were 
taken with different injection times, the later the injec
tion time, the more the prepulse. The conclusion of 
that study is that a hotter plasma was created with 
less prepulse. 

The final KrF* amplifier was recently put info opera
tion," ~nd the first soft X-ray spectrum of carbon and 
fluorine from a teflon target was taken. This spec-
irum, shown in the lower part of Fig. 3, is presented 

Vtf - r\HCCJ • TEFLOS 

'.i\ L - Z(> m j V^- snots I 

J4 56 30 -ID « A 

!'(• Q l " i t - . ' l l i . 

•' ' /ll 

together with the same spectrum taken without the 
final KrF' amplifier, shown in trn upper part of the 
same figure. Both spectra were taken in the vicinity 
of the CVI 3.37-nm and CV 4.02-nm lines (both from 
2 -* 1 transitions). Besides the enormous line broad
ening in the lower sped a, one sees strongly pro
nounced unusual structure in the lines. Both broad
ening and structure are larger than in the spectra 
obtained without the final amplifier. Future studies 
should help explain these pecularities of the spectra 
of ions in strong laser fiefds. 

DEVELOPMENT OF AN 
ADDITIONAL AMPLIFIER AT 18.2 
NANOMETERS 

The beam energy of the recombination soft X-ray 
laser is, presently, 1-3 mJ, For certain applications, 
such as the recording of high-resolution images: of 
biological cells on a photoresist or for lithographic 
purposes, a larger energy is required. Therefore, a 
significant effort has been dedicated to increase the 
energy M the 18.2-nm soft X-ray laser. One way !o 
do this is to develop additional amplifiers for the 
laser, is 

The first step in the development of an amplifier is 
to produce a gain medium of CV! ions at 18.2 nm. 
The beam of a neodymium/glass laser is focused on 
a solid carbon target; the target is placed in a strong 
magnetic field with the field direction parallel to the 
line focus. The salient feature of the target system is 
the ability to rotate the target so that a target surface 
with different length may be exposerl to the laser 
beam. The gain is measured by changing, in this 
way, the target length, and hence ihe length of the 
plasma. A stainless steel blade is placed in front of 
the target to enhance cooling, through thermal con
duction and radiation, of the laser-produced plasma. 

A gain of G ~ 8.1 + 1 cm-i was achieved using a 
25-J, 3-nsec pulse from the neodymium/glass laser 
and a magnetic field of 50 kG. In Fig. 4. the axial 
spectra in the vicinity of the lasing line CV118.2 nm (3 
- 2 transition) and in the vicinity o1 CVI i3.5 nm (4 - 2 
transition) are shown; the plasma lengths were 1, 2, 
and 3 mm. From these spectra, one can see a strong 
nonlinear increase of intensity of the 18.2-nm line as 
compared to the linear increase of the intensity of the 
13.5-nm line. This observation is confirmed by fitting 
see Fig. 5, the intensities of the 18.2-nm line with ihe 
length of the plasma according to the formula1* 

( e GL .1)3/2 
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Figuro 3. Spectra obtainad (a) without compression and 
(b) wilh a compressed pulse at final KrF' amplifier. 

for the intensity I of a Doppler-broadened, homoge
neous source of amplified spontaneous emission of 
gain-length product GL. 
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Figure 4. Experimental spectra obtained by the XUV 
(extreme ultraviolet) spectrometer for different plasma 
lengths — T, S, and 3 mm. 

EXPERIMENTS WITH LITHIUM
LIKE IONS AND MODELING 

During FY88, experiments previously done with 
hydrogen-like carbon were performed with lithium-like 
ions. Lithium-like ions have several advantages over 
hydrogen-like ions: they have a lower ionization 
potential, hence, they are easier to produce, forgiven 
lasing wavelength. The most promising transitions 
for which a population inversion can be established 
are the 3 " 2 and 4f - 3d transitions for hydrogen-fike 
and lithium-like ions, respectively. The wavelength 
for the 41 - 3d transition in lithium-like ions scales as 
2-2.4 vvith the atomic number Z of the ion as com
pared to the Z 5 scaling for the 3 - 2 transition in 
hydrogen-like ions. This means that comparatively 
shorter wavelengths are achieved in the lithium-like 
isoelectronic sequence as compared to the hydrogen
like isoelectronic sequence. Another important 
advantage is that the fast radiative depopulation rate 
of the lower laser level (this fast depopulation is an 
essential element in Ihe recombination laser using 
CVI), whicn scales as Z 4 for the 2 - 1 transition in the 
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Figure S. Intensities of CVI 183 and 135 A versus the 
plasma length. Theoretical curve of G- 8.1 cm is drawn. 

hydrogen-like ions, has for the corresponding depop
ulation rate in the 3d -> 2p transition lithium-like ions a 
scaling with Z greater than Z 5 for z < 30. From the 
previous considerations, it is clear that along the lithi
um-tike isoelectronic sequence, a higher gain at a 
shorter wavelength with a tower pumping power can 
be produced than along the hydrogen-like isoelec
tronic sequence. This fact fias been exploited in 
experiments with AIXI by Jaegle et ai.« 

The experimental setup used is similar to the one 
used in the CVI recombination laser; the target used 
is made of aluminum or silicon to produce the AIXI or 
SiXII E'lhium-like ions. A one-pass gain of GL ~ 3-4 
for the AfXI 15.4-nm line and G - t-2 for the SiXII 
12.9-nm lines were observed. 

A one-dimensional computer code that combines 
both the hydrodynamical and atomic physics aspects 
of the experiment^ (the code , u as originally devel
oped for the CVI experiment) was adapted for calcu
lations with lithium-like ions. The code generates the
oretical time-integrated spectra from the same plas
ma region as viewed by the spectrometers. Figure 6 
shows the axial experimental spectra along with the 
axial spectra generated by the computer. The ratio of 
the 15.4-nm to 14.1-nm line intensities is about three 
times larger in the calculated gain region spectrum, 
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Fig. 6(b), than in the calculated nongain region spec
trum, Fig. 6(d), for a model plasma which has a gain-
length product of GL = 3.7. 

f i t 
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a high-resolution scanning-electron microscope 
(SEM). 

Images of different types of biological cells were 
obtained in FY88; among them images of immuno-
cyles were recorded. One topic of considerable cur
rent interest in immunology is the dynamic response 
of immune cells to foreign matter. One of the sim
plest immune systems is found in the horseshoe crab 
(Limulus Polyphemus). A sample of blood from the 
horseshoe crab was prepared and exposed to the 
soft X-ray laser microscope. The resulting images 
viewed in a SEM are shown in Fig. 7. The depres
sions in the cell are known, from conventional 
microscopy, to exhibit immune functions. The smaller 
white features seen in the picture are, however, new 
and were not apparent on images obtained in con
ventional electron microscopy; their identity and func
tion is presently unknown. 

Figure 6, Axial spectra of AlXi. (a) and (c) are experi
mental data for the gtin and the nongain region, respec
tively, (b) and (d) are calculated time-integrated axial 
spectra over the gain region and the nongain region, 
respectively. 

CONTACT MICROSCOPY WITH 
A SOFT X-RAY LASER 

W 
• - > . . 

In order to be viewed by an electron microscope, a 
biological specimen must be dried, stained, and sec
tioned; it is clear that some information about the liv
ing cell is lost in this process. In contrast, soft X-ray 
contact microscopy offers a new method to obtain 
high-resolution images of live cells." The image is 
recorded on a photoresist which is later viewed by an 
electron microscope.™ This approach has been used 
recently with plasma light sources and synchrotrons.19-20 

The highly co'limated output beam of the soft X-ray 
laser compared to a conventional plasma light source 
has the advantage of less penumbrp olurring of the 
image and more flexible microscope design. The soft 
X-ray laser also has the advantage of a 10-30 nsec 
exposure time enabling flash images of "live" cells to 
be recorded; this contrasts with the several minutes 
needed for exposure with a sychrotron, which effec
tively prevents the imaging of live cells. 

For microscopy experiments,*' the beam of the soft 
X-ray laser is deflected by an ellipsoidal mirror to the 
photoresist in a contact microscope. The mirror is a 
diamond turned, post-polished, rhodium-coated ellip
soid, which provides an image of the soft X-ray gain 
region of the plasma on the photoresist. In contact 
microscopy, the shadow of the specimen is recorded 
on the photoresist. After development, a relief map of 
the X-ray absorption by the specimen is formed on 
the surface of the photoresist; the resist is then coat
ed with a thin layer of gold/palladium and viewed with 

0015 5KV X'4,909 . 1 Km UD14 

Figure 7. Scanning-electron microscope (SEM) image of 
replica of Granulocytes from Limulus Polyphemus 
(Horseshoe Crab). (88X3269) 
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To make the use of a soft X-ray laser in microscopy 
more practical and useful for biologists, •" Composite 
Optical Soft X-ray Microscope (COXRALM) was 
developed in FY88. This is a new type of microscope 
combining an inverted phase contrast optical micro
scope with a soft X-rav laser contact microscope. 

QUENCHING OF SPONTANEOUS 
EMISSION COEFFICIENTS 

During FYBB, work continued on measuring the 
branching ratios of line intensities — one in the visible 
and the other in the vacuum ultraviolet (VUV) spec
trum — emanating from the sar^ upper level.2* The 
ratio of the intensities of CIV 580.1-581.2 nm to 31.2 
nm lines, Clli 569.6 nm to 57.4-nm lines, and NV 
460.3-462.0 nm to 20.S nm lines were measured. 

As reported in FY87.3 for the CIV lines the ratio 
decreases by an order of magnitude for ions in a 
plasma of 10 1 9 electrons per cm 3 as compared 1o its 
value at a number density of 10 1 8 cnr 3 . As en illus
tration. Fig. 8 shows the spectra obtained in the vicin
ity of the CIV 3 .2 nm and 580.1-581.2 nm (shaded 
tines) at distances of (a) 0.2 mm and (b) 0.4 mm from 
the target — the farther the distance from the target, 

Figure 8. Vacuum ultraviolet and visible spectra of CIV 
takon simultaneously af a distance of fa) d » 0.2 mm and 
(b) d m 0.4 mm from the target surface. The upper ones 
are vacuum ultraviolet spectra and the lower ones are visi
ble spectra. 

the lower the density of the radiating plasma. The 
branching ratio R was calculated to be the visible to 
vacuum ultraviolet ratio of the shaded areas; this ratio 
changes by a laclor oi three in going from 0.2 to 0.4 
mm from the target. Since the ratio of the line intensi
ties for an optically thin plasma is proportional to the 
ratio of spontaneous emission cooiJicients, A, its 
change was interpreted as a variation with density of 
these presumably constant A coefficients. Possible 
alternative explanations that were suggested for the 
change of the branching ratio are: (1) setf-atsorplion 
of the visible light due to a higher temperature than 
estimated; (2) cut-off of the visible light in the region 
of high electron density plasma; (3) refraction of the 
visible light out of the spectrometer line of sight; (4) 

improper alignment of the spectrometers; (5) stimulat
ed emission of the vacuum ultraviolet light; (6) nonlin
ear detector sensitivity in the low and the high ends of 
the intensity; and (7) other experimental errors includ
ing misinterpretation of the data. All these other pos
sibilities were ruled out one by one based on careful 
experimentation or on theoretical considerations.23 

The explanation of the effect renains still a theoreti
cal challenge. 

THEORETICAL STUDIES 
During FY88 theoretical efforts concentrated on the 

study of the competition between multiphoton excita
tion and ionization in a strong electromagnetic field. 
The ultimate goal of this work is the exploration of 
new mechanisms for pumping that use the energy 
content of a laser pulse as effectively as possible. 
The study ol atoms in laser fields comparable or larg
er than the fields inside an atom presents difficult 
problems. The usual approaches studying the field-
matter interaction consider always the laser field as 
small in comparison 1o the inner binding field (pertur-
bative approach). During FY88, a nonperturbalive 
approach lor sludying the interaction of an atom with 
a laser field was developed. With this approach 
short-range potentials wero studied. An analytical 
formula for the ionization rate in the simplest case of 
these potentials (a delta-funclion potential) was 
obtained, and it favorably compared with a numerical 
calculation of the rate." 

GRADUATE STUDIES 
The X-Ray Laser Group provides an excellent envi

ronment for graduate work. A graduate student can 
obtain hands on experience with modern laser tech
niques in a small-scale laboratory. This allows the 
student to participate in all aspects of the experiment. 

During FY88, C.H. Nam completed his doctoral the
sis on the study of plasmas created by a powerful 
picosecond laser and D. Kim neared completion of 
his dissertation on the amplification of soft X-ray laser 
radiation. Y. Chung was actively involved in the 
experiments on the quenching of Einstein coefficients 
and he is expected to finish his thesis in (he near 
future K, llcisin was involved in the study of inner-
shell ionization mechanisms for pumping and has 
started his experimental work. K. Krushelnick helped 
in FY88 in 1he construction of the KrF* III amplifier. 

References 

'Princeton University Plasma Physics Laboratory Annual 
Report PPPL-O-43 (October 1, 1984 to Se'.iamber 30, 
1S85)p. 61. 
sPrinC8tan University Plasma Physics Laboratory Annual 
Report PPPL-Q-44 (October 1, 1985 to September 30, 
19B6>p. 67. 
3Princeton University Plasma Physics Laboratory Annual 
Report PPPL-Q-45 (October 1, 1986 lo September 30, 
1987) p. 60. 

70 



a S. Suckewer 'X-Ray Laser Related Experiments and 
Theory at Princeton," Princeton University Plasma Physics 
Laboratory Report PPPL-2595 (T989) 37 pp. 
5C.W. Clark, M.G. Litlman, R. Miles, T.J. Mcllrath, C.H. 
Skinner, S. Suckewer, and E.J. Valeo, "Possibilities 1or 
Achieving X-Ray Lasing Action by use ol High-Order 
Mulliphoton Processes," J. OpI. Soc. Am. B 3(1986) 371. 
«S. Suckewer, C.H. Skinner, D. Kim, E. Valeo, D. Vorhees, 
and A. Wouters, "Recent Progress in Soft X-ray Laser 
Development at Princeton," Journal da Physique, Colloque 
C6, Supplement AU No. DD, Tome 47, October 1986. 
7W. Tigbe, C.H. Nam, J. Robinson, and S. Suckewer, "High 
Power Picosecond Laser System at 248 nm." Rev. Sci. 
Instrum. 53(1988)2235. 
"L. Meixle.-, C.H. Nam, J. Robinson, W. Tighe, K. 
KmsheJnick, S. Suckewer, J. Goldhar, J. Seely, and U. 
FeWman, "High Power, Short Pulse Ultraviolet Laser lor the 
Development ol a New X-Ray Laser," Princeton University 
Plasma Physics Laboratory Report PPPL-2594 (1989) 27 
PP. 
"This work was done in conjunction with J. Fujimoto, 
Massachusetts Instiiule of Technology, Cambridge, 
Massachusetts. 
1 0 H. Nam, W. Tighe, S. Suckewer, J.F. Seely, U. Feldman, 
and L.A. Woltz, "Observation ol Asymmetric Stark Profiles 
from Plasmas Created by a Picosecond KrF* Laser," Phys. 
Rev. Lett. 59(1987)2427, 
"K.N. Koshelev, "Asymmeiric Line Profiles of Highly 
Charged Ions in Dense Plasmas and Dielectronic 
Satellites," J. Phys. a 27 (1988) L593. 
1 EC.H. Nam, "Spectroscopic Studies of Plasmas Created by 
a Powerful Picosecond KrF* Laser,' Ph. D. Thesis, 
Princeton University, April 1988. 
" D . Kim, C.H. Skinner, G. Umesh, and S. Suckewer, "Gain 
Measurements at 1.12 A in CVI Generated by a Nd/Glass 
Laser," Princelon Ur ivorsity Plasma Physics Laboratory 
Report PPPL-2567 (1988). 

'•K3.J. Linford, E.R. Peressinr, W.R. Sooy, and MX. Spaeth, 
Appl. Opt. 13 (1974) 379. 
1 SP. Jaegle. G. Jamelot, A, Carillon, A. Klisnick, A. Sureau, 
and I Guennou, J. Opt, Soc, Am. B A (19871 563 and ref
erences therein. 
, 8 E . Vateo, C. Keane, and R.M. Kulsrud, private communi
cation. 
"C.H. Skinner, D. DiCicco, D. Kim, L. Meixfer, C.H. Mam, 
W. Tighe. and S. Suckewer, "Toward Shorter Wavelength 
Lasers and Soft X-ray Laser Microscopy," IEEE 
Transactions on Plasma Science 16 (1938) 512. 
"P.C. Cheng, R. Feder. D.M. Shinozaki, K.H. Tan, R.W. 
Eason, A. Michette, and R.J. Rosser, "Soft X-ray Contact 
Microscopy," Nucl. Instrum. Methods A 246 (1986) 668-
674. 
, 4"X-ray Microscopy II - Proceedings of the International 
Symposium." D. Sayre, M. Nowells, J. Kirz and H. Rarback, 
Eds. (Springer. New York, 1988). 
*>R. Feder, V. Banton, D. Sayre, J. Costa, M. Baldini, and 
B. Kim, "Direct Imaging of Live Human Platelet$ by Flash 
X-ray Microscopy," Science 227(1984) 63-64. 
J'D.S. DiCicco, D. Kim, R.J. Rosser, C.H, Skinner, S. 
Suckewer, A.P. Gupta, and J.G. Nirschberg, "Conlact 
Microscopy wrtfr a soft X-Ray Larsr," Princeton University 
Plasma Physics Labo'atory Report PPPL-2594 (1989). 
«Y. Chung, P. Lemaire. and S. Su^Kewer, "Quenching of 
Spontaneous-Emission Coefficients ir> Plasmas." Phys. 
Rev. Lett. 60(1988)1122. 
"Y. Chung, H. Hirose, and S. Suckewer, "Measurement of 
the Quenching of Spontaneous-Emission Coefficients in 
Laser-Produced plasmas," Princeton University Plasma 
Physics Laboratory Report PPPL-2593 (19B9). 
"S .M. Sussed , S.C. Cowley, and E.J. Valeo, 
"Invustigations of Multiphoton Excitation and Ionization in a 
Short-range Potential," Princeton Plasma Physics Report 
PPPL-2588{1989). 

71 



SPACECRAFT GLOW EXPERIMENT 

Beginning in 1965, the Princeton Plasma Physics 
Laboratory (PPPL) has been involved in research 
with low energy neutral beams to study beam-surface 
and beam-gas interactions. Sponsored by the 
National Aeronautics and Space Administration 
(NASA) the goal of this work is to understand the 
physical and chemical mechanisms involved in the 
erosion of materials on orbiting spacecraft. 

In low earth orbit, spacecraft move at approximately 
8 km/sec and impact a thin atmosphere of mostly 
atomic oxygen with densities in the range 10 s to 10" 
cm-3. At these low-earth-orbital velocities the space
craft surfaces impact the atmospheric gases with a 
relative energy of 4 to 10 electron volts per atom. 
This kinetic energy is sufficient to cause chemical 
reactions with ihe surface that do not occur with 
ambient thermal oxygen. Specifically, the reaction 
with oxygen causes materials erosion and the forma
tion of chemically excited gases which chemilumines-
cence, that is, produce optical emission in front of 
spacecraft, also sometimes called "spacecraft glow." 

Laboratory studies of these phenomena require an 
intense source ol oxygen atoms at the appropriate 
energy to simulate ihe conditions in low earth orbit 
Trw production of such low-energy beams by tradi
tional methods if. f. aught with problems at the ener
gies of interes in the space environment. Sources 
based on thenval effusion do not achieve fiiv-,';; 
enough energies, and it is difficult to form an intense 
4 to 10 eV beam in this energy range by accelerating 
and neutralizing ions because the achievable ion cur
rent at low energy is space-charge limited, Furthe-
rrrore, neutralization by the conventional method of 
charge-exchange in a gas cell is inefficient at these 
energies. To get around these problems, PPPL sci
entists have employed a novel scheme to produce 
such beams whereby a biased metal target plate is 
used to neutralize and reflect plasma ions as neu
trals. The use of a plasma, with its overall electrical 
neutrality, eliminates the space charge problem. This 
concept was demonstrated successfully on the 
Advance Concepts Torus-l (ACT-I) plasma torus witn 
nitrogen plasmas.' 

The construction of a high flux source of atomic 
oxygen is complicated because the highly reactive 
oxygsn will destroy system components such as the 
hot filament of a conventional arc or glow discharge 
pfasma source. To solve this problem, a new 
microwave source has been developed to break 
down 1he oxygen gas and '.arm a plasma. The system 
is based upon a mar,, ie',tcally confined (3,5 kd> co
axial plasma source r^iven by a 1-kW radio-frequen
cy generator at 2.45 GHz. The suprathermal oxygen 

beam source is shown schematically in Fig. 1. The 
plasma source produces an intense plasma column 
of aboiit 1-cm radius. The neutral beam is produced 
by the acceleration of the plasma ions onto a nega
tively biased plate of high-Z metal. The ions are neu
tralized and reflected by the plate, retaining a large 
fraction of their incident kinetic energy and forming a 
beam of suprathermal atoms. This device became 
operational in 1988 and has been operated with a 
100% oxyge.i plasma sustaining more than one 
Ampere of oxygen ion current. The central plasma 
density has been measured to be 10 ' 3 cm-3 with a 
Langmuir probe and the central temperature estir lat-
ed to lie in the range 2 to 10 eV. 

Low Energy Neutral Seam Source 

Figure 1. The low-energy neirtfaf-bea-n source is shown 
in this schematic. Two gas feeds briny in oxygen to a co
axial cavity where the radio-frequency breaks down the 
gap. twenty solenoid coils surround the vacuum vessel 
and the neutralizer plate intercepts the plasma at the cen
ter of the vessel. The reflected neutral beam crosses the 
magnetic field and enters the test chamber at the lower 
part of the figure. Sample targets are mounted on a rod 
which can be moved through a Wilson seal to y.'thin a few 
centimeters of the neutralizerplate. 

72 



Spectroscopic analysis shows virtually complete 
dissociation ol the oxygen in the plasma which is cru
cial since it is desired to produce a beam of atomic 
rather than molecular oxygen. The estimated neutral 
flux of oxygen atoms at a target 10 cm from the neu-
tralizer is about 2 x 10 1 6 c rn 2 sec 1 , which is an order 
of magnitude larger than that encountered in orbit by 
the Space Shuttle. To date several sample materials 
of the kind used in space applications have been 
exposed for periods up to a few hours to the oxygen 
beams. These include Kapton, graphite, teflon, 
polyethylene and Z-306 paint. Tests made at NASA's 
Marshall Space Flight Center indicate that the erosion 
and surface modification seen in these samples are 

similar to those recorded for materials flown on the 
Space Shuttle. Eventually it is hoped that improve
ments in the plasma source will produce another lac-
tor of ten increase in flux. With such an increase, it 
will be possrbte to simulate the erosion of materials 
lot the Space Station to be constructed in the 1990s. 
Designed to be in service for twenty years, the effects 
of oxygen erosion can be simulated in less than a few 
days with the next-generation machine. 

References 
'W.D. Langer, S.A. Cohen, D.M. Manos, ef a/., "Detection 
of Surface Glow Related to Sp; .acaft Glow Phenomena," 
Geaphys. Res. Lett. 14, (April 1 iuvj .177-380. 

73 



PLASMA DEPOSITION AND ETCHING 
OF THIN FILMS 

The deposition and etching of thin tilms are essen
tial elements of advanced materials processing in an 
increasing number of industrial applications. Included 
among these is the fabrication of very large scale 
integrated (VLSI) electronic circuits, as well as films 
for wear reduction, friction reduction, surface passiva
tion, and catalysis. The relatively new area of micro-
engineering uses thin film deposition and etching to 
fabricate micron scale motors, valves, and sensors 
that may be used in medicine and other fields. 

A large number of thin film deposition and etching 
techniques rely on the use of low-temperature 
nonequilibrium plasmas. These plasmas, which have 
electrons with energies in the range of 3-10 eV at 
densilies of 10 9-10 1 1 cnr 3 , will efficiently produce 
ions and chemically reactive species. Examples ol 
the latter include methyl radicals for hard carbon film 
deposition or atomic fluorine for the etching of silicon. 
In addition, the ions formed in the plasma can be 
accelerated to energies of 50-1000 eV by sheath 
electric fields at the plasma edge. The energetic ions 
can be used to sputter material for depositing films, or 
to influence synergistically the deposition or etching 
process. In particular, the combination of reactive 
species generation and ion bombardment permit 
anisotropic etching of microelectronic devices. This 
capability, which is unique to plasma etching, under
lies the ability to fabricate increasingly smaller, 
cheaper, and more powerful integrated circuits for 
computers and communicatio 1. 

in this section, Princeton Plasma Physics 
Laboratory (PPPL) research activities in the area of 
plasma deposition and etching of thin films are 
described. The work is closely coupled to other relat
ed efforts within Princeton University through the 
Graduate Program in Plasma Science and 
Technology, which is described elsewhere in this 
report. 

The Laboratory collaborates with other New Jersey 
universities and industries through the Consortium for 
Surface Processing, to which Princeton University 
belongs. A description o1 toe Consortium and related 
research activities is included in this section also. 

DEPOSITION OF 
HYDROGENATED AMORPHOUS 
CARBON FILMS 

The objective of this worK is the development of 
well-characterized processes for the deposition of 
hydrogenated amorphous carbon (a-C:H) films using 

a methane plasma in a triode reactor. These films, 
which share many of the properties with diamond, are 
hard, insulating, resistant to chemical attack, and 
transparent with a controllable index of refraction. 
Applications include antireflective optical coatings for 
optoelectronic lasers and low-friction protective coat
ings for magnetic storage media. 

The plasma reactor is shown schematically in Fig. 
1. A gas mixture consisting of methane, hydrogen, 
and argon is introduced, via ieak valves, into the vac
uum chamber, which is evacuated by a diffusion 
pump backed by a rotary pump. The pumping speed 
can be varied by an adjustable conductance, so that 
gas pressure, mixture, and flow can be controlled 
independently. The reactor includes two stainless 
steel parallel electrodes, 20 cm in diameter, separat
ed by 5 cm. Each electroca is connected to a 13.56 
MHz power source through an L matching network. 
The deposition substrates, which include glass, sili
con, and a variety of metals, are placed on the bot
tom electrode. The top electrode is used to (orm the 
discharge, creating the reactive deposition species 
(methyl radicals and hydrogen), while the bottom 
electrode is used to produce a controlled self bias of 
25-200 V. This arrangement allows nearly indepen-
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Figure 1. Radio-frequency triode planar reactor for Ihe 
deposition of amorphous hydrogenated hard carbon films. 
Each electrode is connected to its own power supply 
through a matching network. This facilitates nearly inde
pendent control of the generalion of mactivo species and 
ion bombardment of the substrate. 
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dent control of the generation of reactive species and 
the bombarding ion energy. This control facilitates 
detailed investigation of the role ol the ion bombard
ment, as well as being the basis for a well-character
ized process. 

The methodology used in these studies includes 
relating the macroscopic plasma reactor control 
parameters (radio-frequency power, gas composition, 
pressure, flow, and substrate bias) to the microscopic 
plasma parameters (electron density, electron tem
perature, ion energy). The plasma parameters are, in 
turn, correlated with the 1ilm properties (index ot 
refraction, composition, structure, and thickness). 
The plasma parameters are measured by a variety of 
techniques, including microwave interterometry, 
Langmuir probes, and optical emission spectroscopy. 

The work began in May, 1988, and is supported by 
a grant from the New Jersey Commission on Science 
and Technology for the period of May 1, 1988 through 
April 30. 1989. Additional support has been given by 
the David Sarnotf Research Center, in providing the 
plasma reactor and associated power supplies. 

CONSORTIUM FOR SURFACE 
PROCESSING 

In March, 1988, the Consortium for Surface 
Processing was incorporated in the state of New 
Jersey as a nonprofit organization. The Consortium 
comprises five members: New Jersey Institute of 
Technology (NJIT), Princeton University, Rutgers 
University, Stevens Institute of Technology, and the 
David Sarnorf Research Center, and was formed with 
the strong encouragement of the New Jersey 
Commission on Science and Technology. The 
Commission, which had sponsored research in this 
area through its Innovation Partnership Program in 
Surface Modification Technology, was motivated by 
the strong economic interest in surface processing 
among New Jersey induslry. 

The purpose of the Consortium is to fake advan
tage of trie broad range of expertise, equipment, and 
ongoing research activities in the areas of surface 
science and the growth, deposition, and etching ot 
thin films available si the live member insiifutions. 
The application areas of interest include microelec
tronic fabrication, tribological surfaces, chemical syn
thesis of unique structures, and microengineering. 
Although diverse, these areas are united by a com
mon set of surface fabrication and analysis tech
niques. The formation of the Consortium is an explic
it recognition of the potential of cross-fertilization 
among the different application areas. A primary 
objective of Ihe organization is to exploit the aggrega
tion of resources among Consortium members in 
securing funding tor research activities. It is also 
anticipated that the Consortium will sponsor semi
nars, short courses, and will actively seek involve
ment of industries in surfjce processing research. 

The Consortium is operated by a Board of Trustees 
that includes two representatives from each of the 
five member institutions, one member from ihe New 
Jersey Commission on Science and Technology, and 
Ihree industrial members. In addition, a scientific pro
gram council, comprising faculty from the university 
members and technical staff from the David Samoii 
Research Center, coordinate the production and sub 
mission of proposals. 

The Princeton Plasma Physics Laboratory partici
pates in the Consortium through the membership of 
Princeton University. Plasma deposition and etching 
of thin films represents a major area of interest in the 
Consortium, including both electronic and nonelec
tronic surfaces. Plasma processing is included in 
both of the centers that the Consortium operates a) 
present. These centers are discussed below. 

New Jersey Sematech Center of 
Excellence for Plasma Etching 

In February, 1986, the Consortium received a 
request for proposal (RFP) from the Sematech 
Corporation, Austin, Texas, which is a consortium o1 
u United States semiconductor manufacturers and 
the U.S. Department of Delense. Sematech was 
formed to increase the capability of U.S. semiconduc
tor manufactures to compete internationally and to 
ensure that the national security needs relating to 
advanced computation and communications are met. 
The RFP was for Sematech Centers of Excellence 
(SCOE) in areas relevant to the Sematech mission. 

The Consortium responded with a proposal for an 
SCOE for Plasma Etching, taking advantage of the 
plasma expertise of Princeton University (Department 
of Chemical Engineering and PPPL) and the David 
Sarnotf Research Center, along with the general 
semiconductor experience ot Sarnotf, the surface 
analysis capabilities of Rutgers, the device analysis 
capabilities of NJIT, and the spectroscopic strengths 
of Stevens. 

The proposal, which was submitted in April, 1988. 
included research directed towards the development 
of advanced plasma etch tools to meet the future 
manufacturing requirements of Sematech. An impor
tant component of the proposed work was the devel
opment and operation of a broad range of plasma 
diagnostics. In May, 1988, 1he Consortium was 
awarded a Sematech Center of Excellence tor 
Plasma Etching. This was one of five national cen
ters announced at that time. In September, 1988, a 
kickoff meeting was held between the Consortium 
and the Technical Advisory Boarti (TAB) ot the 
Semiconductor Research Corporation, who acts as 
the funding agent for the SCOEs. During this meet
ing, a detailed operational plan tor the New Jersey 
SCOE was developed in anticipation of an October 1, 
1988 start date for me Center. 
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New Jersey Advanced 
Technology Center for Surface 
Engineered Materials 

In December, 1987, the Consortium received a 
request for proposal from the New Jersey 
Commission on Science and Technology for an 
Advanced Technology Center in the area of applied 
surface science. The Consortium responded with a 
proposal submitted in February, 1988, for an 
Advanced Technology Center in Surface Engineered 
Materials (ATC/SEM). The proposed Center is a dis
tributive one, which includes collaborative research 
activities at each of the five Consortium member insti
tutions. The scope of the proposal includes plasma 
deposition of films, plasma etching (in coordination 

with the Sematech Center of Excellence), chemical 
vapor synthesis, tribological coatings, microengineer-
ing, and a broad range of analytical techniques. The 
proposal was peer reviewed by a group of industrial 
scientists in March, and based on their recommenda
tion, the New Jersey Commission on Science and 
Technology approved the proposal in July, 1988. 

Capital funding for the proposal is included in a 
general obligation bond issue which is to appear on 
the November, 1988 general election ballot by vote ot 
the New Jersey state legislature. Specifically, the 
bond issue includes $8M of capital funding which will 
be used for major equipment at the locations of the 
live member institution. In addition, operating funds 
will be provided from New Jersey Commission funds 
previously utilized for the Innovation Partnership 
Program in Surface Modification Technology. 
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THEORETICAL DIVISION 

The Theoretical Division serves many purposes. It 
provides experiments here at the Princeton Plasma 
Physics Laboratory (PPPL) with theoretical calcula
tions, bold to interpret the experimental results and to 
suggest new apprra (,hes to an experimental problem. 
It also provides this experimental support to other lab
oratories around the world. Some ot this support is in 
the torm o) codes developed and given to experimen
ters to run and compare with their machines. The 
Theoretical Division also provides ideas for new con
cepts in fusion devices and tar understanding funda
mental issues of present devices. The approaches 
used are very diversified and are drawn from many 
areas of physics and engineering. Most of the work 
is on the leading edge of plasma physics, but f ome 
has yielded very practical and immediate results. 
Lastly, the effort has had a significant impact on the 
design of future devices, in particular the Compact 
Ignition Tokamak (CIT). 

This discussion is divided into five topics: (1) 
Magnetohydrodynamics, (2) Energetic Particles, (3) 
Transport, (4) Applications Outside of Fusion, and (5) 
New Directions. 

MAGNETOHYDRODYNAMICS 
Magnetohydrodynamics (MHD) continues to be an 

area where a large effort is expended. The reasons 
for this are that it is the simplest model for plasma 
devices and to date has probably had the best track 
record in comparing theory with experiments. A large 
number of magnetohydrodynamic codes such as 
Tokamak Simulation Code (TSC), Stellarator 
Expansion Equilibrium and Stability Code (STEP), 
Princelon Equilibrium, Stability, and Transport Code 
(PEST), Magnetohydrodynamics Three-Dimensional 
Code (MH3D), Princeton Iterative Equilibrium Solver 
Code (PIES), CAMINO Code, and T3 Code are now 
in place and are routinely applied to existing experi
ments to lest various theories. In addition to develop
ment and application of these codes the magnetofiy-
drodynamic effort has also investigated neoclassical 
effects on the evolution ol magnetic islands. In addi
tion sonw analytic theory has been done in exploring 
a new rerjion of high beta equilibria. 

Tokamak Simulation Code 
The Tokamak Simulation Code (TSC) continues to 

be an important tool in the C1T design process.' It 

has bebn used to determine poloidal-tield coil current 
requirements for fiducial discharge scenarios, to eval
uate requirements for passive and active position and 
shape control, and to provide estimates of heat (luxes 
to the divertor piates for thermal analysis and plate 
design. 

The TSC is a free-boundary axisymmetric simula
tion code with circuit equations which couple the plas
ma to tfme-varyfng currents in (tie poloidal-liekl coil 
system and to eddy currents in the vacuum vessel 
and nearby conducting structures. The code includes 
a full 2-D (two-dimensional) transport description of 
an auxiliary-heated deuterium-tritium (D-T) plasma, 
using the Tang/Coppi two-regime anomalous thermal 
diffusivity model with Xi = Xa a s the preferred trans
port model. 

figure 1 is a schematic showing the current ramp 
and flattop histories of the plasma currant l p and 
toroidal field B, used in a TSC simulation. The plas
ma current is ramped to 11 MA simultaneously with 
the last 7.5 sec of B t ramp. The maximum toroidal 
field is 10 T. After approximately 4.5 sec of the cur
rent ramp, up to 30 MW of ion-cyctoiron heating is 
supplied to provide the temperature necessary for 
ignition. 

TIIW6 (sec) 

Figure 1. Simultaneous toroidal-field and potoidal-fiald 
/amp versus time. Up to 30 MW km-cycblrv.. heating is 
added after 4.5 sec of current ramp. 

The poloidal-fietd coil currents were feedback 
adjusted during the simulation to give a desired evo
lution of plasma major radius R, minor radius a, elon
gation K, and triangularity 8. This evolution, shown in 
Fig. 2, incorporates a programmed 2D-cm sweep of 
the separatrix surface across the divertor plate to 
spread the heat load. The "edge" safety factor q 9 5 

exceeds 3.4 throughout the simulation. 
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Figure 3 shows ihe time dependence of the input 
and radiated power calculated by the transport model 
in TSC. During the auxiliary-heating phase the input 
ion-cyclotron heating (ICH) is held at 30 MW until the 
total input heating power P^,,, = Pa + P, C H + Pohmie 
reaches 110 MW. A1 this time, the ICH power level is 
decreased in an attempt fo maintain a constant Pheat-
This results in a saturation of the alpha power at a 
level of approximately 105 MW for 5 MW of input ICH 
power. The calculated energy confinement time, tg = 

: B 
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Figure 2. Calculated position and shape evolution versus 
time for 11-MA Compact Ignition Tokamak divertor. 
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Figure 3. Calculated input and radiated power versus 
time. T f - 550 msec. 

(Plasma Thermal Energy)/P,,eaI during the steady-
state conditions is SS0 msec, compared with a 
Goldston L-mode (low-mode confinement) value of 
290 msec. The efficacy of a two-level PID 
(Proportional, Integral, Differential) control system for 
controlling the intrinsic vertical instability of CIT, as 
well as sudden radial excursions of the plasma due lo 
unexpected changes in poloidal bela, has been 
demonstrated by numerical simulation. 

Stellarator Expansion 
Equilibrium and Stability Code 

The two-dimensional MHD Stellarator expansion 
Equilibrium and Stability (STEP) code, in which the 
effects of a nondimensional stellarator field are treat
ed by averaging over the helical period by utilizing the 
stellarator expansion, is being used in several stel
larator laboratories. Higher order terms have been 
added to this code and some of the techniques have 
been employed to improve its accuracy and efficacy? 
Since the physics restrictions on the unstable modes 
that were introduced by the stellarator expansion are 
quite reasonable even for fully three-dimensional (3-
D) configurations, these improvements suggested an 
expansion so that the code could be applied directly 
to fully three-dimensional contigurations. It would 
only be necessary to convert the output of three-
dimensional codes like VMEC (Variational Method for 
Equilibrium Calculations) or BETAS into a form such 
that it can be used as input for a two-dimensional sta
bility analysis. Studies of how to average the results 
from such codes over a magnetic field period to 
obtain the averaged flux function vCJfR.Z) and curva
ture function fi(R,Z) to be used as input for the STEP 
code have been initiated. 

ft has been recognized that the STEP code could 
be usetul lor some lokamak problems including the 
effect of small helical field perturbations on their MHD 
stability properties or on the effect of plasma currents 
on the magnitude of the toroidal-field ripple associat
ed with having a finite number of toroido! field coils. 
In order to use this code for tokamak application the 
code must be generalized to allow for net toroidal cur
rent and (his generalization has been started. 

Princeton Equilibrium, Stability, 
and Transport Code 

The Tokamak Fusion Test Reactor (TFTR) entered 
an interesting regime of operation, characterized as 
the "supershot regime." These discharges have high-
confinement times and, at high beta, are experimen
tally determined to be at a beta limil. Several inter
esting MHD phenomena are observed in the super
sets, making them a prime candidate for MHD anal
ysis. 

In the supershot regime, TFTR is observed to have 
a beta limit at high q which is close to that expected 
from a simple extrapolation ol the empirical 1'royon-
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Grubtr formula. Experimentally, the beta limit is most 
often observed as a plasma disruption or a beta col
lapse correlated with coherent MHD activity (m/n = 
1/1, 3/2, and 2/1) which grows on a resistive time 
scale. The beta collapse is sometimes also observed 
well below the bela limit. A detailed theoretical study 
of stability of TFTR discharges has been carried out 
using, for the first time, r full set of measured time-
dependent profiles of Te(r), Tj(r), and nB(r) (Ret. 3]. 
These are used in the transport code, (TRANSP) to 
simulate the complete time sequence ol the dis
charge. Equilibria representing the discharge at vari
ous times are selected and analyzed using the ideal 
and resistive codes: PEST and MH3D. Theoretically 
the beta limit is found to be set by internal kink and 
ballooning modes for q < 9 and by pressure-driven 
external kink modes above this value. Extensive 
comparison with experimental ĉ ata indicates the cor
rectness of the theoretical a lalysis. On the other 
hand, the study of resistive modes has been less suc
cessful. Linear resistive MHD has not been able to 
unambiguously identify the conditions required for the 
2/1 and 3/2 modes observed in the experiment. 
Preliminary studies with the nonlinear 3-D resistive 
MHD code, MH3D, has demonstrated the saturation 
of a 2/1 island at a level comparable to the experi
mentally observed flattening of the T a profile. Further 
studies are under way. 

Magnetohydrodynamics Three-
Dimensional Code 

A three-dimensional resistive MHD code MH3D has 
been developed. This code is an outgrowth of a 
series of codes that have used potentials and stream 
functions to describe the magnetic and velocity fields 
and have been expansions in the aspect ratio. The 
present code is an improvement over these previous 
codes in that it no longer depends on an expansion in 
asped ratio to overcome the time-step restriction 
imposed by the fast wave. Instead, a partially implicit 
method is used to avoid numerical instability. The 
code is also an improvement over other codes that 
use potentials and stream functions in that it imple
ments a new method lor treating the boundary condi
tions that insure that the primitive equations are being 
solved properly. 

Knowledge ot the sawtooth period is very important 
for the design ol the Compact Ignition Tokamak (CIT). 
In most simulation runs, the length of the sawtooth 
period determines whether CIT will or will not ignite. 
Th,' results ot njns with MHD3D show that prediction 
of the sawtooth period for future machines might be 
possible. In particular, the runs show that the saw
tooth period is given byr = 9R 2 (T) 3 / 2 /2 e W msec, with 
major radius in meters and the peak electron temper
ature in Mo-eleclron-votis (keV). This scaling agrees 
with many machines covering many orders ol magni
tude in the sawtooth period. Agreement is generally 
within a facior of two. The results are also in agree
ment with recent measurements that indicate lhat the 

safety factor is about 0.8 on axis. The code shows 
that after a crash the safety factor drops rapidly from 
one to a value near 0.8 and then falls slowly (Fig. 4). 
A small, m=1 island is present at this time, but it is 
nonlinearly stable during the rapid drop and slow evo
lution of the safety factor until a critical value of the 
safety factor is reached. The island then grows rapid
ly and completely reconnects, and the safety (actor is 
restored to one on axis. This evolution depends criti
cally on the model resistivity that is used, the results 
quoted so far are for the neoclassical resistivity 
model. When a classical resistivity model is used the 
safety factor drops only to 0.98 on axis. Finite pres
sure effects are presently being investigated. 
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Figure 4. Safely factor on axis versus time during evolu
tion ot sawtooth. 

Princeton Iterative Equilibrium 
Solver Code 

Tokamak equilibria are three-dimensional because 
of the presence of field ripple, because of the pres
ence ol nonaxisymmetric error fields, and because of 
nonaxisymmetric instabilities such as tearing modes. 
Analytical and numerical work has continued on 
three-dimensional equilibrium. An analytical calcula
tion1 has explicitly determined the limiting behavior of 
a general three-dimensional MHO equilibrium near a 
separatrix. No expansions in bela or assumptions 
about island widths are made. This provides a guide 
for implementing numerical schemes which are accu
rate in this region, and also gives a potential method 
of improving on ihe numerical calculation by patching 
:n the analytically determined behavior. 

Work on the three-dimensional equilibrium code 
has focused on code development, and on bench
marking the code.5 The code now produces fully 
toroidal three-dimensional, zero beta equilibria with 
islands. Modifications to handle finite beta are being 
completed. Comparisons have been made v.ith ana
lytical equilibrium solutions having islands Fully 
toroidal, zero beta, nonlinearly saturated tearing 
modes are typically calculated ir\ a fsw minutes of 
CRAY central processing unit (CPU) time. 
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CAMINO Code 
The CAMINO code, developed from the perturba-

tive equilibrium theory ot Greene and Chance," con
structs the generalization of the s-a diagrams ot 
Connor, Haslie, and Taylor' to a three-dimensional 
space in [p'(v),q ,(Y),H f] f o f arbitrary tokamak equilib
ria." The enhanced applicability to nonvertically sym
metric configurations and the further capability to use 
a generalized coordinate system enabled the code to 
analyze the high-[$p Doublet Dlll-D shots, indicating 
that these are just entering into the second region of 
stability against ballooning modest An important fea
ture of these shots that allowed them to get near the 
second region o1 stability is the high value of q[0) 
inferred from the experimental measurements. 

T3 Code 
In a toroidal plasma the polordal harmonics of a 

tearing mode are coupled; any given toroidal mode 
number may nave many rational surfaces in the plas
ma. A simple extension ol the A' concept for multiple 
rational surfaces was derived in Ref. 10. The physics 
of the layers surrounding the rational surface is gov
erned by kinetic equations and may well be nonliner.r 
at all observable amplitudes. The absolute determi
nation of stability requires a realistic model of the 
layer dynamics and this is not available at present, 
however, for the mode to be driven by the external 
solutions (and not by the layers) the delta primes at 
all rational surfaces must be simuHgnepuslv positive. 
A parameter A}, can be defined so that Af > 0 when 
all delta primes can be simultaneously pi-srtive and 
&j < 0 otherwise.1°" A code, T3, has been con
structed that computes the delta prime relations of 
Ref. 10 and A-i tor large-aspect-ratio tokamaks with 
multiple rational surfaces. The code has been used 
to investigate many aspects of the toroidal mode, 
including the effect of beta on Aj and stability with q 
on axis less than one." At present, the code is study
ing TFTR shots. The formalism of Hef. 10 has been 
extended to include helical coils and the required naw 
elements have been included in the large aspect 
code. This allows the code to be used for studying 
feedback stabilization schemes. The new A'-like 
information coupled to simple a Rutherford model of 
the islands yields a set of equations for the island 
growth driven or stabilized by the current in the coil. 
Scenarios for stabilizing a growing m=2, n=1 island 
coupled to a m=3, n=l island have been given. 

Neoclassical Effects 
Neoclassical effects on resistive modes in toka

maks have been investigated.12 The results of calcu
lations for the linear tearing mode driven by A" show 
thai they tend to be strongly suppressed by the com
bined effects of rotation damping in the vorticfty equa
tion and the bootstrap current in Ohm's law, The 

neoclassical resistive interchange modes, however, 
remain relatively robust with the tastesV linear growth 
occurring at intermediate values of the toroidal mode 
number. It seems reasonable then tha', in banana 
regime plasmas, the neoclassical resistive inter
change modes grow faster and dominate the nonlin
ear dynamics near rational surfaces. There is evi
dence from mixing length estimates that the nonlinear 
interactions of these neoclassical resistive inter
change modes produce a large turbulent diffusion, 
which may lead to a significant modification of the 
local pressure profile and of the perturbed bootstrap 
current. 

Analytic Theory 

A new solution for tokamak equilibria has been 
found. The usual large aspect ratio expansion for a 
tokamak makes the assumption that epp « 1 ((3P = 
<p>i"<B£>). The new solution is valid when e(Jp » 1. 
The solution splits into a "core region" where y = 
V(R) and a tXL.idary layer at the edge of the plasma. 
The equilibria are calculated for a given but arbitrary 
p(v) and q(v). The conjecture of Clarke and Sigmar 
that eft » (a/r)(<p>az/l2) can take any value, has 
been reexamined, and found it to be incorrect 
Specifically, E(5P can take any (large) value but £fl| is 
always order one. This has important consequences 
for tokamak operation since ft is the experimentally 
measured quantity, it is imponart \o distinguish the 
saturation of p( from this equilibrium constraint and a 
true beta saturation in which |Jp is limited by some 
instability. The stability of these high-p equilibria is 
being investigated. 

ENERGETIC PARTICLES 

A large effort has been spent determining the 
effects of energetic particles on the stabilit; ol the 
tokamak plasma. This is especially important for the 
deuterium-tritium (D-T) operation of TFTR and lor 
design considerations of the CIT experiment. The 
effort has mainly been in the areas ol internal kinks, 
shear Alfve'n modes, and modes wilh large toroidal 
mode number. 

Internal Kink 
Analytic Theories 

T e study of hot trapped particles on mode stability 
has produced some very interesting results. m< A 
population ot high-energy trapped particles, such as 
that produced by ion-cyclo1ron heating in lokamaks, 
can result in a plasma completely stable to both saw
tooth oscillations and the fishbone mode. The stable 
window ot operation increases in size with plasma 
temperature and with trapped-particle energy, and 
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provides a means of obtaining a stable plasma with 
high current and high beta. For typical Joint 
European Torus (JET) parameters there exists a 
domain of hot trapped-particle density in which both 
the sawtooth mode and the fishbone mode are s* 
ble. This stable domain requires that the plasma be 
ideally unstable to ihe internal kink mode ty > 0), i.e., 
operation at fairly high plasma beta, and that the 
trapped-particle population have a sufficiently high 
energy (<0d » «.()- This domain of stable operation 
appears to be suitable for use in a fusion reactor. 

NOVA-K Cute 

An analytical study' 5 1 6 of the energetic particle 
effects on the internal kink modes have shown that if 
(to./«!>o>) * n . t n e idea' oranch of internal kink mode 
is stabilized for p h > p h c when I <aD>/a> I » 1, how
ever, a trapped-particle resonant branch of internal 
kink mode is destabilized for p h > (5hc with (he real 
frequency given by (or = <©p>. Here, co, is the ener
getic-panicle diaroagnetic drift frequency, and <cuD> 
is the trapped-particle bounce average of magnetic 
dritt frequency. Numerical studies by the NOVA-K 
code,17 which computes kinetic-MHD stability of real
istic numerical tokamak equilibria with neutral-beam 
injections cr ion-cyclotron beatings, have conlirmed 
the stabilization of the ideal branch and destabiliza-
tion of the resonant branch with increasing hot-parti
cle beta. However, the critical values of p"h can be an 
order of magnitude different from p̂ c- More impor
tantly, there is a stability domain in P h l i.e., pht ^ Ph £ 
Ph2 F o r Ph > Phi the ideal branch is stabilized, and 
for (Jh > p h 2 the resonant branch is destabilized. In 
addition, NOVA-K code studies have concluded a 
necessary condition for destabilizing the resonant 
branch, which requires that the total plasma beta 
must be larger than the critical beta for ideal internal 
kink instability in the absence of energetic particles. 
Thus a stability window rn the p-pV, space can be 
established even in the ab? -ice of finite Larmour 
radius effects (Unite <o«,) of core plasma ions. 

The differences between the results of analytical 
theories'*. <« and the NOVA-K code are mainly due to 
simplifying approximations made in the analytic com
putations of energetic-particle potential energy SW .̂ 
These approximations include the large aspect ratio 
assumption, keeping only the cylindrical rn=1 poloidal 
contribution, taking l-q(r) = 0 in carrying out the alge
bra, and assuming <G)D> to have the same sign for ail 
trapped-particle pitch angles. 

Further study with the NOVA-K code shows that the 
stability of the n=i internal kink mode is only weakly 
influenced by alpha particles generated in ignited 
tokamaks when the particle pitch-angle distribution is 
isotropic. This result is opposite to Ins previous con
clusion of alpha-parlicle stabilization of the n=1 inter
nal kink derived from the analytical theories.16'1* This 
difference is due to the fact 1hat the analytic work 
assumes (w. /<w0>) > 0 for all trapped alpha parti
cles. 

Shear Alfven Modes 
Global shear Arfve'n waves are good candidates for 

instabilities caused by the a'pha-particie pressure 
gradient. For typical ignition parameters the alpha-
particle velocity v a = (EH/MJ) '^ = 9 X 1 0 Scm/sec tpr 
an energy of 3.5 MeV is comparable to the Alfven 
speed V A = B/(NjMj) 1 / 2. Thus, he trans/ting alpha 
particles could destabilize shear Alfven waves via 
inverse Landau damping through the © - k f f v ( t e wave-
particle resonance, where » < « A and the shear 
Alfven mode frequency is w A = k||VA Here, k, ta = 
(m-nq)/qR is the parallel wavenumber for linearized 
waves that are Fourier decomposed as exp[i(m9-no-
<ot)l, with (n.m) and tyfi) t fn toroidal and poloidal 
mode numbers and angles, respectively; also, q(r) is 
the tokamak safety factor, and Ft is the major radius. 

Two global types of shear Alfve'n waves have radi
ally extended mooc structures and have tow-rrwde 
numbers n and m. The first iype of global shear 
Atfven wave is a regular, spatially nonresonant wave 
whose irequency lies just below the minimum of the 
continuum, i.e., u < kuV* arc kn = 0. This wave is 
called the Global AHven Eigenmode (GAE). Previous 
theoretical analysis of this mode was limited to cylin
drical geometry, where it was found that transit wave-
particle resonant interaction with super-Arfve'nic alpha 
particles could destabilize it, although with weak 
growth rates" In toroidal geometries20 GAE modes 
with different poloidal mode numbers will become 
coupled, and such torotfal mode coupling tends to 
stabilize the GAE modes. 

Th6 second type of gtobai shear Alfven wave, 
exists only in toroidal geometry. Its frequency lies 
within *gaps" in the sfwar Alfve'n continuum that are 
created due to toroidal coupling. The existence of 
this so-called Toroidicity-lnduced Altven Eigenmodo 
(TAE) was previously shown in the kteal MHD limit.ai 
Hence, this TAE mode can be strongly destabilized 
by alpha particles in a burning tokamak plasma with 
growth rate ot the order of 1C-2 of W A (Fief. 20). The 
instability condition is w. a > wj. which means that the 
alpha-particle free-energy drive overcomes the usual 
Landau damping. Above this threshold, the growth 
rate will tend to scale linearly with <a.a with the weight
ing constant depending on the toroidal and poloidal 
mode numbers. Theretore. primary attention should 
be focused on the TAE mode in ignited tokamaks. 

High-n Modes 

Hot particles such as alpha particles from fusion 
reactions can have significant effects on high-n tnsta-
biliiies in tokamaks. These hot species can interact 
with the instabilities through resonances of several 
sorts; a kinetic analysis is therefore required to calcu
late the effects accurately. Results are obtained from 
a comprehensive electromagiivlic tineiic eigen-ire-
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quency eigenfunction code*2 for the MHD ballooning 
mode. In high-temperature tokamaks capable of pro
ducing significant numbers of alpha part&Jes, such as 
CIT or TFTR, the effects of the hot alpha particles on 
this instability can be stabilizing, destabilizing, or neg
ligible, depending on the parameters.23 For a CIT 
case, in particular, the alpha particles can lower the 
critical beta value for the MHD ballooning mode by a 
factor of three or more. This is seen in Fig. 5 for the 
kineticaffy calculated MHO ballooning mode 
(kMHDBM). Also shown is the growth rate curve 
from the simplest ideal MHD ballooning mode equa
tion, without alpha particles, for reference. Including 
the many Kinetic effects, but with no alpha particles, 
lowers the growth rate curve substantially to those for 
the kMHDBM. The corresponding kinetic beta critical 
PkiP, can be either raised, as for n = 19, or lowered, 
as for n = 58, from the simple ideal MHD p ^ 0 = 
8.25%, due to ion magnetic drift resonances, and 
other kinetic effects, including the alpha particles tor 
n = 19 raises the growth rate substantially for p < 
(>Mp and, in fact, lowers p^ n to below 2%. 

Figure 5. Linear growth rates y versus (local) p and 
toroidal mode number n, tor fixed temperature and mag
netic field lor CIT parameters, in units of 105 sect, for the 
kinetically calculated MHD ballooning mode (kMHDBM). 
Results from the simplest ideal MHD ballooning mode 
equation are also shown for reierence. 

TRANSPORT 
Transport is probably the most significant problem 

to be solved in the tokamak fusion effort. Although & 
definitive answer has not been found for the anoma
lous transport of the bulk plasma, the transport prob
lem for some other components such as ripple loss of 
alpha particle is understood. For other more trouble
some components the Division has been improving 

its models. These models are in the areas of 
gyrokinetics and particle simulation. 

Ion Temperature Gradient 
Drift Instabilities 

Experimental results from tokamaks such as Dlll-D 
and JET have indicated that the electron density pro
file in H-mode Thigh-confinement") discharges can 
be nearly flat over most of the plasma, and, in some 
cases, even inverted (outwardly peaked). These con
ditions have very interesting implications for thermal 
transport based on the presence of ion temperature 
gradient [T\\) drift instabilities. A derivation of the ion 
temperature gradient threshold tor these conditions 
has been performed.3* The implication (or confine
ment in the H-mode is, since the growth rate of this 
instability is much smaller than the real frequency 
even away from the threshold, a weak turbulence 
analysis of the resultant confinement characteristics 
is reasonable. 

Ripple Loss 
Rapid alpha-particle loss has been examined for 

tokamaks. It is found that the dominant mechanism 
is ripple-induced stochastic frapped-particle diffusions 
A very simple loss criterion allows the rapid estima
tion of total alpha-particle toss. The results agree 
reasonably with guiding-center calculations. 

This stochastic ripple loss is easily understood. 
The banana tip position of a torokJally processing 
trapped particle is modified by ?he ripple. When the 
toroidai bounce position is modified by an amount 
comparable to a ripple period, the ripple phase of the 
drifting banana decorrelates in a bounce time, and 
stochastic collisionless diffusion results. The field 
magnitude at the banana tip is conserved, so the tip 
diffuses approximately vertically until the banana is 
large enough to intersect the wall. The diffusion con
stant is large enough to result in particle loss in a time 
which is short compared to the slowing-down time. 
The approximate condition on the ripple magnitude 8 
= SB/B (peak to average} for stochastic diffusion is, in 
a circular cross section. 

where N is the number ot ripple coils, q the salety 
factor, p the gyro radius, e the inverse aspect ratio, 
and q' = dq/dr. 

This identification of stochastic rippte diffusion as 
the dominant loss mechanism makes it possible to 
very quickly calculate an estimate for alpha-particle 
loss, using an analytic criterion. A code. RIPLOS 
(ripo'o loss), has been developed to implement this 
criterion. This code reads numerically generated 
equilibria, which can have arbitrary cross-sect'onal 
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shape and pressure and current distributions. It then 
produces a Monte-Carlo-generated alpha-particle dis
tribution, and numerically evaluates the local stochas
tic threshold condition, which is a generalization ot 
delta tor the equation given above to an arbitrary 
equilibrium. 

Comparison of the results with a lull guiding-center 
calculation shows that reasonable confidence can be 
given to this method, with a saving in computing time 
of approximately four orders of magnitude. The 
dependence of the loss Iraction for fusion-product 
alpha particles in the International Tokamak Reactor 
(INTOR) and TFTH as a function of the safety factor 
q at the limiter is shown in Fig. 6. Equilibrium scaling 
is used, with the entire q-profiJe increasing with q-lim-
iter. The ripple at the plasma edge is 1 % in INTOR 
p.nd 2% in T T R . The very strong q-dependence 
arises from the sensitivity of the threshold condition to 
q and the steepness of the alpha distribution. 

tions predict an unacceptable erosion rate for the 
divertor plates, and they reintorce the need fo' 
achieving a high-density, high recycling dive^cr plas
ma. 
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Figure 6. Loss fraction of alpha particles in INTOR and 
TFTR as a function of the safety factor at the limiter. 

Edge Plasma Transport 
One of the most severe problems for the design of 

the International Thermonuclear Experimental 
Reactor (ITER) experiment is the need to extract 
large amounts of energy while maintaining acceptably 
low-energy loads on the outer wall and the divertor 
plates. Detailed numerical models of the scrape-off 
and divertor plasma are required in order to evaluate 
the erosion rates of plasma lacing components and to 
assess the credibility of various ITER designs. A two-
dimensional, multispecies iiuid code has been used 
to predict the structure of the ITER edge plasma, 
under a variety of assumptions on transport coeffi
cients and core plasma conditions.36 For most 
extrapolations from the present data, these cafcula-

Impurity Control 
Impurity control is an important topic in magnetic 

fusion research. Heavy impurities in tokamak plas
mas can degrade the energy confinement, alter Lie 
current density profile, dilute the fusion fuel concen
tration, and reduce the fusion power output. All these 
adverse effects ought to be kept to a minimum in a 
fusion reactor. Impurity control by an external 
momentum source, like neutral-beam injection, has 
been under investigation for many years. Some theo
ries predict that impurity convection in tokamaks can 
be controlled by the direction of neutral-beam injec
tion with respect to the plasma current. Co-injection 
produces outward impurity convection and counter-
injection produces inward conveclion. This kind of 
impurity behavior was observed in the ISX-B 
tokamak^7: co-injection tended to drive impurities out 
of the plasma while counter-injection caused impurity 
accumulation in the plasma core until the plasma dis
rupted. However, these effects were not observed in 
the Princeton Large Torus (PL1,. Impurity injection 
experiments on PLTM showed no significant differ
ence in impurity transport with co- or counier-beams: 
the temporal evolution of impurity line radiation was 
qjit? similar in both cases. The major difference was 
in the amount of impurity penetrating into the plasma 
interior. A given injected amount resulted in a larger 
impurity concentration in the core plasma with 
counter-beams than that with co-beams. Similar 
results were also obtained in TFTR recently.™ 

In 1985, very high ion temperature (approximately 
10 keV) plasmas were first produced in TFTR with 
co-beams injecting into a low current {approximately 
800 kA), low density plasma. This mode of operation 
is called the energetic ion mode in which the plasma 
rotates at very high speed (of the order of 108 

cm/sec). In these experiments, the ion temperature 
was measured by Doppler broadening of line radia
tion from heavy impurities (Titanium XXI) in ihe plas
ma. When the plasma rotates at high speed, the 
heavy impurity concentration drops to a very low 
level. It then becomes difficult to measure the ion 
temperature with good temporal resolution because 
the lines are not bright enough. Sometimes, addition
al impurities are injected by the laser-blowoff tech
nique to enhance the line brightness, but the injected 
particles leave the plasma very quickly when the 
olasma rotates at high speed. 

Ir order to lit the experimental data on the temporal 
evolution of impurity line radiation, a large diffusion 
coefficient in the iransport equations for the impuritie? 
it required. At low plasma currents, the diffusion 
coefficient is larger tor plasmas rolating at high 
s jeed. Since existing iheories on impurity transport 
mainly emphasize rotation effects on impurity convec
tion, the recent experimental observations in TFTR 
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have prompted investigation into rotational effects on 
impurity diffusion. The results of this investigation 
show that at high rotation velocities, heavy impurity 
ions can drift significantly faster than in a stationary 
plasma and the trapped ions have larger banana 
width and higher bounce frequency. These orbit 
effects give rise to a significant enhancement in the 
particle diffusion coefficient. 

Use of a particle simulation code, shows that the 
neoclassical diffusion coefficient tor heavy impu-ity 
ions in the energetic ion mode plasma in TFTR is not 
far from what is needed to fit the experimental dala at 
low plasma current. Its variation with plasma current 
and rotation velocity is also consistent with experi
mental observations. It is thus expected that trans
port of the energetic alpha particles in a tokamak 
reactor is likely to be neoclassical because of their 
large drift velocities. 

The orbit of a ne'ilral particle entering a rotating 
plasma has also been analyzed. When the particle is 
scattered trom a passing orbit into a banana orbit, it 
bounces radially outward in a co-rotating plasma *.id 
radially inward in a counter-rotating plasma. This 
orbit effect can account for the difference in impurity 
concentrations during impurity injection into co-rotat
ing and counter-rotating plasmas in PLT» and 
TFTR.2S Qualitative agreement is obtained between 
particle simulation and expgrimental observations ir. 
TFTR. 

Gyrokinetic Particle Code 
A three-dimensional gyrokinetic particle code in 

slab geometry has been used for the investigation of 
ion temperature gradient drift instabilities (n, modes) 
in a sheared magnetic field with multiple rational sur
faces." The importance of these types of modes for 
tokamak plasma confinement has been underscored 
by recent TEXT (Texas Experimental Tokamak) 
experiments^ in which the onset ot a distinct ion 
mode is identified as related to the saturation of the 
global energy confinement time. 

In the numerical simulations, a dual spatial scale 
expansion, which allows the background pressure 
gradient to be fixed in time, is employed to represent 
ihe quasistatic profiles typical of tokamak discharges. 
Detailed studies of the radial structures of the unsta
ble modes have revealed that the fundamental (1=0) 
harmonics of the eigenmodes dominate the fluctua
tion spectra and remain localized near their respec
tive rational surface. However, higher radial eigen
modes fend to move away from the rational surfaces 
and saturate at a much lower level near their reso
nant points, X| (defined as ioL6/kyV,|). With respect 
to global spectral features, the simulations show that 
the fluctuation spectrum for the poiential is dominated 
by moderate poloidal wavenumbers ano decreases 
rapidly for large k yp 6, while the spectrum for ion pres
sure remains relatively constant. As for the steady-
state thermal diffusivity Xi. it is found that its magni
tude is a factor ot three or four lower than the quasi-

linear value at saturation in these collisionless studies 
and it scales weakly with shear, as { L s ) 0 1 . The simu
lation results further indicate that the measured ther
mal flux is mainly caused by the fluctuations of 
modes with moderate wavenumbers. Based on the 
mixing length argument of & "* "rf^k)2 involving the 
linear growth rate and Ihe radial eigenmode width, it 
can be shown that %i ~ ( LJ 0 'or these type modes if 
the linear mode width based on the fluid theory is 
used. By arguing that Landau resonances can actu
ally determine the mode width in the kinetic limit, the 
shear length dependence in %i can actually be 
restored. Thus compared to the existing theories, the 
present analysis seems better suited for the interpre
tation of the simulation trend. 

Gyrokinetic via Lie Perturbation 
Methods 

A nonlinear electrostatic syrokinetic Vlasov equa
tion as well as a Poisson equation have been derived 
in a form suitable fry particle simulation studies of 
tokamak microtuibulence and associated anomalous 
transport.32 This work differs trom the existing nonlin
ear gyrokinetic theories in toroidal geometry, since 
the present equations conserve energy while retain
ing the crucial linear and nonlinear polarization 
physics. In the derivation, the action-variational Lie 
perturbation method is utilized in order to preserve 
the Hamiltonian structure of the original Vlasov-
Poisson system. Emphasis is placed on the domi
nant physics of the collective fluctuations in toroidal 
geometry, rather than on details of particle orbrlr. 

Particle Simulation 
Injection of energetic neutral particles has proven to 

be an efficient means to heat a tokamak plasma into 
a thermonuclear temperature. Data from TFTR 
shows, however, deterioration of confinement as the 
power of neutral injection is raised. The presence of 
an asymmetry of plasma density on a magnetic sur
face has also been reported. Plasma simulation 
techniques have been used to study this problem 
both in slab and toroidal geometries. In the presence 
of a rotational transform in the slab geometry, the per
sistence of plasma convection associated with neutral 
injection is found. The steady-state convection is 
determined from a balance between the power oJ 
injection and dissipation. 

In tokamak geometry it is found that both vertical 
(up-and-down) and horizontal (in-and-out) ootential 
asymmetries arise in the poloidal plasma of a toka
mak. The vertical asymmetry leads to a presence of 
a vertical electron field and this field is generated by 
V x B/c force of neutral beam particles. The horizon
tal asymmetry is due to the trapping of the hot beam 
particles. The simulations were carried out assuming 
a toroidal symmetry so that no appreciable particle 
transport has been observed.33 
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In order to study the particle diffusion, the orbits of 
test particles have been followed in time under these 
asymmetric potentials using TFTT parameters. It 
was found thai the enhancement of ion transport over 
the neoclassical diffusion can easily be over 2-5 if the 
asymmetric potential is about 10% of the thermal 
plasma temperature.3* 

Kinetic Equations 
in previous work,35 a "generalized Balescu-Lenard" 

(gBL) collision operator, valid lor any geometry in 
which the unperturbed particle motion is integrable 
and which permits one to treat transport induced by 
perturbations of all wavelengths on the same footing, 
was developed. More recently,38 tine formal operator 
derived in Ref. 35 has been specialized to toroidal 
geometry, and simply by further specialization to 
three ranges of wavelength perturbation, used to 
derive symmetric neoclassical, tuibulent, and ripple 
transport coefficients. For each wavelength range, 
the operator possesses a diffusive portion D, as well 
as a drag term F, of closely related size and form, 
whose presence represents self-Consistency, and 
which is necessary in order \hat the theory possess 
the correct conservation laws. In the turbulent range, 
quasilinear calculations of turbulent transport coeffi
cients compute only the contribution due to D, and 
have ignored the presence of F. in Ref. 36 it is 
shown that, as is well-known for neoclassical trans
port, for turbulent transport as well retaining F is also 
essential in obtaining the correct transport results. 

APPLICATIONS OUTSIDE 
OF FUSION 

Because of the considerable overlap in the type of 
physics in tokamaks and space plasmas, space plas
ma physics continues to be actively pursued in the 
Theoretical Division. Most of this work is supported 
by the National Science Foundation. 

The Theoretical Divirion has also been able to give 
support to the X-ray laser development effort at the 
Princeton Plasma Physics Laboratory {PPPL). 

Substorms 

Ultra-low frequency congressional Pc5 magnetic 
perturbations with periods in the range of 150-600 
sec have long been observed by satellites around the 
earth's magnetic equator near the geosynchronous 
orbit (L=6R E). These highly compressional magnetic 
perturbations are usually observed during the recov
ery phase of substorm and are considered to be drift 
mirror instabilities driven by High-p anisotropic plas
mas produced by the substorms. Recent data analy
sis of the multiple-satellite (SCATHA, GOES2, 
GOES3, and GEOS2) observations of compressional 

Pc5 waves during November 14-15, 1979 indicate 
that the field-aligned mode structure of the dominant 
congressional magnetic field SB(/ is antisymmetric 
with respect lo the earth's magnetic equator with a 
full latitudinal range of about 20 degrees.37 The 
transverse magnetic components *S± have a sym
metric parity. Nonlinear generation of the second 
harmonic of with a frequency twice as large as the 
fundamental antisymmetric SBn was observed to be 
confirmed within a smaller latitude range of 20 c near 
the magnetic equator. A comprehensive linearized 
eigenmode analysis of compressional Alfven waves 
for a iwo-componem (hot and cold plasma compo
nents) high (3 anisotropic plasma in a dipole magnetic 
field"-3* was carried out to explain these observa
tions. The eigenmode equations are derived Irom the 
gyrokinetic equations including hot trappad-particle 
effects. With 5Bn having symmetric parity, the hot 
trapped particles give a strong stabilizing effect. For 
antisymmetric SBn, the hot trapped-paricle effect is 
small and the drift mirror mode is uP-stj Ae if a thresh
old condition is met. These result', are in close 
agreements with the satellite observations of the 
mode structures of the fundamental narmonic of 6B| 
and suggest that the westward piopagation of the 
Pc5 waves with respect to the grou.<c occurs on the 
outer edge of the rinr current plasma 

A nonlinear theory3' which describes' >e generation 
of the second harmonic oi 5BM near le magnetic 
equator in the limits of to « k NV A h\s also been 
developed. The nonadiabatic response of the particle 
distribution for the antisymmetric fund imental 5Bn is 
shown to be of the order of to/tob, where o)b is the 
bounce frequency of the energetic hot particle and oi 
<«: 1%. The resulting adiabatic mode coupling equa
tion explains the main features of the satellite obser
vations of the second harmonic of SBII. 

Magnetopause 
The plasma physics of the magnetopause was also 

persued this year. The magnetopause is the current 
layer, resulting from the interaction between the solar 
wind and the Earth's magnetic field. This layer delim
its the magnetosphenc cavity from the shocked sola* 
wind plasma called the magnetosheath. 

A new set of multispacecraff observations of plas-
na parameters and electromagnetic fields measured 
simultaneously at different locations of the dayside 
magnetopause have revealed several puzzling obser
vations. Among fhem, is the fact that the current 
layer is much thicker than the hybrid ion gyroradius r 
predicted by classical theories. The observations 
also show the existence of density plateaus inside the 
layer. These point out the necessity of studying 
microturbulence and anomalous diffusion at fhe mag
netopause. 

A 2-1/2-dimensional full electromagnetic particle 
code was developed to investigate these observa
tions. Application of fhe code to a simple model of 
the magnetopause«> shows that the thickening of the 
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current layer is due to the growth of an instability at 
the interface between the field and the particles. This 
instability is observed on both the electrostatic field 
and the compressional component of Ihe magnetic 
field and has a frequency close to ihe local ion-
cyclotron frequency. The nonlinear phase is charac
terized by the filamentation of the current layer which 
causes anomalous diffusion inside the current sheet. 

Electron-Beam Injection 
A number of rocket and satellite data show a pres

ence of an enhanced electrostatic noise associated in 
the injection of an electron beam in space. Some of 
the wave frequencies are quite low so that they are 
unlikely directly excited by the beam itself. This low 
frequency part of the electrostatic noise can be 
explained by noting generation of a return current to 
the spacecraft associated with beam injection. 
Numerical simulations with this return current has 
revealed the generation of low-f'jquency instabilities 
leading to ion acceleration." « 

X-Ray Laser 
Hecently, there has been an increase of interest in 

the study of methods to calculate the excitation and 
ionization of atoms in the presence of strong electro
magnetic fields. This interest stems from the avail
ability in the laboratory of very powerful lasers capa
ble of delivering a focused intensity on the order of 
and beyond the typical intensity felt by an electron in 
the atom (approximately 10 ' 6 Watt/cma). Such 
strong fields make the problem of calculating rates 
nonperturbative in character, whereas traditional 
methods which are based on a perturbation expan
sion in the applied field over the atom field F/Famm 
are of limited applicability. 

Some aspects of the strong field, many-pholon 
limit, in a class of models that represent the atom (or 
energy (evels ol interest) with model potentials con-
sistii.3 of a sum o( w-functions, was studied." 
Analytic results were derived using a new method 
which is asymptotically correct when the number of 
photons goes to infinity. The resuHs are qjite gcrd, 
however, for a few photons. Some of Ihe anaij '; 
results have been compared with direct numerical 
integration of the equations. The agreement is good. 

NEW DIRECTIONS 
This seclion describes two new areas of research 

in the Theory Division. The first is a nova! iJea to 
determine plasma parameters by tweaking the plas
ma. The second describes a practical way to imple
ment a relativistic collision operator for current-drive 
appi „atijns. 

Response Analysis 
A tokamak plasma can be diagnosed in a number 

of interesting ways that rely upon a time-frequency 

analysis of Ihe incremental radiation arising from a 
deliberate perturbation of the plasma. In particular, if 
radio-frequency {rf) power is introduced into the plas
ma briefly to accelerate high-energy electrons, the 
electrons radiate more than they had been. When 
the rf power is turned off, the incremental radiation 
persists for some time thereafter, The precise decay 
of this radiation, as a (unction of frequency and time, 
is particularly revealing. 

One interesting problem than can be posed rigor
ously is to determine Ihe two-dimensional (in velocity 
space) incremental electron distribution function from 
the two-dimensional (in frequency-time) radiation 
response-. This problem has been inverted formally" 
and an aaatytic solution in closed torm has been 
found for the special case in which the radiation is 
observed in a direction perpendicular to the magnetic 
field. This inversion is of interest in rf-heated or cur
rent-drive discharges, where details of the energetic 
electron distribution may play a critical role. 

It is also possible to deduce plasma parameters 
from the incremental synchrotron radiation. For 
example, the plasma density, ion charge state, and 
etei.'tric field all piay a role in the radiation response. 
Of particular interest is the plasma dc (direct current) 
parallel electric field, for which there is no other com
peting diagnostic. It has been found that whereas the 
radiation response is sensitive to these parameters, 
the response varies differently for changes in different 
parameters.« In other words, it is hard to confuse a 
change in the electric field with a change in the ion 
charge stale. This implies that this technique may be 
used to measure quantities, which heretofore have 
not been measurable experimentally. Using a 
Greene's lunction for the Fokker-Planck equation, a 
fast algorithm for finding the radiation response to 
arbitrary excitation has been developed. This fast 
algorithm makes data reduction of many shots feasi
ble. 

Relativistic Collision Operator 

Relativistic effects can be important in fusion plas
ma under conditions of strong auxiliary neating. 
Previously, ihe collision operator 1or the kinetic theory 
was formulated in torms of gradients of potentials, 
which satisfy elliptic equations. Now ihe equations 
for the potentials have been solved by making use ot 
an expansion in spherical harmonics. This permits 
the easy integration of Ihe relativistic collision 
ope 'ator into FoM<er-Planck codes in addition, vari
ous analytical calculations are now possible. This 
new formulation of the relativistic collision operator 
has been applied to calculate the elecirical conductiv
ity of a hoi plasma, and 10 provide better estimates of 
the efficiency of current r<rwe by lower-hybru; and 
electron cyclotron waves m liot fusion reactors such 
as the International Thermonuclear Experimental 
Reactor.*' 
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TOKAMAK MODELING 

A variety of computer codes are being utilized and 
developed by the Tokamak Modeling Group at the 
Princeton Plasma Physics Laboratory (PPPL). The 
codes are used to interpret tokamak experiments at 
PPPL and at other laboratories and to assist in the 
design of future machines [Compact Ignition Tokamak 
(CIT) and International Thermonuclear Experimental 
Reactor (ITER)] as well as in the operations planning 
of experiments on present machines (Tokamak Fus
ion Test Reactor (TFTR), Princeton Beta Experiment-
Modification (PBX-M)]. 

The BALDUR plasma iransport code, in both one-
dimensional (1-DJ and one and one-half dimensional 
(1-1Z?-D) versions, models the widest range ol physi
cal pL-wesse'. affecting plasma transport for two 
hydrogei species and up to four impurities. The 
PLANET code simulates two-dimensional (2-D) 
transport in the plasma scrape-off layer, and the 
DEGAS code calculates the transport of neutral 
atomic and molecular hydrogen through plasmas in 
complex magnetic geometries. The transport of 
impurities is modeled by the MIST code. The 
WHIST/1CRF (ion-cyclotron radio-frequency) code 
[developed with W. Houlberg at the Oak Ridge 
National Laboratory (ORNL)] is also used for 1-1/2-D 
pfasma transport simulations, particularly tor radio-
frequency (rt) heating scenarios. The SURVEY and 
TRIUMPH codes are used to compare a wide range 
of plasma parameters for Q - 1 scenarios and to 
evaluate a wide range of particle transport models for 
particular experiments, respectively 

ONE-DIMENSIONAL BALDUR 
TRANSPORT CODE 
SIMULATIONS 

The 1-D BALDUR code continued 10 be applied to 
the interpretation of energy confinement in a large 
number and variety of discharges in circuiar-cross-
section tokamaks as well as to support future plan
ning for TFTR. The code was used to test the alpha-
storage mode concept and to predict future high-Q 
performance of TFTR.i in addition, specific high-con-
tintment discharges on the TFTR, TEXT (Texas 
Experimental Tokamak), and T-10 tokamaks were 
successfully simulated with theoretically-based mod
els which had been used to model ohmic experiments 
on TFTR, Alcator-C, and ASDEX (Axiaily Symmetric 
Divertor Experiment) .* 

Code development centered on improved micrcin-
stability-based theoretical models for electron and ion 

thermal transport which apply to coliisionfess piasmas 
such as those routinely obtained in TFTR supershots. 
Numerous supershot discharges, with measured ion 
temperature profiles, were compared in detail to fully 
time-dependent transport simulations.3 The modeled 
anomalous elect-on and ion ditlusivrties are propor
tional, as has been found in analysis of supershot 
experiments. In addition, the TFTR-calibrated, pro
file-consistent model for the T)rmode ion thermal dif-
fus'rvity was found to predict suppressed T|;-mode 
losses during TFTR supershots. The large number of 
supershot simulations were obtained with the use of a 
newly developed program to automatically "tune" 
density transport coefficients (D,v) so as to obtain 
experimental density profiles via a series of automat
ed multiple BALDUR runs with incrementally adjusted 
input variables. 

Simulations of other tokamak discharges were also 
carried oul with the 1-D BALDUR code to lest these 
theoretical models. A set of TEXT discharges lor 
which electron and ion thermal fluctuation measure
ments had been obtained wwe simulated with the 
code* At high density, conlinemtrtf predictions from 
the code were only in agreement with experimental 
measurements if %rnode losses were included. The 
code predictions were in agreement with the observa
tion of ion fluctuation features at high density and with 
the absence of such observations at low density and 
after pellet injection. 

Electron-cyclotron resonance heating (ECRH) 
experiments on T-10 were also modeled with the 1-D 
8ALDUR code. The simulated temperatures were in 
good agreement with measured temperatures during 
both ohmically heated phases and ECRH phases. 
The highest power ECRH phase is collisbnless, and 
agreement with measured temperatures could not be 
obtained without including the new coilisionless 
trapped-electron mode electron and ion diffusivities 
which were frrst used in interpreting the TFTR super-
shot experiments. 

1-1/2-DIMENSIONAL BALDUR 
TRANSPORT CODE 
SIMULATIONS 

Improved models for tear.ng modes, ballooning 
mooes, and sawtooth oscillations were implemented 
in the 1-1/2-D BULDUR transpo.t code. The saturat
ed tearing-mode package now includes the effects of 
plasma pressure and multiple harmonic mixing, in a 
circular cylinder, increasing plasma pressure first 
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makes saturated tearing-mode island widths wider 
and then makes them narrower until they are com
pletely stabilized. Toroidicity significantly changes 
this picture, due to the magnetic welt and harmonic 
nixing effects. The saturated tearing-mode package 
is also being used to analyze experimental data from 
TFTR, by reading in plasma profiles and flux surface 
shapes from the TRANSP analysis code. 

There has been a long-standing problem with the 
predicted (^iit not observed) instability of ballooning 
modes within the low-shear mixing regbn produced 
by the Kadomtsev sawtooth model. Motivated by 
direct experimental evidence that the current profile is 
not redistributed very much within the sawtooth mix
ing region, the sawtooth simulation model was altered 
in BALDUR to eliminate or reduce current redistribu
tion during each sawtooth crash. It was found that 
the resulting shear within the mixing region remained 
high enough to stabilize ballooning modes during the 
reheat between sawtooth crashes. The loop voltage 
also remained more uniform and the ohmic heating 
rate more centrally peaked. Some progress has 
been made toward a theoretical understanding of why 
the current profile is not completely redistributed. 

The 1-1/2-D BALDUP simulations of reference CIT 
discharges continued to be updated and improved. 
The information obtained from a number of these 
simulations was compiled and published as a single 
report.' In addition to providing plasma parameters 
and profiles for two different CIT ignition scenarios, 
the effects of the rate of growth of the plasma during 
current ramp on sawtooth osullations and the effects 
of impurity accumulation on ignition (see Fig. 1) were 
discussed. 

The need for higher densities in CIT, ITER, and 
other reactor ensigns," led to the start of an in-depth 
investigation of the tcxamak density limit. As a first 
step, the 1-1/2-D BALOUR transport code was used 
to examine the density limit due to radiative collapse 
in a steady-state, ohmteally-heated, TFTR plasma.7 

An example of \he simulated collapse of the electron 
temperature profile is shown in Fig. 2. As expected, 
peaked electron density profiles allowed higher vol
ume-averaged densities to be achieved than did sim
ulations with flat profiles at the same impurity concen
tration. An unexpected result was that peaked densi
ty profiles led to a maximum density that increased 
linearly with plasma current; runs with flat profiles 
showed much less variation. 

However, it was clear that the densities attained 
using this early model were higher than those 
achieved in TFTR under similar conditions. The rela
tively simple coronal equilibrium radiation mo^fll 
employed was deemed to be the most probable 
cause for this discrepancy. Consequently, the 1-1/2-
D BALDUR transport code has been upgraded to 
treat impurity charge state transport and charge-
exchange recombination. The atomic data package 
employed is the same as that used in the MIST impu
rity transport code. In ct mparisons with MIST, good 
agreement was found in both steady-state and time-
dependent simulations. 

Figure 1. Time dependence of the ohmic, auxiliary, and 
alpha power for a simulation of CIT.5 The plasma current, 
magnetic field, shap-i, and density are ramped up to their 
flattop values botween t - 0.5 sec and t - 4,8 sec. They 
are all then held constant until the end of the simulation: Bj 
. 1d T, L - 9 MA and <nB> - 3 x 10 20 m -3 . Also, R - 1.75 
m, a - o!55 m, K =. ? and 8 - 0.4. The dashed line repre
sents a simulation in which helium ash in pumped out dur
ing the flattop. For these runs, the Singer-Ku transport 
model is used. 

0:2 ' a:* -" cCs~~ sra° 
HALF-WfDTH <m) 

Figaro 2. Electron temperature as a function of time and 
radial half-width for a density limit simulation.» The plasma 
current and toroidal field have been programmed to steadi
ly decrease with time. The resultant reduction in input 
power leads to the radiative collapse of the plasma col
umn. A centrally peaked density profile is used; the impu
rity species is titanium. A constant line-averaged density 
7>g m 4.7x 1013 nr3 is maintained. The magnetic field and 
current are decreased in pmporthn to keep g«,/ » 
SaPBj/RL - 4.4, where R- 2.57 m and a - 0.82 m. At this 
point of disruption, lp » 1.29 MA and t>, « 4.38 T. 
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WHIST/ICRF PLASMA 
TRANSPORT MODELING 

Collaboration continued between ORNL and PPPL 
on trie upgrading and use of the WHIST/ICRF 1-1/2-
D predictive transport code. One new feature is the 
capability 1o selt-consistently mode! ion-cyclotron 
radio-frequency (ICRF) heating during a toroidal-field 
ramp phase of the discharge. Preliminary simulations 
of the early heating stages of CIT, when ICRF heating 
is applied during the ramp phase, indicate that the 
second harmonic deuterium resonance can occur on 
the outside edge of the plasma for low enough values 
of the toroidal magnetic field. It may be necessary to 
tailor the onset of 'ho ICRF pulse to avoid possible 
deleterious heating of the plasma edge by this reso
nance. 

The code package was also used fo model the par
ticle and energy transport in JET (Joint European 
Tokamak) plasmas with pedet fueling and ICRF heat
ing.s in these experimerts, pellet injection during the 
current rise phase produced a strong central peaking 
of the particle density. The subsequent application of 
ICRF heating 1o this peaked-density discharge result
ed in a transient period of enhanced confinement. 
Usi.ig models for the transport coefficients which 
were motivated by the results of interpretative analy
ses of these discharges, it was touno that tiis plasma 
behavior during the enhanced-confinemenl stage 
could be modeled with the same transport coeffi
cients that apply in the ohmic phase. The enhanced 
confinement seemed to be the result of the geometric 
effects associated with strong central heating and 
seemed to deteriorate as the impurity radiation 
increased. 

TFTR FUSION POWER 
OPTIMIZATION 

The pfasma optimization code SURVEY was 
changed to model the effects on fusion reactivity of 
ion-cyclotron resonance heating (ICRH). It was found 
that increasing the heating power delivered to a 
reacting species [deuterium (D) or tritium (T)] raises 
QpT if the energy confinement is held constant (this is 
true for neutral-beam healing also). Bulk heating of 
nonreacting ions (hydrogen or helium-3) is less effec
tive, however. Coupling to minority ions leads to pre
dominantly electron heating and Q D j fails as the 
power is raised. Finally, an interesting experiment for 
early tritium operation was explored: a mostly deuteri
um plasma heated only by ICRH coupled to an 
approximately 1% tritium minority may produce QDT 
-0.3. 

The fast ion thermalization model has been 
improved to enable application to preoent TFTR 
supershots (a regime of much lower density tha ri the 
0 = 1 plasmas originally simulated with SURVEY). 
The model now includes beam-thermal and beam-
beam charge-exchange losses as well as pitch angle 
scattering; it also calculates the beam-beam fusion 

reaction rate. With the new fast ion modeling it is 
possible to simulate supershots much more closely 
than before. Using measured plasma density, tem
peratures, etc., the simulated D-D neutron production 
rate and the total stored energy generally agree with 
the measured values to within the measurement 
uncertainties. 

Simulated parameter scans of the supershot 
regime show that for a given energy confinement 
time Q 0 D is maximized by operating at the lowest 
achievable average density (in agreement with the 
experimental trends). However, the simulates 
indicate that QQT would be maximized at some
what higher density and that the energy confine
ment time and density must be raised above pre
sent values in order to produce plasmas with Q u T 

-0 .5 -1 . 

PLASMA TRANSPORT IN THE 
SCRAPE-OFF REGION 

In the scrape-off region, the magnelic field lines are 
open in the sense that they intersect a solid object 
(limiter or wall) which completely changes the nature 
of transport compared to ttm oiosed field lines region 
of the main plasma. In particular, the very high paral
lel heat conductivity transports the heat very quickly 
down the field lines accounting for the very rapid tem
perature falloff with the (minor) radius. Another 
scrapo-otf feature is the often very strong interaction 
(ionization) of 'lie surrounding neutral gas with ihe 
plasma leading to plasma recycling at the places of 
contact with solid objecis. The two-dimensional 
transport code PLANET predicts the scrape-off plas
ma behavior, which includes the plasma temperature, 
density, and the mass flow patterns important for 
impurity transport. 

The version of the PLANET code which takes into 
account drifts has been used to study the (.article and 
energy flows in 1he D-lll-D scrape-off. Good qualita
tive agreement with the experimental observations 
has been found, but it was concluded that for a good 
quantitative agreement it will be necessary to develop 
a two-fluid model with separate ion and electron (par
ticle) flows. 

independently, the standard version without 1he drift 
terms has been used to determine the radial transport 
coefficients. Though this model does not correctly 
predict all the observed features, particularly those of 
the inner divertor branch, the agreement is quits good 
lor the outer branch. It appears that the outer scrape-
off power and temperature (radial) profiles can be 
reproduced using a constant perpendicular ditfusivity 
X±~ 1 x 10 4 crrVsec for L-Mode conditions. No com
pletely satisfactory agreement with the observed radi
al density profiles has been obtained, Dut a radial dif
fusion coefficient D ± - 2 x TO3 cm/sec is indicated. 
The e.rape-off (radial) transport coefficients are 
therefore considerably smaller than those just inside 
the separatrix. 
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DEGAS MODELING OF CARBON 
TRANSPORT IN TFTR 

Carbon plays an important role in the TFTR plasma 
as it dominates the impurity and electron density dur
ing the ohmic phase. lr. addition, carbon blooms, 
prominent emission from ionized carbon, appear dur
ing ihe neutral-beam phase for many shots, and 
supershot conditions are correlated with carbon line 
emission. Accordingly, it has been increasingly 
important to model the influx of carbon into TFTR. In 
appreciation of the role of sputtering and chemical 
formation of carbon on graphite limiters, a program to 
mode! carbon influx with DEGAS was begun long 
before such effects were observed. In the past year, 
we have applier* the DEGAS carbon program to 
model carbon intlux on TFTR. 

To model the carbon and hydrocarbon transport, we 
have modified the DEGAS neutral transport code to 
follow the breakdown of hydrocarbons and included 
the effects of the change in energy and momentum of 
the breakdown products on the transport. To follow 
the transport it was necessary to add reaction rate 
data and reaction dynamics (energy and momentum 
transfer) for all of the important interactions of the 
plasma with neutral and ionic fragments produced by 
the breakdown In addition, the suppressed-absorp-
tion algorithm used to improve the statistics in the 
Monte Carlo treatment carried out by DEGAS had to 
be modified to include a preference ratio to follow the 
chemically important spodes, otherwise the computa
tional time would have been prohibitive. 

To get an idea of the importance of rt:athane and 
carbon as a source of impurities in TFTR, a numerical 
experiment was conducted using plasma data from 
experimental TFTR shots and postulating a souu e of 
neutrals along the inner bumper limiter. The simula
tion was done in two dimensions, with toroidal sym
metry assumed. Figure 3 shows the poloidally aver-
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Figure 3. Pobidal average of the density ol neutral car
bon versus minor radius in TFTR for a typical low-density 
plasma. Three possible carbon sources are considered: 
methane, thermal carbon. :.id sputtered carbon. 

aged radial pMs of the density of neutral carbon. It is 
quite clear in the figure that the neutral carbon pro
duced 1rom the breakdown of methane penetrates 
further through the scrape-off than that from "thermal 
carbon" but is similar to that of "sputtered" carbon. 

While application of the DEGAS carbon model to 
TFTR has only recently begun, it will soon tie very 
important tor determining tne carbon production in 
TFTR. With the advent of the collection of C-ll emis
sion data with the TFTR HAIFA (hydrogen alpha 
interference lilter array) array, it will soon be possible 
to compare the influx and recycling of hydrogen with 
that from carbon near the walls. Preliminary analysis 
shows that there is some structure and difference 
between the hydrogen and carbon emission, espe
cially during neutral-beam injection. The DEGAS 
models will help to understand the source of Ihese 
differences and whether they can be attributed to dif
ferent sources of hydrogen and carbon at the limiters 
and walls. 

IMPURITY AND PARTICLE 
TRANSPORT MODELING 

A new atomic physics data-base system, 
ALADDIN, has been developed in order to provide a 
standard tool for the exchange of atomic data for 
fusion applications. ALADDIN Is designed to support 
a wide range of users in the international atomic 
physics and fusion modeling communities, and 
includes supporting software for both interactive 
searches as well as access to the data base by 
lusion modeling codes. ALADDIN also is designed to 
offer maximum flexibility in the choice of data repre
sentations and labeling schemes, so as to support a 
wide range of atomic physics data types and allow 
natural evolution and modification of the data base as 
needs change. ALADDIN has been accepted as the 
standard atomic physics data exchange format for 
fusion applications by the International Atomic Energy 
Agency (IAEA)," which will coordinate the entry of 
atomic data into ALADDIN form. 

Work has continued on a comprehensive effort to 
model particle transport in ohmir- a id neutral-beam-
heated pellet-fueled TFTR p!asmas.'° Transport 
modeling of tha time-dependent electron density pro
file evolution following pellet injection is carried out 
using the TRIUMPH one-dimensional electron parti
cle transport code. Impurity particle transport in the 
same discharges is studied by modeling the time-
deperdent injected and intrinsic impurity spectral line 
emission with the MIST one-dimensional impurity 
transport code. In the highly peaked, high-density 
plasr as presently st'jJied, the electron density evolu
tion can be well modeled by adopling a low central 
anomalous diffusion coefficient, on l..d order ol 100 
cm2/sec, which rises rapidly towards the plasma exte
rior, taken 'ogether with the neoclassical electron par
ticle flux, primarily consisting of the Ware pinch. No 
anomalous pinch is required. The intrinsic and inject
ed impurity transport is found to be consistent with 
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the same model, e.g., adopting the same anomalous 
diffusion coefficient profile as was employed for the 
electron density transport modeling, together with the 
irripurity neoclassical flux. The impurity neoclassical 
pinch terms combined with the low central anomalous 
diffusion coefficient yield strong peaking of the impuri
ties on axic in these discharges. This particle trans
port modeling effort further demonstrates the role of 
pellet injection as a physics tool for probing tokamak 
transport, particularly with regard to exploring the role 
of peaked-density profiles in improved confinement. 
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COMPACT IGNITION TOKAMAK 

PROJECT OVERVIEW 
The Compact Ignition Tokamak (CIT) is a fusion 

device designed to enhance the knowledge ol plasma 
physics research, specifically !n the area of an ignited 
physics. This research goal of a national team of sci
entists and engineers has remained constant while 
the machine has moved through the conceptual 
Assign stages. The program and role for the machine 
remain fundamentally the same as reported in last 
year's annual report1: the need to move from the 
break-even fusion devices such as the Tokamak 
Fusion Test Reactor (TFTR) and the Joint European 
Torus {JET} to the world's first ignited fusion device. 
Figure 1 illustrates the concept of the CIT device. 

Figure r. Compact Ignition Tokamak. (8SP1013) 

A significant step in achieving approval for con
struction of the CIT device occurred during FY88 
when the Congress of the United States approved 
Plant and Capital Equipment (PACE) funding for the 
Project. The funding carried 1he restriction that it be 
used only for the purpose of design and development 
activities; it allowed engineering work to move from 
the conceptual design stage fo the start of preliminary 
design. The funding also indicated the continued 
support t îat the Department of Energy (DOE) provid

ed for the Project during a time of restricted federal 
budgets for new projects. 

Fiscal year 1988 was encouraging as it provided 
the basis for bringing to fruition a Project that was 
conceived in the mid 1980's and has been through a 
series of design improvements. Dedicated people at 
this and other laboratories around the country are 
contributing to the development of CIT, the next step 
in achieving a design basis for a viable fusion power 
plant. 

PROJECT MANAGEMENT AND 
INTEGRATION DEVELOPMENTS 

During F-Y88, the management control and ?dmir. 
istrative elements of t ie Project were s»'engthened. 
The Project was housed in one building — 305 
College Road East — allowing the growing number of 
subcontracted staff, participant staff, and existing 
Project staff to be located in one place. Staffing of 
the Project took substantial shape as funding allowed 
the growth in industrial subcontracts. Advanced com
puter-aided design and drafting equipment (CADD) 
stations were purchased to facilitate design develop
ment. 

Project Organization and 
Management 

The Project saw a rise in preparation, revision, and 
publication of key documents needed to organize and 
allow the effective implementation of the program. A 
revised Project Management Plan (PMP)? was sub
mitted to DOE which covered the fundamental 
approaches to the management structure, reporting 
requi'dments. objectives, schedules, and staffing 
requirements. The PMP required the submission of a 
revised Work Breakdown Structure (WBS)s dictionary. 
The WBS development for the Project segregates 
major hardware elements into specific system cate
gories. The major WBS titles and definitions a.p 
shown in Table I. 

The Project's organizational structure remained 
basically the same during FY88. Significant changes 
were the addition of a Deputy Project Manager and 
the inclusion of an Engineering Manager to head up 
the Tokamak System portion of the Project. These 
changes allowed tor improved communication s^d 
control over the Project's planning and scheduling 
processes. 
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Table l. Work Breakdown Structures for the Compact Ignition Tokamak °roject. 

A Work Breakdown Structure (W8S) has been developed lor the Compact Ignition Tokamak (CIT) Project which 
segregates major hardware elements into specitic system categories. The structure is a refine rr.ent ot the struc
ture that has been in use since the conceptual desipn stages of the CIT device were initiated. 

The major WBS categories and related definitions are ihe following-

Project Management and integration 

This element consists of ail activities of the CIT Project necessary to plan, monilor, control, and report 
on the progress of the Project; analyze and review the designs of the various subsystems and com
ponents to insure their compatibility and the satisfaction of the design requirements; assemble, test, 
and check out the device; transport the device '.o the CIT test cell; and assemble, test, and check out 
the device up to and including first plasma. 

Tokamak Device 

This element consisls ot the hardware and activities that are to provide the divertor, first wall, vacuum 
vessel toroidal-iield magnets, and coloidal-field magnets. 

Ancillary Systems 

This element ins is ts of the hardware, software, and ,-ctivities necessary to provide the thermal 
shield, ion cyclotron resonance heating, electrical power, cryogenics, vacuum pumping, and radiation 
monitoring and safety systems. 

Remote Maintenance Systems 

This element consists ot ihe hardware, software, and activities necessary to provide for remote main
tenance of the CIT device. Included are the ir.-vessel and ex-vessel maintenance systems and the 
research and development hardware and activities associated with each. 

Diagnostic an-i l&C Systems 

This element consists of the activities, hardware, and software necessary to provide for diagnostic 
measurements and analysis ot i. >e plasma within the torus and the central CIT instrumentation and 
control systems provided by the Project Participants. 

Conventional Facilities 

This element consists of the buildings and building utilities (those utilities not associated directly with 
experimental devices). Included as part of this element are: modifications to existing buildings, site 
improvements, construction of new buildings and site utilities, and AE and CM services. 

Engineering Support 

Technical systems requirements were addressed 
by the respective Work Breakdown Structure Engi
neering Managers during FY88. The Systems 
Integration Group coordinated the preparation of doc
uments that were submitted to DOE, including the fol
lowing: General Requirements Document, Syslem 
Requirements Document, Design Guide tor Remote 
Maintenance, and the System Description Document. 
These documents are essential to insuring the coordi

nation and integration of Ihe various systems during 
the preliminary and final design stages of the Project. 

The Conceptual Design Review for CIT was held 
in January of 1983. The review was conducted for an 
international panel of fusion experts and held at the 
Princeton Plasma Physics Laboratory (PPPU. The 
principal parameters tor the CIT device that were pre
sented at the review and the design point changes 
recommended by the panel ore shown in Table II. 
The changes reflecl a desire to increase the physics 
performance of the machine, while maintaining the 
objective of achieving ignition at minimum cost. 
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Table ll. Compact Ignition Tokamak Design 
Parameters. 

Conceptual 
Design Review New Design Point 

Major Radiuj 1.75 m 2.10 m 
Plasma Radius 0.55 m 0.65 m 
Aspect Ratio 3.18 3.25 
Plasma Current 3 MA 11 MA 
Magnetic Field 10 T 10-11T 

PHYSICS DESIGN BASIS 
DEVELOPMENTS 

The Physics Design Description Document* for CIT 
was issued in conjunction with the Conceptual Design 
Report. The essentia' physics requirements needed 
to achieve the Project's objectives lead to a device 
with high magnetic lields, high plasma current, and 
high fusion power densities. Ignition requires an 
average mE of about 2 x loaom-3 sec. This can be 
achieved in a modest-size tokamak by using strong 
toroidal magnetic fields to confine high-density plas
mas, with coriespondingty reduced requirements to 
tg. The high plasma density implies that the fusion 
power density will be intense and management of the 
power flow to the wan will be a major design issue. 
The elongated plasma geomelry lends itself to the 
achievement of high plasma current and high beta 
value, as well as to increased energy confinement 
and ohmic heating. To reach temperatures required 
for ignition, the ohmic heating must be supplemented 
by auxiliary heating. An initial 10 MW of ion cyclotron 
resonance heating (ICRH) power was incorporated 
into the baseline design, and additional power, up lo 
30 MW, in the form of either ICRH or electron 
cyclotron resonant heating (ECRH) can be added as 
required. A poloidal divertor and a pellet injector are 
made part of 1he design to provide capabilities lor the 
enhancement of n t E and to facilitate impurity and par
ticle control. The plasma shape and poloidal divertor 
are prototypical of the configuration likely 10 be in 
future tokamak reactors. 

Machine Requirements 
The following are the initial and latent physics and 

engineering performance requirements for the Com
pact Ignition Tokamak: 

• The device must operate with a double null 
poloidal divertor. 

• The device shall initially provide for operation at 
7 T and 9 MA. 

• The device shall be capable of operating for at 
least 30,000 pulses at 7 T and 7.7 MA. 

• The device shall be capable of operating for at 
leasl 3.000 pulses at 10 T and 11 MA. 

• The loroidal-1<eld and plasma current ttattop shall 
be at least 5 sec at 10 T and 11 MA. 

• The device shall be capable of operation at 
toroidal fields up to 11 T and plasma currents of 
11 MA for a limited number of pulses. 

• The nominal plasma eiongation measured at the 
95% flux surface must be 2, with an inverse 
transform (q) at the 95% flux surface of at least 
3.2 at 10 T. 

< The inside separatrix shall be at least 3 cm from 
the first wall. 

• The plasma shall be heated by at least 10 MW of 
auxiliary heating power, with the capability to 
upgrade 1o 40 MW of ICRH and ECRH in any 
combination with a maximum of 30 MW frcm 
either source. 

• Diagnostic access shall be an important consid
eration in Ihe device design and the fabrication, 
within the constraints of providing low, risk-of-
failure magnetic and structural assemblies. 

Design Structure 

The areas of physics studies important to the 
design of CIT are: 

• Axisymmetric MHD, 
• Nonaxisymmetric MHD, 
• Modeling and performance studies, 
• Ion cyclotron resonance heat' ig , 
• Electron cyclotron resonant heating, 
• Alpha-particle theory, and 
• CIT operations, 

Axisymmetric MHD 

The purpose of the axisymmetric MHD studies is to 
support Ihe design of the poloidal-fieid (PF) system 
by setting physics specifications and evaluating the 
capability of the PF system in meeting these specifi
cations. As part of this design support, a realistic 
plasma model, the Tokamak Simulation Code (TSC). 
is being developed for use in engineering design 
studies. 

Nonaxisymmetric MHO 

The correlation between computed MHD stability 
limits and ihose observed experimentally is relatively 
good. It is therefore imperative to access the MHD 
stability implications for all design variations of CIT 
being considered. This is especially important since 
the baseline CIT design is at a high elongation where 
the simple Troyon pl-scaling becomes less applicable 
and where the internal kink, finite-)} ballooning, saw
tooth, and tearing mode instabilities may cause spe
cial problems. 
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During FY88, 1he Physics Group considered the 
role ot MHD in setting the operational limits in CIT 
with respect to the edgs-q and plasma. The stability 
picture is found to depend strongly on the profiles of 
the plasma current and pressure. The stability pic
ture, for given profiles, can also depend critically on 
the plasma shape parameters, in particular on the rel
ative amounts of ellipttcity and triangularity. Detailed 
studies of the stability of plasma profiles predicted by 
the two-dimensional (2-D) transport evolution code 
TSC were conducted. The stability picture is compli
cated by the fact thai small changes in the sawtooth 
instability model used in TSC can make the differ
ence between stability and instability of ideal-MHD 
modes. The present situation can be summarized as 
follows: There art certain plasma pressure and cur
rent profiles lor which a CIT plasma would be stable 
up to p values in excess of the Troyon limit, but that 
meaningful stability boundaries can only be obtained 
by continued analysis of realistic plasma profiles like
ly to be obtained experimentally. 

CIT Modeling and Performance 
The objectives of transport modeling for the CIT are 

to (1) predict the performance of the device using the 
best available models for plasma confinement, insta
bilities, and operating scenario: (2) provide guidance 
for improvements in the CIT design; and ,3) provide 
time-dependent plasma profiles as a basis for more 
complete analyses of instabilities, alpha-particle 
effects, microwave absorption, pellet penetration, and 
edge effects. 

Studies conducted during FY88 included a wide 
variety of confinement models and possible operating 
scenarios. Although CIT has a larger ignition margin 
than most other tokamak reactor designs, it has been 
found that the confinement time needs to be 
enhanced above the L-mode (low-confinement mode) 
scaling (about 1.4 times Kaye-Goldstons and more 
than two times Goldston? scaling) or the density pro
file needs to strongly peaked on axis in order to allow 
the CIT device to ignite. Enhanced confinement 
times have been achieved in tokamaks with pellet 
injection, divertor operation, and H-mode (high-con
finement mode). The CIT Modeling Group made a 
strong case that the confinement time can be signifi
cantly enhanced and the density profile can be 
peaked on axis by using a combination of these 
means in CIT. 

In addition to surveying a range of designs and 
models, a few reference simulations were developed 
in which the timing of the operating scenario was opti
mized with respect to the current ramp, dynamics of 
plasma shaping, pellet injection, auxiliary heating, 
and all the other externally controllable parameters. 
During the process of oplimizing these reference sim
ulations it was learned how the operating scenario 
affects plasma profiles, large-scale instabilities such 
as sawtooth oscillations, and ignition. The reference 
simulations have also provided plasma profiles which 
are used in more detailed studies of instabilities, 

alpha-particle effects, microwave absorption, pellet 
penetration, and edge effects. 

ICRH Physics 
In accord with the goal of using ICRH to produce an 

ignited plasma in the Compact Ignition Tokamak, 
ICRH physics efforts have been directed toward 
improving the understanding of relevant ICHH 
physics issues. These issues may be categorized as 
follows: (1) wave propagation and damping physics; 
(2) fast ion generation and confinement; and (3) 
physics of the plasma edge and design of appropriate 
high power density wave launchers. 

The studies conducted during FY88 continued to 
use the edge physics models associated with expect
ed CIT operating conditions. Progress in benchmark
ing a number of edge power depositions was accom
plished. Several nation-wide theoretical initiatives to 
improve understanding of the interaction ot strong 
radio-frequency (rf) fields with an edge plasma were 
made. The objective of this work is to minimize impu
rity generation, maximize coupling efficiency, and to 
assist in the optimization of various proposed launch
er concepts. 

Electron Cyclotron Resonance Heating 
The Compact Ignition Tokamak will require 10-40 

MW of auxiliary power to achieve ignition, depending 
on the confinement time. Recent advances in ECRH 
technology warrant the study of its application to the 
CIT device. The theoretical studies include develop
ment of improved ray-tracing packages, analytic and 
numerical studies of nonlinear effects, and scattering 
of electron cyclotron waves by density fluctuations. 
The goal is to optimize the frequency and wave-
faunchirtg location for efficient heating. 

Alpha-Particle Studies 
A test oi alpha confinement physics and its possible 

impact on the bulk plasma is the central objective of 
CIT. Experimentally, a small number of single alpha-
particle effects have been observed showing suscep
tibility of alpha confinement to large sawtooth oscilla
tions and other MHD activity. Theoretically, work on 
"thermonuclear instabilities" in velocity space dates 
back to the late 1960s. Recently, the focus has shift
ed to alpha-driven MHD-like instabilities and anoma
lous alpha transport in configuration space. 

CIT Physics Operations 
For a given confinement or transport model, the 

performance of CIT is determined by operational lim
its which sel maximum values on key operating 
parameters, e.g., current, density, power or energy 
throughput, etc. The limits c.Sosen for CIT are 
derived from a consensus of the scientific community 
as obtained through the IPSG (Ignition Physics Study 
Group) and workshops held jointly by the IPSG and 
the CIT design team. 
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The studies conducted during FY88 included the 
following: 

• Power Supply Flexibility and Performance. 
The high cost of accurately controllable power 
supplies requires that the number of such sup
plies be kept to a minimum, consistent with 
maintaining the plasma equilibrium during the 
pulse. 

• Control Diagnostics. The requirements of the 
diagnostics for plasma current, position, shape, 
and density were defined. 

• Feedback Control. The design of the feedback 
loop required to control the plasma current, posi
tion, shape, and density was studied in collabo
ration with the Poloidal-Field Design Group. 

• Discharge Evolution. With the short pulse 
length available in CIT, it is essential to optimize 
the plasma evolution to provide a penetrated 
current profile and a sufficiently high density that 
ignition will be possible. Studies of discharge 
evolution were carried out in collaboration with 
the Poloidal Field Design and Discharge 
Modeling groups. 

• First Wall Conditioning. Techniques for condi
tioning the first wall still need to be assessed. 
These techniques will be especially important in 
CIT in order to make best use of the limited num
ber of full-power shots and to limit tritium usage. 
It is essential that provision for the appropriate 
first-wall conditioning techniques be incorporated 
in the design at the earliest stages. 

MAJOR WBS SYSTEM 
DEVELOPMENTS 

A bottoms-up Project Cost and Schedule Reviews 
was held for United States Department of Energy 
(USDOE) representatives in May of 1988, detailing 
the progress on the systems being designed and their 
related estimated costs. The level of the information 
presented at the Review reflected the considerable 
progress in the planning and designing of the CIT 
device that had been achieved during FY38; the 
achievement was noted by the USDOE. 

A detailed Project Master Schedule was issued dur
ing FY88. The schedule provides the critical path 
information which is essential to maintaining effective 
management control over the Project. 

The evolution of major work breakdown structure 
systems design changes from the 1.75-meter ma
chine to the 2.1-meter machine were coordinated dur
ing the second half of FY88. The following sections 
provide a summary of the design concepts for the 
2.1-meter machine and its major hardware compo
nents and the related new facilities. 

Toroidal-Field Coil Design 
As the CIT design matured during FY88 (see Fig. 2, 

The Device Core), the level of design detail devel

oped for the toroidal-field system and other work 
breakdown structure systems increased dramatically. 
Toroidal-field global and local Finite Element Analysis 
(FEA) models were developed for the toroidal-field 
system which give a detailed distribution of stresses 
throughout the windings, and, in particular, through
out the oopper-lnconel conductor laminate. In the 
highest stress regions, the copper portion of the lami
nate operates in the plastic regime, requiring the use 
of codes which allow plasticity. 

An extensive R&D (Research and Development) 
program was carried out to define the properties of 
the laminates under high loading by measuring the 
deformation in test samples correlated with FEA anal
ysis of the test configurations. This program has led 
to the establishment of allowable operating stresses. 
To meet the overall operating requirements, the 
toroidal-field laminate must be 50 percent Inconel and 
50 percent copper. 

An extensive R&D program was also carried out in 
the production of full-scale laminates produced by 
explosive bonding. Plate dimensions up to 180 inch
es long were successfully bonded using Inconel and 
copper optimized for maximum strength. These two 
materials had not previously been e/plosively bond
ed, and the feasibility of crack-free laminates was 
questioned. 

Research and Development was also carried out 
on the properties of insulalion under high compres
sion. Tesls of insulalion properties after irradiation 
will be a major activity in FY89. 

Considerable design detail of the fabrication of the 
magnet turns and support structure was carried out in 
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FY88 to assist in the accurate costing of the system 
and in planning the assembly sequence and schedule 
requirements and to add detail to the structural analy
sis models. 

Poloidal-Field Coil Design 
The poloidal-field design is being carried out at the 

Massachusetts Institute of Technology (MIT). LiKe 
the toloidal-field design, the central soienoid ol the 
poloidal-field system also employs copper-lnconel 
laminate. After the 80-inch square by 1-inch thick 
laminates are bonded, they are cut into flat spirals of 
10 turns by the use of a new industrial technique, 
water jet cutting. This new technique is required 
since no conventional tools could cu: the thin curve 
between turns made from the extremely hard Inconel. 

An extensive R&D program was carried out to pro
duce full-scale bonded plates and to refine water jet 
cutting to the precision required. Several full-scale 
spirals were produced. Eight similar spirals will be 
assembled in HV89 to produce a prototype coil (or 
testing at full operating stress level. 

Research and development activities were also car
ried out to determine the fatigue characteristics of the 
laminate and of the joints between pancakes. II lami
nates of 50 percem incor',! are used, the fatigue life 
at lull operating stresses is greater than 30,000 
cycles, a factor of 5 greater than the operating cycles 
required. 

Detailed structural analysis comparable to that in 
the toroidal-Held system was also completed for the 
central solenoid, including the joint details. 

A major design activity in FY88 for the poloidal-field 
system was the calculations related to startup and 
control of plasma position. The CIT will differ from 
presently operating tokamaks in having a heavy-wall 
vacuum vessel, and heavy-section closed-circuit 
structural elements. It has, therefore, been neces
sary to develop codes which account for eddy cur-
re.rts and to develop control algorithms which com
pensate for those currents. 

Vacuum Vessel, Divertor, and 
First Wall Design 

The vacuum vessel in CIT must carry very large 
magnetic loads arising from the current disruptions, 
and these dominate the design of the vessel and its 
supports. There are approximately 2,000 tons of ver
tical load on the vessel during a vertical disruption of 
the plasn^a. Characterizing these loads using self-
consistent MHD codes and carrying out preliminary 
static and dynamic stress analysis was a major FY88 
activity, as it will be a major FY89 activity. 

The R&D program carried out in FY88 examined 
the problem of welding the required heavy-wall vessel 
(wilh a section from 1.6 inches to 3.2 inches thick). 
Due 1o assembly constraints, the final welds must be 
made from one side (the inside) only, and the resul
tant potential 1or warpage was recognized as a feasi

bility issue. After considerable analytical modeling, 
and full-sedion single-sided welding it was deter
mined that it is not practical to weld such a heavy 
section. Therefore, design and research and devel
opment in FY89 will focus instead on minimum-sec
tion bolted joints, with only a seal weld used for vacu
um integrity. 

During FY8B the issue of activation of the vessel 
(the most highly activated machine component) was 
raised and initial studies carried out with the goal of 
reducing the waste classification. The Inconel 625 
used in the initial design, while optimum from a 
strength point ol view, contains an undesirable level 
of niobium. By using Inconel 600, or equivalent 
materials in those portions of the vessel where ihe 
stresses are low, the net activation of the vessel can 
be reduced significantly, low enough to qualify for 
Class A near-surface burial. 

Designs of first-wall and divertor tiles were carried 
oui in FY88 and prototypes were built and tested 
under simulated high heat flux. While the tests were 
highly successful, the small tiles proposed appear 
costly to fabricate and to install, and the programs in 
FY89 will focus instead on larger panels of carbon-
carbon composites. In the divertor area, the panels 
will consist of high conductivity pyrolytic graphite ele
ments incorporated in larger carbon-carbon compos
ite frames. 

During the last quarter of FY88, through competi
tive bidding, Ebasco Services replaced General 
Alomics as the contractor responsible for the vacuum 
vessel, internal hardware, and internal remote main
tenance. 

Remote Maintenance Design 
A R&D program was carried out in support of 

remote maintenance activities utilizing the manipu
lator facilities at the Oak Ridge National Laboratory 
(ORNL). A demo project involving a mockup of a 
diagnostic port was setup and a dummy antenna 
remotely installed and withdrawn. Also, an ORNL 
engineer was sent to JET to participate on the remote 
maintenance team and work began on the use of 
CADD and animation programs for simulation of the 
various maintenance operations in and out of the ves
sel. 

Diagnostics Design 
The most severe constraints on the diagnostic sys

tem for CIT are imposed by the high radiation envi
ronment which is inherent in the mission of the 
device. The impact ol the radialion environment on 
the diagnostic systems occurs at several levels. 
First, the transient interaction of the neutron and 
gamma flux with optical or electronic components can 
lead to spurious signals or noise, which, if not 
acknowledged in the design, could contaminate the 
data or render the diagnostic useless during the toka-
mak pulse. Second, the cumulative dose can cause 
permanent degradation or damage to diagnostics 
components, leading to change in calibration or sys-
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tern failure. Third, catastrophic failure may occur in 
extreme cases, tor example, shattering of an optical 
window leading to loss of tokamak vacuum. Finally, 
the ambient radiation levels due to machine activation 
require that maintenance and repair of diagnostic 
components located close to the tokamak be carried 
out by remote-handling equipment. 

Conventional Facilities Design 
The majority of the new CIT conventional facilities 

will be contained in a new building with approximately 
85.000 square feet of usable floor space located west 
of and adjacent to the existing TFTR Test Cell. The 
CIT facilities Site Plan, Fig. 3, provides a site layout 
of the existing TFTR complex and the location of the 
proposed new CIT conventional facilities. 

Test Cell transfer areas will provide for vertical 
and/or horizontal transfer of small CIT machine and 
subsystem components from the test cell to the 
decontamination cell. 

Various openings in the building will allow for per
son and machine access for installation. Access to 
the ceil areas adjacent to the Test Cell will be by 
overhead hatches and transverse-shielded personnel 
door openings. All systems which required hands-on 
maintenance will be located external to the center 
cell. 

Figure 3. Compact Ignition Tokamak conventional facili-
fms. (88P1014) 

ENVIRONMENTAL ASSESSMENT 
The CIT Environmental Assessment (EA), prepared 

in accordance with the National Environmental Policy 
Act of 1969, was substantially completed in FY88. 
Written by engineers and scientists at the Idaho 
National Engineering Laboratory (INEL), the EA 
includes an extensive assessment of potential radio
logical and nonradiological environmental impacts on 
air and water quality and the ecology, both generally, 
and related to PPPL employees. After the document 
is completed, it is sent to the USDOE's Assistant 
Secretary for Environment, Safety, and Health for 
approval. This approval is necessary belore CIT 
facility construction can begin. 

During the summer and early tall of FY88 personnel 
from the National Oceanic and Atmospheric 
Administration (NOAA) in Idaho conducted atmo
spheric dispersion studies at PPPL. They have con
ducted similar tests at various locations throughout 
the country, and the PPPL test was done to charac
terize the actual airborne dispersion cone itions at ihe 
CIT site so that calculations of public and employee 
radiological doses could be based on valid data sup
ported by actual test results. A total of 14 tractor gas 
release tests were conducted at about 100 sampling 
stations throughout the site. Initial results indicate 
that public exposure will be well within USDOE guide
lines and the very conservative CIT design objec
tives. 

OTHER PROJECT 
DEVELOPMENTS 

CIT Project Managers and USDOE representatives 
visited the USSR in June of 1988 to exchange techni
cal information on ignition planning progress and 
design studies with Soviet scientists. The June meet
ing continued the dialogue to explore possible 
US/USSR technical exchanges on ignition and specif
ically, the CIT program. 

Involvement of industrial participants was expanded 
during FY88 with the execution of contracts with 
Ebasco Services Inc. and Grumman Aerospace 
Cofporation. The Ebasco contract is for the design, 
development, and manufacturing of the vacuum ves
sel systems. The Grumman contract is for system 
engineering services covering such areas as design 
integration, configuration control, and maintenance 
integration for the CIT device. 
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INTERNATIONAL THERMONUCLEAR 
EXPERIMENTAL REACTOR 

INTRODUCTION 
Following several summit meetings between 

President Reagan and General Secretary Gorbachev, 
agreement was reached by the governments of 
Japan, the European Community, the United States, 
and the Union of Soviet Socialist Republics to con
duct a three-year joint effort to produce a design for a 
"next step" tokamak experiment entitled the 
International Thermonuclear Experimental Reactor 
(ITER), The ITER is to be designed to address the 
physics and engineering issues required to qualify the 
lokamak as a candidate for a power reactor. The 
ITER design study began in 1988 and will be com
pleted at the end of 1990. At that point, the four part
ners will make a decision about proceeding to 
detai[£?r! design and construction. A design center for 
ITER lias been established at the Max Planck Institut 
fur Plasmaphysik in Garching, West Germany. The 
international design team, consisting ol 40 scientists 
and engineers (10 from each partner), spends about 
6 months per year at the design center in Garching 
working on the design (Fig. 1). They are supported 
by about 100 scientists and engineers in each partner 
country. 

The United States ITER team is led by John 
Gilleland of the Lawrence Livermore National 
Laboratory (LLNL) and has broad participation from 
almost all of the national laboratories and universities 
involved in fusion research. Taking advantage of the 
strong physics program at the Princeton Plasma 
Physics Laboratory (PPPL) and PPPL's experience 
with the Compact Ignition Tokamak (CfT), PPPL has 
played a major role in the physics aspects of the 
ITER design. Two PPPL physicists {D. Post and S. 
Cohen) are members of the design team at Garching. 
D. Post is the head of the ITER physics group and S. 
Cohen coordinates the US impurity control design 
effort. Other PPPL physicists provide general 
physics support for the ITER design in the areas of 
impurity control (S. Cohen, M. Petravic, M. Redi and 
B. Braams), diagnostics (K. Young and D. Manos), 
energy confinement (S. Kaye), and plasma perfor
mance modeling and analysis including density limits 
(G. Bateman, D. Stotler, and Y. Sun), tower hybrid 
antenna design (S. Bemabei), atpha-particte physics 
(R. White and H. Mynick), MHD stability (J. 
Manickam), and potoidal-fietd design (N. Pomphrey). 
Dr. Paul Rutherford from PPPL is one of the three 
U.S. members of the International Scientific and 
Technical Advisory Committee which reviews the 
activities of the ITER design team. 

The ITER design team is organized into one 
physics group and three engineering groups. The 
physics group is responsible for developing the 
physics requirements and specifications to be used 
by the engineering groups for the design of ITER. 
During FY83, the ITER physics group developed 
guidelines in the areas ol confinement and opera
tional limits (e.g., density limits and MHD stability), 
power and particle control, heating and current drive, 
disruptions, diagnostics, and alpha-particle physics. 
For instance, the physics group concluded that a 
plasma current of around 20 MA would be required to 
provide a reasonable degree of assurance that ITER 
would have an adequate level of performance. 

POWER AND PARTICLE 
CONTROL 

During 1989, five activities in the Power and 
Particle Control area were initiated. Substantial 
progress was made in at least ihree activities and the 
results were reported at an Edge Modeling Workshop 
held at PPPL in May 1988. 

Using the B-2 and PLANET fluid plasma codes, the 
plasma edge was modeled to aid in setting the speci
fications for the vacuum vessel size and the divertor 
plate heat loading. It was shown that the power 
scrape-off distance in the ITER midplane would be in 
the range 0.4-1.0 cm and the density scrape-off dis
tance would be 4.0-8.0 cm. The density scrape-off 
distance is nearly ideal for the proposed lower hybrid 
current drive system. The power scrape-off is so 
short, however, that the proposed divertor design pro
vides only a marginal solution for the power removal 
requirements. Several novel schemes have been 
proposed to remedy this weakness. These include 
sweeping the separatrix across the divertor plate, 
increasing the tilt of the divertor plate, biasing the 
divertor plate, higher density operation, or using a liq
uid metal divertor. Also, several necessary improve
ments in the codes were identified including better 
atomic physics, particle drifts, and impurity transport. 
Both the novel options and the improvement will be 
actively pursued in 1989 

In collaboration with Argonne National Laboratory 
(ANL), extensive simulations of erosion and redeposi-
lion were made. These studies reemphasized that 
graphite is only a short-term solution to the choice of 
divertor plate material. High edge density operation 
may, however, result in a sufficiently high recycling 
divertor that tungsten would become a credible 
choice (or the divertor plate material. 
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* * * ? * 

Figure 1. The international desigr toam for the International Tokamak experimental Reactor (ITER) at the ITER design cen
ter at the Max Planck Institut Mr Fiasmaphysik in Garchmg, West Germany. (88A0209) 

The prompt loss of energetic alpha particles poses 
a heat load problem if they impact only a narrow 
region of the vacuum vessel wall. A collaboration 
was set up with LLNL to investigate this process 
using numerical simulations. The code to address 
the problem has been written and first results are 
expected in 1989, 

1 fie exhaust of thermalized helium ash is another 
issue that was attacked computationally. Extrapolat
ing JET (Joint European Torus) thermal and particle 
transport coefficients to ITER and applying them in 
the BALDUR code resulted in a set ol predictions for 
the helium density in the plasma as a function of time 
in ignited ITER physics phase discharges. The 
results emphasize the need for enhanced pumping of 
helium relative to that of deuterium. Novel methods 
to enhance helium removal are being considered. 

One area in which little progress has been made is 
in the control and characterization of disruptions. It is 
urgent that the severe problems posed by disruptions 
be addressed. 

DIAGNOSTICS 

Three aspects ot a diagnostic program for ITER 
were investigated in a preliminary fashion during 

1988, An operational program for the device first had 
to be developed, since the information required from 
the diagnostic equipment depends heavily on the 
need for automatic control of the device and on the 
level of physics understanding necessary for achiev
ing igniteo plasmas. An extensive list of diagnostics 
that might be required during the different operational 
periods was then prepared so that their capability for 
placement at the lokamak and of operation in the 
ITER environment during the Physics and Pre-
Technology Phases could be assessed. Presently, 
an extensive set of sophisticated diagnostics is pro
posed for the Physics Phase. A much reduced set is 
being considered for the operation with the high neu
tron fluences and the blanket experiments present 
during the Technology Phase. New lessons to be 
learned from the Physics Phase, such as the success 
of ignition and helium-ash removal, in addition to Ihe 
necessity to determine the optimum operalional con
ditions require that a strong set of diagnostics operate 
reliably in an already very harsh radiation and thermal 
environment. Finally, a detailed proposal for a 
Research and Development program in diagnostics 
was laid out, so that a reasonable confidence level in 
the measurement capability could be attained early in 
the design phase of the device. 
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ENERGY CONFINEMENT AND 
DENSITY LIMITS 

The requirements for an adequate level of energy 
confinement are one of the major determinants of the 
size (and, therefore, cost) of ITER. One important 
ingredient in determining the confinement require
ments is a characterization of the level of energy con
finement observed in present and past tokamak 
experiments. A new collection of the most recent 
tokamak confinement data was put together and ana
lyzed. This collection was the first that has included 
significant amounts of data from high-power heating 
experiments in all of the large tokamaks such as the 
Tokamak Fusion Test Reactor (TFTR), JT-60, and 
JET. Analysis of this data has indicated that the 
dependence of the energy confinement time on plas
ma current and size is weaker in the large experi
ments than in the older, smaller experiments, such as 
the Poloidal Divertor Experiment (PDX) and the 
Axially Symmetric Diverlor Experiment (ASDEX). 
These analyses have led 10 a somewhat more con
servative set of physics requirements for plasma cur
rent, etc. and to an increase in the emphasis given to 
including operational flexibility in the ITER design to 
allow operation at larger currents, etc., if increased 
parameters should prove necessary for achieving 
adequate levels of confinement. 

Jt is well known that higher plasma densities 
improve the chances for ignition in tokamaks. 
However, the maximum density attainable in ITER is 
presently difficult to predict since the experimental 
limits observed have not been completely explained. 
An in-depth investigation of the tokamak density limit 
via transport modeling is being carried out to provide 
quantitative predictions for the maximum density in 
ITER and other reactor designs. 

As the first step, the 1-1/2-dimensional BALDUR 
transport code was used to consider the density limit 
due to radiative collapse for steady-state, ohmically 
heated, TFTR plasmas. As expected, simulations 
with peaked profiles allowed higher volume-averaged 
densities to be achieved than did simulations with flat 
profiles at the same impurity concentration. An unex
pected result was that peaked density profiles led to a 
maximum density that increased linearly with plasma 
current; runs with flat profiles showed much less vari
ation. 

However, it was clear that the densities attained 
using this early model were much higher than those 
achieved in TFTR under similar conditions. The rela
tively simple coronal equilibrium radiation model 
employed was deemed to be the most probable 
cause for this discrepancy. Consequently, the 1-1/£-
dimensional BALDUR code was upgraded to treat 
charge-exchange recombination and transport of 
impurity charge states. This more realistic radiation 
model will be used to examine TFTR detached plas
mas and density limits in other tokamaks, in order to 
increase the accuracy of predictions of the maximum 
density in ITER. 

LOWER HYBRID 
Steady-state operation is one of the goals of ITER 

for which several current drive methods have been 
proposed. Lowe r hybrid is part of each current drive 
scenario due to its high efficiency and extensive 
experimental data base. Activities for lower hybrid 
current drive (LHCD) in FYS8 have focused on 
physics issues, such as maximum penetration in hot 
plasmas and alpha-purticle damping, and on engi
neering problems, such as system design and cou
pler heat loads. It was found that to avoid alpha-par
ticle damping, the frequency should be at least 6-8 
GHz, and that the waves would be able to penelrate 
approximately one-third oi the minor radius, or alxmt 
15 keV in electron temperature, when the parallel 
wave number ri|| is chosen to maximize penetration 
and the spectral width Ann i s a b o u t ° 0 5 -

A LHCD system using modules of 32 waveguide 
arrays as couplers was designed. An analysis was 
performed to evaluate the nuclear plasma radiation 
and radio-frequsney heating of the launcher. 

ALPHA-PARTICLE LOSSES 
Numerical calculations of alpha-particle loss in 

ITER are being made using a Hamiltonian guiding 
center code. Initial results indicate that although the 
total energy loss is not serious, the localization of the 
deposition on the wall may be of concern. Further 
calculations are being made to improve the estimates 
of this localized heat load. 

An assessment of diffusive tokamak transport 
mechanisms of concern for alpha particles indicates 
that the "stochastic regime" is the only one which 
appears to pose a rea! danger for adequate alpha-
particle confinement. This iact, in conjunction with 
the threshold character of that mechanism, allows the 
use of a very simple criterion to decide whether an 
alpha particle bom at a given location will be lost or 
confined. This criterion for the assessment of alpha-
particle confinement has been used as the basis of a 
new code which is orders of magnitude faster than 
earlier codes used for the same purpose, Thir code 
is presently being used to make estimates of the sen
sitivity of alpha-particle loss to design modifications. 

MHD STABILITY STUDIES 

The emphasis in MHD stability itudiei at PPPL for 
ITER has been on the internal Kink mede. Since 
ITER is planned to operate with elongations of at 
least 2, the concern has been that high ellipticity 
would be deleterious to stability of internal pressure 
driven mode? The study for ITER concentrated on 
the internal kink mode which can be triggered when 
the safety factor q on axis drops below 'nity during a 
sawtooth oscillation. The study incluotsd the role of 
the pressure profile as well as the potentially stabiliz-
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ing effects of triangularity. The study concluded that, 
with suitably broad pressure profiles, the empirical 
Troyon limit could be safely reached provided the tri
angularity was greater than 0.4 when the elongation 
was equal to 2. Further studies identifying the role of 
the pressure profile for all modes are currently under 
way. 

SUMMARY 
The ITER design definition phase was completed in 

198B, 2nd Ihe design was defined (Fig. 2). PPPL will 
continue to provide strong physics support to the 
ITER design team during the detailed design phase in 
1989 and 1990. 

Figure 2. The CAC-CAM drawing of the reference ITER design. (88A0216) 
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ENGINEERING DEPARTMENT 

COMPUTER DIVISION 
Computer Division activity in FY88 supported the 

Tokamak Fusion Test Reactor (TFTR), Experimental 
Projects [PBX-M (Princeton Beta Experiment-
Modification) and the last months of S-1 Spheromak], 
the Compact Ignition Tokamak (CIT), and the General 
Purpose Systems [User Service Center, Computer 
Aided Drafting and Design (CADD), and PPLnet]. 

The TFTR program, as in FY87, emphasized 
increases in reliability, performance, and functionality. 
Hardware reliability measures included the merge of 
subsystem computers, the integration of a Gould/SEL 
32/67 computer to provide independent support to 
neutral beams (NB), and Ihe installation of 858-MByte 
disk drives. Additionally, the Residual Gas Analyzer 
(RGA) and Radiation Monitoring Systems were 
upgraded. 

Experimental Projects support included procure
ment of a MicroVAX for PBX-M neutral beams and 
continued support for the S-1 Spheromak, which 
ceased operation in December 1987. The final 
results of this experiment are being prepared. 

The Division continued conceptual specification 
and design work for the Instrumentation and Control 
System of CIT and procured additional CADD hard
ware and software. 

The User Service Center was enhanced by the pro
curement and installation of two laser plotters and a 
Direct Access Storage Device. 

A diagram of the current Princeton Plasma Physics 
Laboratory (PPPL) computing system is shown in Fig. 
1. A listing of publications by Computer Division 
personnel is given in Refs. 1-20. 

TFTR Central Computer System 
The TFTR Central Computer System1" consists of 

a network of 11 on-line Gould/SEL computers, two 
DEC VAX superminicomputers, and four DEC 
MicroVAX II .ninicomputers. The Gould/SEL models 
32/87, 32/67, and 32/77 computers comprise the 
TFTR Control and Data Acquisition System, 
currently, over 60 distinct systems of diagnostic and 
engineering applications are in operation. Approxi
mately 17,200 hardware points in a total of 290 
CAMAC (Computer Automated Measurement and 
Control System) crates are monitored every two sec
onds and over 7,000 monitor points are controlled. 
The TFTR Control and Data Acquisition system cur
rently acquires over 30 Mbytes of data for each TFTR 
shot within a 7.5-minute repetition period. Approxi-
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PPPL Computing Systems Overview 

Figure 1. Tha Princeton Plasma Physics Laboratory com
puting systems overview 'or FYSS 

mately 336 results waveforms are automatically com
puted from these data and are made available for dis
play. These waveform data are transmitted to the 
TFTR Data Reduction System (RAX) and TFTR High-
Level Data Analysis System (HAX) computers for 
subsequent reduction, high-level analysis, and archiv
ing. A diagram of the TFTR Central Computing 
System Configuration is shown in Fig. 2. 
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TFTR Central Cnmputlng Conll^ursllon 

Figure 2. The Tokamak Fusion Test Reactor central com
puting configuration for FYSS. 
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TFTR Reliability and 
Performance Enhancements 

A Reliability Task Force was formed in FY38 to 
study overall reliability issues and to define enhance-
ments. The following reliability issues kJenufied by 
the Task Force were assigned to subcommittees and 
completed in FYB8. 

The Tokamak Subsystems and the Diagnostics 
Subsystems were merged in FY83 into a single 
computer for each function. The elimination of two 
computers has improved reliability of the overall sys
tem while decreasing maintenance costs in software 
and hardware. Archive operations were installed on 
a new Gould/SEL 32/67 computer, which was inte
grated into the on-line system. The new configuration 
provides neutral beams with a separate computer, 
giving needed reliability to this important covponent 
of TFTR and allowing neutral beams to ru.': indepen
dent of the ARCHIVE compiler availability. Four 858 
MByte disks were installed in the Control and D£ta 
Acquisition System, replacing obsolete disks with 
poor reliability history. 

The TFTR Radiation Monitor System w&s upg;aded 
to include archive services on the VAX Cluster and 
display data from the Test Cell ionization chambers. 
A diagram of the VAX Cluster is shown in Fig. 3. The 
Goutd-to-VAX File Transfer System was redesigned 
to support multiple SELA/AX Links in parallel. The 
new design provides faster serving of transfer 
requests, no loss cf transfer function to the VAX 
Cluster for single link failures, and a 250% increase in 
throughput over the previous system. In order to 
keep a CAMAC link operational it a crate loses 
power, old optic r .^uie baii-sry backup charging 
assemblies were repaired or replaced. In addition, 
the periodic routine measurement of CAMAC power 
supplies and specific calibration modules™ was 
implemented. 

A study was begun of failure modes of the Gas 
Injection System in order to provide design data for 
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VAX Cluster Configuration 

Figure 3. The Princeton Plasma Physics Laboratory VA X 
cluster configuration for FY8S. Total disk capacity is 20.9 
GBytss. 

the Tritium Gas Injection System. Enhancements 
were implemented to deal w?h corruption of data files 
during dual porting of disks on the Gould System, 
which caused data files to be corrupted, resulting in 
irretrievably lost data. The enhancements success
fully halved the corruptions. Two laser plotterp were 
added to the TFTR computer system to provide hard 
copy support 'or high-ljvel data reduction and analy
sis, reduce the load on existing units, and provide 
more reliable service. Software enhancements were 
implemented that successfully spool output if a laser 
printer fails. 

The following performance enhancements were 
m?de: 

A separate Slock Transfer System was installed on 
the neutrai-beam computer (NBC) to improve tne 
overall throughput of TFTR and neutral-beam data 
acquisition. The rates are now: TFTR = 100 kBytes 
per sec and NBC = 80 kBytes per sec. The console 
control and graphics delivery systems wer} upgraded 
to the Kinetics 2070 CAMAC interface, thereby 1ou-
bling the throughput of the delivery system to more 
than 4,800 plots per minute. The special pumose 
software system in the Safety System was upgi.'.ded 
to be compatible with the Kinetics 2070 CAMAC inter
face, resulting in improved reliability and error report
ing ol bad CAMAC modules. Graphics software was 
modified IO support the 2070 modules on the Console 
Computer for faster data transmission and reliability 
and enhanced graphics diagnostic capabilities. 
Software for the CAMAC interface for the Console 
Computer was upgraded to support the 2070 inter
face, thereby improving system reliability and dou
bling the effective throughput of the delivery system. 

A refurbished power supply was upgraded to fifty 
amperes capability. It was added to the CAMAC on
line system io facilitate reliable operation of a heavily 
ioaded crate. In addition, a high-speed data link was 
installed between the TFTR Control Room and the 
neu'rsi-beam 138-foot Level for the neutral-beam 
Cryogenic Refrigerator control and data acquisition. 
A Gould-basea skimming system was integrated to 
ensure adequate disk space. The Data Acquisition 
Server for TFTR was upgraded to allow the block 
transfer highway and the CAMAC highways to sup
port data acquisition in parallel. This upgrade 
reduced the overall acquisition time i ?0 MBytes in 2 
minutes. The installation of the device control data
base expansion has doubled the maximum number of 
devices that can be supported. 

The PBX-M Control System was synchronized with 
TFTR neutral beams to prevent ac (alternating cur
rent) power line variation from disturbing neutrel-
heam conditioning. T!ie fourth neutral-beam beam-
line was made operational and the neutrai-beam sys
tem now runs on a 2.5-minute cycle on all four 
beams. A laser plotter was procured for hard ccpy 
support of high-level data reduction and analysis. An 
additional 2.5 GBytes rf on-line storage devices were 
procured. A laser disk jukebox configuration, provid
ing storage and retrieval of TFTR data, was procured 
for more cost-effective on-line storage ard speedier 
retrieval of data. The total capacity oi ,.ie system is 
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160 GByies ot data, with an average retrieval time of 
30 seconds pt ' request. 

TFTR runctionality 
Enhancement 

The MPX3.3 version ot the Gould Operating system 
was installed on all Central Facility Gould Concept 
computers. The Physics Operations/Chief Opeiating 
Engineer Status and Alarm system was implemented 
using the CATS [Consc'3 Operating Station (COS) 
and Terminal Operating System (TOS) Status and 
Alarm System] and CAV (Complex Alarm \te able) 
packages. The system permits Physics Operations 
to monitor the status of a wide variety of critical sys
tems from a single Console Operating Station (COS) 
by observing one CATS display of superstatus infor
mation. Each critical system monitored has a corre
sponding display to isolate faults down to a compo
nent level. 

A prototype was developed for an Neutral-Beam 
Expert System, which will give the neutral-beams 
operator a consistent st=: of recommended setpoints 
for each shot. The Lot. Alpha System, which can 
acquire 32 MBytes of data, was designed and 
installed. Software for this system provides two-
dimensional digital signal processing and data com
pression techniques to optimize outputs of diagnos
tics that produce visual images and to perform a sim
ple compression of the large amounts of data gener
ated by this diagnostic. The Pre-Pulse Checking 
System, which aborts shots in case ot a subsystem 
failure, was made operational The installation of the 
VAX-to-Gould File Transfer and Feedback System 
allows TFTR data, archived on the »AX-based 
Ai chive system, to be restored and transferred auto
matically io the appropriate data disks on the Goulo 
System. 

A Programmable Logic Controller (PLC) was 
installed on 205 water switches and connected to the 
Gould computers for alarming and logging. The PLC 
monitoring support was incorporated into the stan
dard services ot the Device Control Package, allow
ing user applications to review PLC data as standard 
digital and analog points without special handling by 
the applications. Software was completed for the 
Plant Energy Monitoring System, giving major energy 
users in the Laboratory a display showing their indi
vidual power usage oi; j continual basis. Two addi
tional Thomson Scattering diagnostics were installed. 
An original method of generating profiles and (Ming 
them to data was developed and is now in use at 
PPPL and other fusion laboratories.11 

TFTR New Systems 

All TRECAMS (Tritium Remote Co.itrol and 
Monitoring System) equip nent was delivered, 
installed, and is operational. The TFTR ion cyclotron 
range of frequencies (ICRF)'2 development was 
completed on the MicroVAX System and on the 

Gould System. Hardware and software for the Radio-
Frequency Probe prototype were installed and hard
ware and control software to' m expanded Radio-
Frequency Probe were also instiled. A Microwave 
Scattering data acquisition, control, and monitoring 
system was designed and constructed, and a diag
nostic was installed. Hardware cabling was designed 
for th? Maintenance Manipulator Arm. 

Experimental Projects 

Princeton Beta Experiment-Modification 

A primary focus on Princeton Beta Experiment-
Modification (PBX-M) 13-ie was to increase reliability, 
functionality and performance. Increased archival 
reliability was ensured by the integration ol archival 
acknowledgement before deletion of data. Twenty 
medium-resolution monochrome terminals were pur
chased to replace obsolete equipment for high-speed 
graphics display. Five additional high-resolution 
monochrome terminals were purchased to replace 
obsolete diagnostic control terminals. Two laser plot
ters were purchased to provide hardcopy support tor 
the real-time displays as well as for output from inter
active programs. In order to provide advanceo ir ch-
nology features, a Computer Aided "oftware 
Engineering (CASE) tool a-xf a workstation were pro
cured. The remaining diagnostics were converted to 
the VAX link from the PDP-11 link. 

The PBX CAMAC highway was madr into a star 
configuration to aid debugging hardware problems. A 
stand-alone computer-based CAMAC system was 
provided to load PBX-M power supply control wave
forms. Data acquisition channels were provided for 
the PBX-M X-ray Imaging System. The Soft X-Ray 
Pinhole Camera diagnostic was supported on a 
staid-alone PDP-11 with archival storage to the local 
optical dist: recorder. 

Compact Ignition Tokamak 

Preliminary specification and design work was 
begun on the Compact Ignition Tokamak (CIT).'''-» A 
CASE toot, CADRE Teamwork, was purchased for 
evaluation. A Systems Requirements document was 
drafted. An investigation ol vendor products, and 
revision of the market survey were begun. System 
requirements inr the instrumentation and Control 
Data Handling System were drafted 

Genera! Purpose Systems 
Additions to the CADD (Computer-Aided Drafting 

and Design) System brought the total to 24 IBM 
Personal Computer and microcomputer woi-kstations, 
6 Cornputervision 4001 stations, and 2 Sun stations. 

Two laser plotters were procured to replace obso
lete Versatec printer/plotters for the User Service 
Center (USC). A Direct Access Storage Device 
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(DASD) was added in order to respond to the 
increasing use of the Center. 

Data communications equipment was installed to 
provide communications between 305 and 307 
College Road East and the PPL Computer Center 
(PPLCC). 

ELECTRONIC AND ELECTRICAL 
ENGINEERING DIVISION 

During the report period, significant Laboratory 
organizational changes reshaped the function of the 
Electronic and Electrical Engineering Division (EEED) 
in its relationship to the other Laboratory work units. 
In June the Division, which was structured to enable it 
organizationally to fulfill a functional role, was modi
fied to meet the new challenge of becoming a man
power resource organization. This change was predi
cated on the Laboratory assuming a stronger project 
organization posture. In support of this transforma
tion, most of the electrical and electronic assign activ
ities were transferred to the Project Divisions. In 
accord with the transfer of design personnel, a signifi
cant number of design support staff members were 
also transferred. The new EEED organization, in 
addition to its role as a home site for all electrical 
engineering personnel, also maintains strong 
Laboratory support activities. These include the AC 
Power Section, the Calibration and Test Laboratory, 
the Electronic Services Group, and the MG (Motor 
Generator) Operation and Maintenance Section. 

These functional activities support the overall 
Laboratory needs and the specific program directed 
needs of the ongoing projects. 

Prior to the reorganization, the Division was 
responsible for approximately 200 assignments, most 
of which included engineering design, development, 
and fabrication activities. While each of these devel
opments was important and had a significant role with 
relationship 1o the Laboratory's mission, one in partic
ular also demonstrated "re application of some of the 
modern oevelopments in electrical engineering. This 
program was the Coil Protection Calculator (CPC); a 
unit designed to model the coil system operation in 
real time, thus enabling the system operation to more 
fully fill the allowable stress envelope. The CPC per
forms a safe system shutdown in the event that 1he 
stress envelope is exceeded. The unit design cen
ters on the application of a 66020 microprocessor 
which can be expanded into a multiprocessor applica
tion (if future system expansion so requires). In the 
design configuration of the microprocessor and the 
associated support, electronics are connected via a 
standard VME Bus which operates at a speed of 16.7 
MHz. This bus which is widely used in industry is 32-
bits wide and synchro nous in operation. The CPC, 
as designed, uses 5 1 ' . kbytes of static RAM (Random 
Access Memory) and Mas approximately 3,500 lines 
of code, mostly written in "C" and assembly lan

guage. It is packaged using the Euro-Card standard, 
which is also the preferred system for the EEE 
Division. The unit is composed of 11 circuit cards 
and used in a redundant configuration. 

AC Power Section 
In FY88, the AC Power Section continued to pro

vide operational system support to the Tokamak 
Fusion Test Reactor (TFTR) and the Princeton Beta 
Experiment-Modification (PBX-M). This support was 
a major factor in the continuing improvement of the 
AC (alternating current) power system's reliability and 
availability. Installation of a 26-kV, six-transformer, 
Southeast Quadrant Substation was successfully 
completed and energized — thus becoming an avail
able supply to the Research Equipment Storage and 
Assembly (RESA) Building, installation of the RESA 
Building's permanent electrical distribution system 
was essentially completed at year's end. Installation 
work began on the building's permanent electrical uti
lization system to accommodate the Laboratory sup
port shops and machines that occupy the building. 

Design was completed and transformer procure
ment awards made for four (PCB) polychlorinated 
bithenyls replacement transformers — with installa
tion planned for early FY89. Conceptual design doc
umentation was developed to support funding 
replacement of the remaining seven PCB transform
ers. 

Design continued and procurement started for two, 
138-kV, SF6 circuit switchers — thus eventually lead
ing to the replacement of the remaining obsolete 138-
kV disconnect switches and improvement to the sys
tem's availability and reliability. 

Engineering and design was completed and an 
award placed for procurement of an uninterruptible 
power supply (UPS) to provide power for future TFTR 
deuterium-tritium (D-T) operation. 

A broad range of support tasks also included the 
continuing implementation of an ongoing electrical 
preventive maintenance subcontract program, con
tributing much to enhancing the reliability and avail
ability of the Laboratory's ac electrical system. A pro
gram was initiated to return obsolete and faulty power 
circuit breakers to their respective manufacturer tor 
rehabilitation and repair. Performance of additional 
tasks included: support, reviev and engineering 
commentary for consultant-originated studies for the 
TFTR tritium system; investigative testing, coordina
tion, removal, repair and reinstallation of a failed 5-kV 
900-horsepower (TFTR) chiller motor; maintenance, 
operation, repair and load testing of the Laboratory's 
various mobile and stationary standby generators; 
testing, investigation, procurement, replacement 
and/or repair of several 5-kV failed cable feeders. 

FY88 saw the Section continue its review, inspec
tion, and supervision of construction-related activities 
and completion of the program to update the nearly 
five hundred panelboard directory and one-line draw
ings for C-Site. 
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Calibration and Test Laboratory 
During tha current report the Calibration and Test 

Laboratory (CTL) served in its assigned roles, which 
include support of experimental equipment, calibra
tion and test of standard electrical and electronic test 
and measurement equipment, equipment loans to 
users, and design of equipment setups for special 
projects. In excess of 1,600 items were processed 
for repair and calibration. Of this group, approximate
ly 700 were processed in subcontract off-site facili
ties. This enabled the core group to expand its 
capacity without the growth of in-house staff. 

The Laboratory is currently in the process of 
expanding the calibration activities in place to include 
a broader spectrum of test and measurement equip
ments. The lead group in this expansion is the CTL 
To enable this expansion a top-down study was made 
which resulted in an efficient processing system. In 
support of this methodology, a new computer system 
has been created with the software developed by the 
Computer Division to enable the expansion. The 
expanded program is scheduled to be fully opera
tional in the next report period. 

Electronic Services Group 
The Electronic Services Group (ESG) performed its 

role as the central Laboratory lacility for the fabrica
tion of electronic equipments. The ESG, which 
strongly emphasizes workmanship quality through 
careful design, skill certification, and quality control 
inspection, had a return/reject rate for machine deliv
erable equipment that was essentially zero. Although 
several hundred small tasks were completed during 
the report period, the more major work items were: 
TFTR X-ray Imaging System Revamp, PBX-M X-ray 
Imaging System Revamp, TFTR Coil Protection 
Calculator Project, TFTR Radio-Frequency Probes 
Diagnostic, Amplitude and Phase Detector System, 
TFTR Maintenance Manipulator Controls, TFTR 
Torus Vacuum Pumping System Support, and TFTR 
Liquid Helium Refrigeration System Control Panels. 

MG Operation and Maintenance 
Section 

The MG Operation and Maintenance Section pro
vided the operation and maintenance for the C- and 
D-Site motor generator (MG) systems, which resulted 
in an availability of greater than 97%. The Section 
also perform;^ critical maintenance activities on the 
water systems at C- and D-Sites. The Section suc
cessfully implemented three electric power load 
reductions during 1988. In performing the above 
tasks, the Section demonstrated a wide variety of 
skills and disciplines, all of which made requisite by 
the wide variety of tasks associated with the subject 

systems. Some examples include: babbitt bearing 
studies, motor gusset weld crack analysis, upgrading 
of cycloconverier annunciation, monitoring for the 
waste oil sump holding tank, and kirk interlock system 
for safe access to the moior generator pit. 

ENGINEERING ANALYSIS 
DIVISION 

The role of the Engineering Analysis Division (EAD) 
is to support the physics programs of the Laboratory 
and the national fusion effort by providing evaluation 
and planning of new and upgraded experiments, con
ceptual and preliminary engineering design services, 
and systems engineering services. The EAD also 
develops and maintains computer programs for 
design and analysis and performs analyses in areas 
of technology such as radiation, solid and fluid 
mechanics, heat transfer, vacuum and cryogenics, 
superconductivity, electromagnetics, and field design. 
There are two technical units in the division: the 
Thermomechanical Branch and the Plasma 
Engineering Branch. 

Thermomechanical Branch 
The Thermomechanical Branch provides a broad 

spectrum of capabilities in stress and thermal analy
sis and mechanical design. Most of the activity for 
this year was divided between the Tokamak Fusion 
Test Reactor (TFTR) and the Compact Ignition 
Tokamak (CIT) projects. In addition, the Branch sup
ported the ongoing effort to enhance the analytical 
capabilities of the EAD. 

CIT Toroidal-Field Coils 

Stress analysis of the CIT toroidal-field (TF) coils 
continued during the fiscal year. Two configurations 
were studied, one with a beryllium copper conductor 
and one with an lnconel-718/copper-laminated con
ductor. A model of the entire coil and case assembly 
was developed. Orthotropic linear material properties 
were used to model the conductor and insulation bun
dle. A detailed model of the inner leg of the TF coil 
near the midplane was developed. This model used 
nonlinear material properties in order to more accu
rately predict the behavior of the inner leg. 

Development of the TF coil conductor progressed 
on two fronts. Two vendors were selected to produce 
a full-size prototype beryllium copper inner leg. Four 
vendors were selected for ihe first phase of develop
ment of t.n explosion-bonded lnconel-718/copper 
conductor. This phase of the conductor development 
will result in flat Inconel/copper conductors with the 
length and width required for the CIT toroidal-field 
coils. 

In an effort to verify the performance of ihe 
Ificonel/copper conductor as well as ihe accuracy ol 
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nonlinear finite element modeling, a series of tests 
were run in which specimens of laminate were loaded 
in face compression. Results of these tests were 
accurately predicted by finite element models of the 
test specimens.?1 

TFTR D-T Shielding 
A structural analysis of the TFTH deuterium-tritium 

{D-T) shielding structure, performed by Ebasco, was 
reviewed by EAD. Detailed calculations and the 
design approach were checked, and compliance with 
the appropriate design codes was verified. 

TFTR Neutral Beams 

The reorientation of the neutral-beam boxes neces
sitated an examination of the pivot point bellows. The 
existing design and a proposed new design were 
analyzed lor all operating scenarios. Results of the 
analysis showed that the existing bellows would be 
adequate. 

TFTR RF Heating 

The analysis and design of the ion cyclotron range 
of frequencies (ICRF) antennas was completed. 

TFTR Toroidal-Field Coils 

The existing model of the TFTR toroidal-lie^ coil 
was slightly modified and rerun in order to study the 
effects of loose coil case bolts on critical stresses. 

TFTR Coil Protection Calculator 

The final set of stress coefficients for the TFTR Coil 
Protection Calculator was determined. All coeffi
cients were checked against the systems code and 
the finite element models from which they were 
derived. 

Plasma Engineering Branch 
The Plasma Engineering Branch performs systems 

engineering, electromagnetic analysis and design, 
and radiation analysis. Systems support for large 
experiments is provided from the preconceptual 
design phase to the start of operation. Design and 
analysis of magnetic field systems and their interac
tion with associated electrical and mechanical sys
tems are performed. The Branch also performs radi
ological- and radiation-related analyses and assess
ments for the design, operation, and instmmentation 
of experimental devices at Princeton Plasma Physics 
Laboratory (PPPL). This year, the activities of the 
Branch were primarily divided between CiT and 
TFTR. Some work was performed in support of the 
Princeton Beta Experiment-Modification (PBX-M). 

CIT Systems Engineering 
Several major analysis tasks were performed in 

support of the CIT project. An accurate calculation of 
the eddy current forces on the CIT vacuum vessel 
was obtained by using the Tokamak Simulation Code 
(TSC) in conjunction with the SPARK code. The TSC 
is used to model a plasma disruption using an ideal
ized two-dimensional model of the vacuum vessel. 
The predicted plasma transient is then used as input 
to a fully three-dimensional model of the vacuum ves
sel in SPARK. Forces from the SPARK program are 
then used as inputs to a NASTRAN finite'element 
model of the vacuum vessel which is used to assess 
the mechanical behavior of the CIT vacuum vessel. 

Figures 4 and 5 show the patterns of poloidal and 
toroidal eddy currents, respectively. The SPAP.K 
code computes all eddy current forces, including 
those due to the interaction of the currents witn their 
own fields. 

Other tasks included thermal modeling of power 
cables, steady-state modeling of Soviet generators in 
a CIT application, and development of a data acquisi
tion and processing system for CIT material testing. 

#69E0B79 

Figure 4. Pohidal eddy currents in the Compact Ignition 
Tokamak vacuum vessel. 

Radiation Analysis on CIT 

Radiation-related issues were addressed in support 
of the CIT design. The advantages and disadvan
tages of an "igloo" shield around CIT were analyzed 
from radiation and shielding perspectives.^ 
Radioactivity and waste disposal issues of the CIT 
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tokamak structure were examined. Bulk shielding 
requirements for CIT were estimated. The activation 
of residual nitrogen in the CIT cryostat was exam
ined, as was air activation. Survey calculations ol 
postshutdown dose rates were performed. The 
effects of radiation on diagnostic equipment were 
analyzed. A two-dimensional radiation transport 
model was developed for CIT, and a simplified algo
rithm for calculation of nuclear heating in the CIT 
toroidal-field coils was developed. 

The processing of new nuclear and gamma ray 
cross-section data was completed. An updated 
transport and KERMA data library, in the fine and 
coarse energy group structure, was completed. 

«39EOS7S 

Figure 5. Toroidal eddy currents in the Compact Ignition 
Tokamak vacuum vessel. 

Radiation Analysis on TFTR 

The final design of the "igloo" shield for D-T opera
tion was analyzed.' Establishment of a radiation data 
base was necessary for this task. A complete analy
sis lor the penefations in the shield was carried out, 
and design options werw recommended. Maps of 
radiation contours were also produced to aid the 
design and operational planning. 

The environmental impact of the release of radioac
tivity was assessed. Meteorological data collected on 
site were updated to include measurements for the 
year 1988. The impact of new buildings near the col
lection tower on the quality of the measured data was 
assessed. 

Neutron transport simulations were performed to 
complement calibration experiments for neutron 

detectors. An algorithm was developed to calculate 
the response of moderated 23su delectors, which are 
the primary diagnostics for measuring fusion yield. 
The calculated response was compared wilh calibra
tion experiments performed in early FY88. Sensitivity 
studies were carried out to assess the effects of plas
ma major radius, minor radius, and angular ani-
sotropy on the neutron emission in ihe neutral-beam-
heated discharges. The responses of activation foils, 
which were used in the triton burn-up studies, were 
also calculated. 

TFTR Systems Engineering 
The fault transient electromagnetic analysis for ihe 

TFTR rectifier transformer was completed. A method 
for determining ii'iyristor thermal transients was devel
oped. 

Princeton Beta Experiment-Modification 

Electromagnetic forces on the passive coils were 
calculated for several operating scenarios. 

MECHANICAL ENGINEERING 
DIVISION 

The Mechanical Engineering Division (MED) pro
vides engineering and technical services to the many 
projects and programs at the Laboratory. The 
Division consists of three branches: the Mechanical 
Technology Branch, the Vacuum and Cryogenics 
Branch, and the Coil Systems Branch. In addition to 
the branches, there is an independent Engineering 
Sen/ices Group. The Division's major efforts and 
activities during FY88 were for the Tokamak Fusion 
Test Reactor (TFTR), however some resources were 
applied to the PBX-M (Princeton Beta Experiment-
Modification) project. The needs ol the remaining 
research programs were met as required. Durinp this 
report period the design function of the Mechanics; 
Engineering Division was transferred to TFTR, PBX-
M, and CIT, 

The Engineering Services Group provides bkiiled 
technicians to perform maintenance, fabrication, and 
installation work for the various MED branches and 
for any other groups within the Laboratory. This 
group is organized into several shops according to 
skill. The electrical shop pulls heavy cable and per
forms electrical work up to 200 kV, both for the major 
experimental devices and smaller individual laborato
ries at PPPL. The electrical shop also installs control 
wiring, interconnecting computer cabling, and some 
instrumentation wiring. The plumbing shop maintains 
water systems for the experimental devices and fabri
cates new systems. The carpenters' shop builds 
wooden structures, platforms, and enclosures. If also 
fabricates special molds and forms for coil winding, 
models for developmental studies, and shielding for 
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diagnostic devices. The metal and weld shops 
design, fabricate, modify, and install various mechani
cal structures throughout the Lab. Work ranges from 
electronic enclosures to very large structural weld-
ments in melals ranging from 0.010-inch to 1.5-inch-
es thick. The electrical design group designs control 
and power cable installations including the required 
conduit and tray work. These design services are 
mainly in support of the TFTR device. The Engineer
ing Services Group also hired, trained, and provided 
daily supervision and administration foi me over 60 
subcontract technicians used by the various MED 
and TFTR divisions during the FY88 TFTR shutdown. 

There were no activities of the Coit Systems Branch 
during FY88. The personnel in this Branch were 
assigned to other groups. 

Mechanical Technology Branch 
Prior to the reorganization of the Engineering 

Department, the Mechanical Technology Branch con
sisted of two engineering sections: the Diagnostics 
and General Fabrication Section, and the Materials 
Testing Laboratory. In addition, the Branch included 
the Mechanical Drafting Group and the Machine 
Shop Services Group. 

Diagnostics and General Fabrication 
Section 

The Lrttium Pellet Injector (LPI) was installed on 
TFTR during FY88. Design and fabrication of the LPI 
support structure, as well as 1he PPPL/MIT (Princeton 
Plasma Physics Laboratory/Massachusetts Institute 
of Technology) interfaces was completed. 

A Pneumatic Illumination System test probe was 
designed, fabricated, and tested. The evaluation of 
this prototype led to the design of a Fixed Illumination 
System (FIS). Design and fabrication of a prototype 
FIS was started during the period. 

A variety of diagnostic tasks were completed for 
TFTR. Included in this category were the design and 
fabrication of Mirnov coils, shielding in the test cell 
basement for the X-Ray Crystal Spectrometer, 
redesign of the Tangential Bolometer, design and 
installation of the Radio-Frequency Labyrinth, and the 
redesign and installation of the Horizontal X-Ray 
Crystal Spectrometer vacuum seal. 

The TFTR Bay-K port cover involved an extensive 
redesign. Shutters and air actuators for Visible 
Impurity Photometric Spectrometer and Hydrogen 
Alpha Interference Filter Array, as well as a torus 
interlace valve lor the Lithium Pellet Injector, were 
included in *ws effort. The design and installation of 
a system to provide coolant, SF6 (sulfur hexafluo-
ride), and an to the radio-frequency antennae was 
also completed during FY86. 

Seismic and stress analyses were performed dur
ing the period. This effort included a preliminary seis
mic analysis of the proposed TFTR deuterium-tritium 
(D-T) igloo shielding, as well as a thermal and seis

mic analysis of the TFTR heating and cooling system 
deuterium-tritium modifications. A seismic analysis 
was also completed for the TFTR ion cyclotron range 
of frequencies transmission line and support towers 
as well as a state analysis of the TFTR ion-source 
box support structure. 

TFTR D-T Modifications 

The Mechanical Technology Branch became 
involved in the preparations for TFTR D-T operations 
early in FY88. In addition to the seismic and stress 
analysis tasks noted above, branch engineers were 
active in thrae major areas: the modifications to the 
electrical and mechanical systems in the individual 
bays to provide space for the D-T igloo construction, 
the redesign of the TFTR heating and cooling system 
piping runs to reduce the overall height oi the igloo 
shielding, and the modifications to the Bay C Pump 
Duct including the preliminary design of an impurity 
cryopumping system. 

Materials Testing Laboratory 

During the first six months of FY88, the Materials 
Testing Laboratory performed a total of 35 tasks, 
about evenly divided between TFTR and the 
Compact Ignition Tokamak (CIT). In addition, the 
Materials Testing Laboratory conducted hundreds of 
routine tests on weld qualification samples, as well as 
the calibration of pressure gauges, hydraulic cylin
ders, and load cells. 

A major task for TFTR included the tension tests on 
high-strength bolts lor the upper umbrella structure 
splice joints. Other TFTR tasks involved the installa
tion of 96 thermocouples on the neutral-beam scraper 
plates, and the preparation of welded thermocouples 
with ceramic ends. A number of tasks were per
formed for CIT. including residual stress tests on 
Inconel 718, shear/compression tests of Inconel/ 
Copper laminate, and shear/compression tests of 
Polyimide insulation for the CIT coil insulation. 

Vacuum and Cryogenics Branch 
Vacuum Section 

The Vacuum Section's activities in FY88 were pri
marily to support Ihe TFTR device. The majority of 
the engineering efforts was devoted to various 
aspects ot the TFTR D-T program. 

The maintenance manipulator, designed to remote
ly perform maintenance and repair functions in 
TFTR's vacuum torus to reduce personnel exposure 
to radiation during the D-T program, was completed 
and shipped to the Princeton Plasma Physics 
Laboratory (PPPL) in August, 1988. This device, 
shown in Fig. 6, was developed under two cost-sharing 
agreements. The manipulator portion was provided 
by Kernforschungszentrum-Karlsruhe of Karlsruhe, 
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Figure 6. Trie Tokamak Fusion Test Reactor maintenance 
manipulator undergoing testing at Kernforschungszentrum-
Karlsruhe (KM), Wast Germany. (88E0680) 

West Germany; the vision and lighting system was 
provided by Centre Energie Atomique ol Paris, 
France. Following further lesting at PPPL, it will be 
installed on TFTR as part of the preparations for the 
D-T program. 

The manipulator will be housed in a 2.4 m diameter 
by 7.6 m long vacuum sntecharrCcr, which was 
designed and fabricated at PPPL. This chamber was 
completed during this fiscal year and will be used to 
perform vacuum testing of the manipulator prior to its 
installation. 

Development work was performed on an in-vessel 
vacuum leak detector. A commercially available unit 
was tested in a specially prepared chamber which 
simulated leak testing conditions in TFTR. The tests 
indicated that it could be used, but the detector must 
scan from a distance ot less than 5 cm. 
Consequently, additional work was undertaken on a 
"le<ik telescope" which will permit scanning at greater 
distances. The preliminary leak telescope investiga
tions were performed at General Atomics Company 
and were encouraging. Further development of a 
leak telescope is planned in the future. 

The TFTR D-T igloo design, illustrated in Fig. 7, 
reached the final design stage in FY88 with the assis
tance of Ebasco Services, Inc. The Vacuum Section 
provided technical management to the Ebasco team 
which was responsible for the detail design and engi
neering, fabrication, and installation of components. 
By the end of FYS8, the first of several final design 
review packages was successfully completed and 
reviewed, and long lead-lime items were ordered. A 
full-scale, concrete mock-up of a wall segment was 
fabricated and successfully demonstrated the 
planned fabrication methods. 

BAY C FXJMP 
DUCT ENCLOSURE 

• NEUTRAL SEAM 1,3 
ENCLOSURE 

Figure 7. The Tokamak Fusion Test Reactor deuterium-
tritium igloo shit !d configuration. 

The Vacuum Section completed preliminary scop
ing studies and a conceptual design lor a remote 
handling system to provide basic capability to service 
components external to the vacuum vessel. Oak 
Ridge National Laboratories was selected to com
plete the design and supply the system. This effort 
results in the system design configuration shown in 
Fig. 8. The external manipulator system would share 
the existing master/slave manipulator system with the 
Maintenance Manipulator and would be operated 
from the same control room. Two system configura
tions were studied: an extendible boom-mounted 
manipulator, which would be suspended from ihe Test 
Cell overhead crane, and the chosen pallet-mounted 
system. The pallet design was selected because it 
provides more operating flexibility and its implemen
tation was not dependent on access to the Test Ce'l. 

Figure 8. The Tokamak Fusion Test Reactor external 
manipulator as depicted in an Oak Ridge National 
Laboratory preliminary design drawing. 
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Cryogenics Section 

A. design was prepared (or a 20 °K impurity cryo 
pumping system for TFTR glow-discharge cleaning in 
the tritium operation mode. The purpose of this sys
tem is to reduce the amount of tritium-contaminated 
glow-dischavge-cleaning gas required. This will 
greatly reduce the operations required of the tritium 
cleanup system. 

The 1,000-watt helium refrigeration system which 
supply the TFTR neutral beam was routinely operat
ed during FY88. 
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PROJECT PLANNING AND SAFETY OFFICE 

Fiscal year t988 was a year that saw many safety-
related accomplishments by the Laboratory. 

OCCUPATIONAL SAFETY 
An extensive revision of Hearth and Safely 

Directive (HSD) 5029, "Safety Review of Procure
ments." was completed. As a result, chemical 
reviews are more current, and the Material Safety 
Data Sheet (MSDS) file gets continually updated and 
expanded. The review process now looks at environ
mental " J disposal issues as well as occupational 
health, and several chemical purchases have been 
"flagged" for further surveillance or substitution. 
Requisitioned appear more aware and more recep
tive of the review process, and the procurement 
department was diligent in rejecting chemical pur
chases for lack of review. 

Many improvements were made in the Industrial 
Hygiene/EnviinniT.pntal Protection area. They were 
made possible in large measure through the hiring of 
a highly qualified and motivated industrial hygiene 
assistant. The Laboratory has been very fortunate to 
simultaneously acquire valuable new environmental 
expertise while increasing the depth of its industrial 
hygiene staff. 

During FY8S, more than 35 air quality and asbesios 
evaluations were performed, and 77 confined-space 
entry permits were issued. 

Through acquiring new instalments, refurbishing 
existing ones, and improving the routine service c- all 
instruments, a quicker response to air monitoring 
requests has been achieved, and a greater state ot 
readiness 1or routine and emergency monitoring is 
maintained. It was also possible to spend more time 
directly observing activities during monitoring and to 
oversee critical confined-space entries, asbestos 
removals, and PCB projects to ensure their proper 
completion. 

Many improvements were made in the Respiratory 
Protection Program including the central control of 
respirators by the Occupational Safety Branch (OSB) 
and the revision of the Health and Safety Manual 
Section on Respiratory Protection, 

In the Industrial Safety area, an ad hoc committee 
was established with representation from both safety 
and operations and with a charter to make recom
mendations to the Deputy Director for Technical 
Operations (DDTO) for ways in which to improve the 
Laboratory's safety performance. As a result of the 
committee's recommendations, efforts are being 

made to promote safety involvement by all personnel 
through the establishment of small group meetings 
for all laboratory and shop employees. The OSB is 
facilitating these meetings by providing "Tool Box 
Training" — short training packages on a topic closely 
related to work done by the small group — and mate
rials for use by the small group leaders. 

Administration of the safety program was greatly 
enhanced through the establishment of a computer-
based satety follow-up program. During the past sev
eral months of use, approximately 250 safety-related 
action items were entered into the program with 70-
75% of them having been closed to date For those 
Hems not closed, a monthly request for update is sub
mitted to each responsible individual and to the 
department and project head. After status reports are 
received, a summary of all open items and all items 
closed since the last report is submitted to members 
ot the Executive Safety Board (ESB). Action items 
for this system are generated from Accident Reports, 
ESB Meetings, internal or external Safety Audits and 
Appraisals, Management Discussion Meetings with 
Area Safety Coordinators or Supervisors, Unusual 
Occurrence Reports, Management Safety Walk 
Throughs, Monthly Management Safety Meetings, 
etc. 

The Area Safety Coordinator (ASC) Program was 
upgraded and formalized through the development 
and implementation of a new Health and Safety 
Directive, HSD 5009. This directive created a new 
position called Cognizant Area Supervisor or CAS. 
The CAS is a manager, generally of Branch Head 
level or higher, who is directly responsible for the 
safety of a given area. 

In an attempt to provide frequent safety reminders, 
approximately 800 safety posters were purchased 
and posted throughout the Laboratory. 

In addition to the new accomplishments listed 
above, many ongoing activities were continued, such 
as investigating and reporting on accidents, conduct
ing internal safety audits, publishing Safety Bulletins 
and HOTLINE articles, monitoring construction pro
jects, and inspecting work areas. 

Safety training continued to be an emphasis area 
with over 130 classes in 24 categories with a total 
attendance exceeding 2000. Part o1 this training 
effort included a course specially developed to com
bat the Laboratory's high incidence of strains and 
sprains. That course was presented to over 200 
employees, and it is gratifying to note that the 
Laboratory's incidence of strains and sprains for 1988 
is down considerably from the previous year An 
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emphasis on off-the-job safety was provided through 
a health and safety fair. 

In the area of fire protection, a fire protection engi
neer was hired and a survey of lire detection and 
suppression systems was completed, with several 
recommendations made. In addition, a Life Safety 
Code Survey of the Laboratory is well underway, with 
discrepancies being identified and recommendations 
being made. 

In the Environmental area, a complete Lab-wide 
inventory of PCB capacitors was completed and com
puterized, and SARA Title ill inventory and reporting 
requirements were met on schedule. 

In an effort to prevent unnecessary costs, a pro
cess of need verification was started for the approxi
mately 1,000 employees that the Laboratory provides 
monthly film badge service for. This process is about 
70% complete. Numerous badges no longer needed 
have been identified and deleted from the system. 

In order to comply wilh new Department of Energy 
(DOE) radiation exposure reporting requirements, 
extensive work was completed to provide DOE with 
the required data on computer disk. This new report 
includes detailed information on each employee who 
was provided with a badge as opposed to reporting 
total Lab-wide exposure, as has been done in the 
past. 

The Laboratory has improved its ability to provide 
timely and authoritative safety information through the 
acquisition of several important reference texts and 
an expanded collection of environmental and 
Occupational Safety and Health Administration 
(OSHA) regulations. 

The bottom line in safety is, of course, the accident 
record. It is noteworthy that the 1988 Safety 
Performance Index — a measure of both the number 
and severity of accidents — was only about half that 
of 1987 and during the year the Laboratory achieved 
over 1,000.000 hours worked without a lost time acci
dent. 

PROJECT AND OPERATIONAL 
SAFETY 

The Project and Operational Safety office worked 
closely with the Tokamak Fusion Test Reactor (TFTR) 
Project and with other Princeton Plasma Physics 
Laboratory (PPPL) projects. As in past years, heavy 
emphasis was placed on day-to-day interactions and 
on close support of project personnel, especially in 
the area of health physics. Coordination of prepara
tions for the Deuterium-Tritium (D-T) Amendment to 
the TFTR Final Safety Analysis Report (FSAR) con
tinued with the TFTR D-T Systems Division. Input 
was supplied in the area of environmental and safety 
concerns for the Compact Ignition Tokamak (CIT). 
Extensive reviews of the draft CIT Environmental 
Assessment (EA), with particular emphasis on radio
logical issues, were provided. Safety personnel pro

vided assistance to the National Oceanic and 
Atmospheric Administration (NOAA) personnel who 
conducted tracer gas tests to help determine actual 
atmospheric dispersion and dilution values versus the 
very conservative theoretical values used in 
Gaussian plume models. In May, PPPL published its 
sixth Annual Environmental Report.' This document 
reports on PPPL's environmental monitoring program 
and reviews PPPL's compliance with governmental 
regulations. Besides on-site accident investigations 
and reviewing accident reports from other laborato
ries to assess the potential for similar accidents at 
PPPL, at the request of DOE. this office also partici
pated in an accident investigation at another DOE 
facility. 

The Radiological Environmental Monitoring 
Laboratory (REML) received its initial certification 
from the Environmental Protection Agency (EPA; 
through the New Jersey Department of Environmen
tal Protection (NJDEP) in 1986 lor its tritium analysis. 
In FY88, the REML was moved to a new facility at C-
Site. An inspection and review in April 1P<$8 by 
NJDEP recertified the tritium analytical process. 

A program is in place to continue to revise and 
update PPPL's Health and Safety Directives (HSD's). 
HSD-5008, Section 2 on electricai safety, Section 3 
on laser safety. Section 10 on radiation safety. 
Supplement 10-3 on the storage of radiation materi
als, and Supplement 10-5 on radiation protection 
education were revised, approved by the Executive 
Safety Board (ESB), and issued. 

Health physics surveys, electrical inspection, 
mechanical/cryogenic inspection, interlock testing, 
and overall safety reviews continued for all PPPL pro
jects. A Safety Assessment Document (SAD) for the 
Princeton Beta Experiment-Modification (PBX-M) was 
approved and published in April 1988.: Training pro
grams in radiation safety added 329 individuals to the 
rolls of "radiation qualified." This course has to be 
passed every two years in order for personnel to 
remain qualified. Capacitor bank accessor training 
and recertification continues. Project and Operational 
Safety has completed a program to provide low-volt
age rubber gloves to each of PPPL's electrical 
employees. 

Environmental issues have taken on an increased 
emphasis at all DOE facilities. Extensive reviews 
were given to many DOE and EPA documents. In 
June 1988, DOE conducted an environmental survey 
at PPPL. This no-fault survey, also conducted at 35 
other DOE sites, was headed by DOE Headquarters 
with subcontractor technical personnel who had envi
ronmental expertise in air, water, soil, biota, and 
radioactive and chemical pollutants. While the review 
was quite extensive, the findings at PPPL are consid
ered to be insignificant, and in most cases, had been 
previously identified by PPPL with action plans 
already under way. Extensive reviews and participa
tion in TFTR project safety and environmental issues 
is reported in the TFTR section. 
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QUALITY ASSURANCE AND RELIABILITY 

In 1988, Quality Assurance and Reliability (QA/R) 
extended its support of the Tokamak Fusion Test 
Reactor (TFTR) Reliability Improvement System, 
continued its active involvement in Compact Ignition 
TokamaK (CIT), and furthered the development ol 
professionalism within the QA/R staff with a formal 
certification and draining program. In addilion, major 
effort was also undertaken to revise and update both 
the PPPL Procedures Manual and the PPPL Ouafity 
Procedures Manual, and to expand and improve the 
PPPL Quality Audit Program. 

TFTR RELIABILITY 
IMPROVEMENT SYSTEM 
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The TFTR Reliability Improvement System has six 
(6) major components: Failure Reports, Work 
Permits, Failure Mode Effects and Critical Analysis 
(FMECA's), Trending, Operations Review Board 
(ORB), Reliability Target List, and Availability 
Analysis. 

Failure Reports 
Effective second quarter FY88, a new failure report

ing system was initiated. The focus of the new sys
tem was on hardware failures, with attention given to 
equipment which could impact deulerium-tritium (D-T) 
operations. Failures were identified in hierarchical 
fashion down to the lowest level on a Ctilical Parts 
List (CPL), specially developed for TFTR. The use of 
standardized nomenclature for the machine parts 
allowed (or improved trend analysis. 

Figure 1. TFTR Test Cell access analysis lor February 
through October 1988. Chart shows number of entries for 
a specific activity by total and major system. 

Failure Mode Effects and 
Criticality Analyses 

Failure Mode Etfects and CriticaVity Analyses 
(FMECA's) were conducted lo identify system com
ponents most likely to cause significant problems dur
ing deuterium-tritium operations. In FY88, FMECA's 
were completed for diagnostics and neutral beams. 
Work on FMECA's lor other aspects of TFTR was 
begun. The output of the FMECA's was used and 
continues to be used as an input for the Operations 
Review Board Reliability Target List. 

Work Permits 
Also in the second quarter ol FYee, a new Work 

Permit System was initialed. The goal of this system 
wa? to monitor each access to the Test Cell and Igloo 
areas in order to obtain additional information on why 
entries were required (failures, calibrations, etc.). 
Figure 1 shows the distribution of Igloo work permits 
tallied by TFTR system and principal reason for the 
time period of Febniry ,d88 - October, 1988. This 
data enabled TFT< management to tailor project sys
tems and rufpj to minimize the impact of unneces
sary accesses. The system's major contribution lo 
the reliability program was improved control of work-
in-progress in the Test CeK resulting, among other 
ihings, in improved housekeeping discipline. 

Trending 
Trending was performed to predict the reliability ot 

TFTR with respect to the scenario of D-T operations. 
During the FY88 run period, there were 34 charge
able failures that would have required an Igloo 
access to repair during D-T operation. Of these, ten 
were immediately addressed with remedial action 
taken to prevent a reoccurrence of that failure mode. 
A management review of the remaining 24 lailures 
indicated that it these had occurred during D-T opera
tions then in 19 cases a decision would have been 
made to continue D-T operations. The five remaining 
lailures, involving loop faults and water leaks, were 
identified as critical, since they would have necessi
tated Igloo access. 
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Figure 2 shows the reliability growth of TFTR with 
respect to D-T operations. Tiiis plot uses the gener
ally accepted Duane Reliability Giowth Model which 
predicts that a log-log plot ot system Mean Time 
Between Failures (MBTF) against time will follow a 
straight line. A target MTBF of 5,000 hours would 
result (using a serial model) in an approximate 70% 
chance of completing the D-T mission withojt a sig
nificant failure, assuming 80 hours of operation per 
week. 
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Figure 2. 7FTFI reliability growth chart with respect to D-T 
operations. Time in hours is basse) on an 80 hours per 
week run period. The lailures are given through October 
15, 1988, and the operating hours exclude openings. 

The growth line of Fig. 2 labelled "Plot based on 
Critical failures'' indicates what could be expected 
without a major reliability improvement effort. It may 
be noted from (he figure that actual data projects a 
system MTBF of about 1,200 hours at the start ot D-T 
operations (January 1991). A step function improve
ment, i.e., Ciianges in the system that would signifi
cantly increase reliability, would be required. Such 
changes are achieveable and have been identified 
and documented via the ORB Reliability Target List 
(see below). Note that, even without these reliability 
changes, an MBTF of greater than 1,000 hours is 
clearly achievable. This would result in better than a 
50% probability of completing D-T with no more than 
one required in-lgloo repair. 

ORB Reliability Target List 
The Operations Review Board (ORB) consists of 

key personnel from each system who meet to 
address significant failures and their impact on D-T 
operations. As a result of data obtained from the 
Failure Reports and FMECA's, a Reliability Target 
List was generated by the ORB. For each failure 
identified on this list, a Corrective Action Plan was 

generated that, it implemented, would prevent the 
failure from reoccurring. 

Availability Analysis 
In August, 1988, an improved version of the TFTR 

Operational Log was installed. This version simplified 
the maintenance of availability records for TFTR and 
expanded the type of data collected. 

The availability ol TFTR showed significant gains 
during the April 22 - October 7, 1988 time frame, as 
seen in Fig. 3. The average availability for this period 
was 70.2%. However, for the most recynt run 
(August 29 - October 7, 1988), the average availabili
ty was 79.9%, a significant improvement over previ
ous runs, both for this year and previous years. The 
number of shot attempts and the success rate of 
these attempts also showed an improvement. During 
the most recent run (August 29 - October 7,1988), an 
average of 55 shot attempts occurred during each run 
day, with a success rate of greater than 90%. 
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Figure 3. TFTR weekly availability horn April through 
October 7, 1988. The dashed lines represent mainte
nance weeks. The average availability for this period is 
70.2%. 

COMPACT IGNITION TOKAMAK 
Many Quality documents critical to the design pro

cess for CiT were issued. Among these were: The 
CIT Quality Assurance Plans * - Guidelines for 
Preparation and Format, AC-88022S-PPL-01, issued 
March 23, 1988; The CIT Qualily Assurance Plan, 
AC-880712-PPL-03, issued July 12, 1988, and the 
CIT Reliability, Availability, and Maintainability (RAM) 
Plan, AC-880727-PPL-02, issued July 27, 1988. 

Quality Assurance and Reliability became actively 
involved in assuring the qualily 01 CIT research and 
design, for example, as quality support in the contract 
tor ffie explosive bonding required for the toroidal-
field coils. In addition, work commenced on Failure 
Mode Effeds and Crilicality Analyses (FMECA'S) for 
CIT. 

Quality Assurance and Reliability will continue to 
play an active rote in CIT in FY89, assisting in the 
development of Quality Assurance (QA) Plans by the 

119 



various organizations responsible for different compo
nents of C1T, fulfilling the assurance role in procure
ments, and continuing the FMECA's in conjunction 
with the Work Breakdown Structure Managers. 

CERTIFICATIONS AND 
TRAiNfNG 

Quality Assurance and Reliability continued its pro
gram of Certifications and Training started in FY87. 
The goal of this program is to enhance the skill levels 
and improve the expertise and capabilities of various 
PPPL personnel, from the quality control inspectors in 
the field to the PPPL personnel performing special 
processes. Significant progress was made. 

Quality Control inspectors received training in the 
code requirements for welding generated by the 
American Society of Mechanical Engineers (ASME) 
and t.ie American Welding Society (AWS). They also 
were recertified in Electronic Soldering and 
Terminations and Radiation Safety, both in-house cer
tification programs. Finally, they received confined 
space training to enable them !o perform in-vessel 
inspections. 

Three quality engineers became Certified Quality 
Engineers, a certification program established by the 
American Society of Quality Control (ASQC). Now 
the laboratory has five Certified Quality Engineers on-
site. 

Quality Assurance and Reliability actively assisted 
the Mechanical Engineering Department in their goal 
to develop laboratory-wide general weeing require
ments and an in-house certification program for quali
fied welders. 

In FY89, QA/R plans to continue the emphasis on 
certification and training. Plans exist to: 

• Certify at least two quality inspectors in weld 
inspections using the AWS established program; 

• Certify at least two quality inspectors as Certified 
Mechanical Inspectors (ASQC); 

• Certify at least two quality technicians as 
Certified Quality Technicians (ASQC}; 

• Have at least one quality engineer take at least 
one portion of the New Jersey Professional 
Engineer's Test (Engineer in Training); 

• Certify at (east one quality engineer as Certified 
Reliability Engineer (ASQC); and 

• Certify at least six quality individuals as Lead 
Auditors according to an in-house certification 
program. 

PPPL PROCEDURES MANUAL 
A major effort was undertaken to develop a 

Laboratory-wide procedures manual that will encom
pass personnel from administration to technical oper
ations. The goals of these procedures are to stan
dardize the way people work and to minimize the 
effort for repetitive tasks. In FY88, twenty procedures 
were issued, covering a range of .opics from Telecon 
Records and Document Control to Handling, Storage 
and Shipping and Engineering Calculation Checking 
and Signoff. An additional forty procedures have 
been identified for development in FY89. Training on 
the procedures will start in early FY89. 

QUALITY ASSURANCE 
PROCEDURES MANUAL 

Another major effort was undertaken to completely 
revise the QA Procedures Manual. This manual, sim
ilar to the PPPL Procedures Manual, contains proce
dures primarily only of interest to the Quality 
Assurance/Reliability Organization. In FY88, five pro
cedures were issued, covering Organization, QA 
Monitoring, QA Notices Procedure, Trend Analysis 
and QA Audits. Five additional procedures have 
been identified for development in FY89. 

PPPL QUALITY AUDIT 
PROGRAM 

A major goal of the second half of FY68 was to 
strengthen the PPPL Quality Audit Program. Specific 
goals were to: increase the number of audits, per
form more audits in safely related areas, and begin 
CIT-related audits. In FY88, six audits were per
formed. In the first half of FY89, twelve audits are 
scheduled, which includes four audits on safety and 
three on CT. The goat for the entire year (FY89) is 
24 audits. 
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TECHNOLOGY TRANSFER 

INTRODUCTION AND OVERVIEW ACTIVITIES 
In recognition of the importance of t^e technology 

transfer function, the Princeton Plasma Physics 
Laboratory (PPPL) has established an Office of 
Technology Transfer (OTT). 

Fiscal year 1988 was its first full year of operation. 
The OTT is headed by a full-lime senior member of 
the Scientific and Engineering staff who has in-depth 
experience in various disciplines of fusion technology. 
The Head of OTT is or. the staff of and reports direct-
!y to the Deputy Director of Technical Operations and 
is assisted by a Technology Advisory Committee in 
periodic technical evaluation of activities (see Fig. 1 
for .tie organization of OTT). 

The organization of the full-time office not only 
enhances the responsibility of the technology transfer 
function at PPPL, but also expands the Labo'aiory's 
efforts and capabilities in this endeavor. At least ten 
activities were pursued during the year. 

The technology transfer activities in FY88 are listed 
below: 

Industrial Awareness Program 
One of the major efforts of PPPL's Office of 

Technology Transfer was to increase industry's 
awareness of the potential of the research and devel
opment (R&D) efforts of the Laboratory. A carefully 
edited brochure 'Technology Transfer, Princeton 
Plasma Physics Laborato.y" was published. (See 
Kg. 2 tor a phofograph of the cover page.) It is tai
lored to arouse the interest of those in 'he private 
sector involved in related technologies. The project 
entered the mailing stage in late September 1988 and 
the lirst 100 of an estimated 2,00t> letters, with 
brochure, were mailed by the end of the fiscal year. 

DIRECTOR 

HP. Furth 

TECHNOLOGY AOVISOnVr.OUUtTTEE 

Figure 1- Organization of the Office of Technology 
Transfer for fiscal year 1988. 

EFFORT 
An estimated 1 3 full-time equivalents (FTE) were 

expended in direct technology-transfer activities dur
ing FY88. This does not include the time expended 
by those involved in FPPi 's Patent Awareness 
Program and other indirect activities. A total of 
$U3K was spent on the direct activities of the OTT. 
It is estimated that an additional five full-time equiva
lents were expended in indirect technology transfer 
activities at a cost of about $330K. 

Patent Awareness Program 
One of the major vehicles, for the transfer of infor

mation about technological developments at the 
Princeton Plpsma Physics Laboratory is the Patent 
Awareness Program. To stimulate the identification 
of potential inventions, the Laboratory inaugurated a 
formal Patent Awareness Program in 1983. The 
Committee on Inventions has as its cherter, fostering 
the disclosure ot inventions, raising the "patent mind-
ednsss" of the staff, and providing appropriate recog
nition, as well as modest monetary rewards, to the 
creative inventors on the Laboratory staff. In FY88, 
fourteen invention disclosures were filed seven 
patents were granted, and one license wa-' issued. 
The OTT is now a member of this committee and 
independently monitors potential commercial value of 
the patent disclosures. 

Work for Others 

Work tor others not only generates "outside" rev
enue for PPPL, but is an effective method of accom
plishing technology transfer. In FY88, PPPL made 
agreements with Federal Laboratories ($566K), 
Universities (S9K), industry ($152K). the State of New 
Jersey ($110K), and with foreign establishments 
($92K), for a total of $929K (about 1% of PPPL's bud-
net). 
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Figure 2. Coser of the brochure "Technology Transfer, 
Princeton Plasma Physics Laboratory,"published in fiscal 
year 1988. (89A0347) 

Publications and Reports 
In FY88 the PPPL Information Services Office sent 

about 135 reports describing work done at the 
Laboratory to the National Technical Information 
Services of the Department of Commerce for distribu
tion. In addition to 83 scientific and technical reports 
and 92 journal articles published, 300 technical 
papers were presented at various scientific confer
ences held both in the United States and abroad. 

Consultation 
The Princeton Plasma Physics Laboratory permits 

members of the Scientiftc and Engineering staffs to 
engage in outside consulting. During FY88, 33 slaff 
members (7.2% of the scientific and engineering 
staff) received permission to participate in this activity. 

Speakers Bureau and 
Community Outreach Program 

The Laboratory has developed a Community 
Outreach Program program to enhance the surround
ing communities' understanding of the events that are 
tatfr-g place af PPPL. their r.iportance in addressing 
U.S. and world energy needs, and their effects on 
related technologies. When requested, speakers are 
sent to community meetings to inform those groups of 
the function, capabilities, and goals of PPPL. In 
FY88. ten members of the staff spoke at nine differ
ent meetings at colleges, high schools, professional 
societies, and various other community (unctions. 

Visitors' Information Meetings 
Visitors are invited to visit PPPL to learn about its 

projects and programs. Tours are designed to meet 
the needs of the visiting groups. The tour guides are 
staff members assigned by expertise to meet the 
technical requirements of the individuals involved. 
In FY88, PPPL accommodated 174 separate groups 
totaling 3,733 visitors. Groups from colleges, high 
schools, and professional societies accounted for 
almost two-thirds of the total visitors. 

Princeton University Graduate 
Student Program 

In conjunction with the University's Astrophysics 
Department and with the Scnool of Engineering and 
Applied Science, PPPL has long had a cooperative 
effort in awarding graduate degrees in plasma 
physics and other fusion-related disciplines. In FY88, 
48 post graduate students enrolled in this program, 
37 from the Department of Astrophysics and 11 from 
various disciplines in the School of Engineering and 
Applied Science. 

Federal Laboratory Consortium 
The head of OTT is delegated the responsibility to 

represent PPPL on the Federal Laboratory 
Consortium (FLC). Accordingly, both FLC national 
conferences in FY88 were attended by the PPPL rep
resentative. In ?ddition, the Head of OTT joined the 
Northeast Regional Organization of the FLC. He 
attended two regional meetings and participated in 
implementing the program for the FLC conference in 
Mystic, Connecticut in November 1988, 
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RESULTS 
During FY88, PPPL has had at least three notable 

achievements with direct relations to technology 
transfer efforts: 

• the suprathermal neutral beam, 
• the involvement of one of PPPL's senior scien

tists in the New Jersey Consortium lor Surface 
Processing Research, and 

• in further developments of the Soft X-Ray Laser. 
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ADMINISTRATIVE OPERATIONS 

In FY88, emphasis in the Administrative Operations 
area continued to be on reduction in costs through 
increased productivity and on maintenance of the 
quality of administrative support services. The 
Laboratory also continued the consolidation of activi
ties at C- and D- Sites and the commercially leased 
space acquired at Building 307 College Road East, 
largely accomplished the year before. In FY88, in a 
follow-on move, the Compact Ignition Tokamak (CIT) 
Project staff and the Engineering and Analysis 
Division of the Engineering Department occupied 
Building 305 College Road East, immediately adjoin
ing Building 307. Work proceeded on two new facili
ties at C/D Site to house laboratories relocated from 
A- and B-Sites. 

Total Laboratory staff continued to be reduced dur
ing FY88 — through attrition and workload manage
ment — from 1,010 at the start of the year to 984 on 
September 30,19B8. Of the total employment reduc
tion of 26, 21 were in the General and Administrative 
(GSA) area. Table I shows the change in Laboratory 
employmt.it in the three major organizational areas 
and Table II shows Laboratory employment by staff 
categories. 

Table I. Change In Laboratory Employment 
during FY88. 

30 Sept 67 30 Sept 88 Change 

Technical 
Operations 597 591 -6 

Research 143 144 +1 

Administrative 
Operations 
and Director's 
Office (G&A) 270 249 -2X 

Total 1,010 984 -26 

Table II. Fiscal Year 1988 Stat! Composition. 

Faculty 3 
Physicists 116 
Engineers 216 
Technicians 438 
Adrnir i,-ative 124 
Office and Clerical Support SL 

Total 984 
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Administrative accomplishments of note in FY88 
were: 

• Off-site leased storage space devoted to ware
housing ol materials and equipment was 
reduced by 50% through a Laboratory-wide 
effort, realizing a saving of $45K annually. 

• The on-site administrative computer (4381) 
capacity was expanded by about 25%, thus 
enabling the Laboratory to reduce costs by 
transferring the last administrative users from the 
Princeton Computer Cerrter. 

• The Laboratory completed its transition to the 
Department of Energy's (DOE) integrated 
Financial Information System (FIS), and the first 
year's operation in FY88 went smoothly. 

• A major effort to update job descriptions for all 
Laboratory personnel and to revise the individual 
performance evaluations for nonexempt person
nel was completed. Also, new evaluation forms 
for managers and supervisors call for appraisal 
of managerial as wall as technical skills. 

• The Laboratory's Procurement Manual and 
Handbook were revised to take into account 
changes in Federal regulations and to streamline 
inlemal processes. 

• Employee development training continued as a 
regular part of Laboratory training activities and 
a career counseling program was initiated. 

• Regular medical evaluations were made avail
able to all PPPL employees, consistent with 
DOE guidelines. An annual blood pressure 
screening program was also introduced. 

• An upgraded Centrex telephone system based 
on latest technology was introduced and is now 
serving Laboratory needs. 

• A series of training sessions on administering 
the PPPL compensation system v.ere given to ali 
managers and supervisors. A new handbook 
describing the compensation system was issued 
to all employees. 

• A new system for formal accountability, manage
ment, and operation of maintenance spares was 
developed and implemented. 

• In ihe area of Plant Maintenance and 
Engineering, there was a significant reduction in 
overhead costs through aggressive energy man
agement, more effective job scheduling, judi
cious use of subcontract services (e.g., auto 
maintenance), and ;eview and selective reduc
tion in repetitive maintenance tasks. 
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• The fleet of government-owned vehicles was 
reduced from 37 to 28 vehicles producing $18K 
of savings annually. 

ADMINISTRATION DEPARTMENT 

Plant Maintenance and 
Engineering 

The Plant Maintenance and Engineering (PM&E) 
Division is a technical and administrative support 
organization. Its function and purpose is to support 
the laboratory's research programs by operating, 
repairing, constructing, and modifying the Princeton 
Plasma Physics Laboratory's (PPPL) physical facili
ties, systems, and equipment. As of October 1,1987, 
A- and B-Sites had been vacated; consequently, sup
port in FY88 was only for C- and D-Sites and minor 
support of off-site leased facilities at 305 and 307 
College Road East. Table III shows the gross square 
feet (GSF) maintained by PPPL at each site during 
FY88. 

Table III. Gross Square Feet Occupied by PPPL 
at the End of FY88. 

I ocalion GSF 

C-Site 483,028 

D-Scte 218,723 

Modules & Trailers (C- and D-3ites) 31.B36 

Subtotal 733,587 

Off-Site Leased Facilities BO.751 

Total 814,338 

Plant Engineering 

The Plant Engineering Branch is responsible for the 
planning, engineering, and coordination of General 
Plant Projects (GPP), as well as for energy studies 
and conservation projects. Table IV summarizes the 
number and value of active projects at year's end. 

In FY88, emphasis was primarily directed toward 
implementation of energy conservation projects and 
addressing energy conservation refinements in the 
physical plant operation. 

Energy Conservation 

In FY<38, the Energy Moniloring and Control System 
(EMCS) and the Power Line Carrier cystem (PLCS) 
coniinued to be used in managing and controlling 
PPFL's conservation program. These energy man
agement systems established conservation control of 

Table IV. Fiscal Year 1988 Project Engineering 
Summary. 

No. of Value 
Projects J£& 

Energy Conservation 

Conservation 
Previous Fiscal Years 7 $1,881 
Current FY88 3 672 

Studies 
Previous Fiscal Year 
Current FY88 _5_ 220 

SUBTOTAL 15 $2,773 

General Plant Projects (GPP) 

Authorized 
Previous Fiscal Year 7 2,146 
Current FY88 15 994 

Proposed 
Conceptual Design Studies A 25. 

SUBTOTAL 26 $3,165 

Other Engineering Support 15 250 

TOTAL ALL CATEGORIES 56 $6,188 

energy-consuming loads and produced both reduc
tions in energy consumption and cost ol energy for 
the Laboratory. 

On balance, as a result of the Laboratory energy 
conservation efforts, there was a reduction in energy 
consumption of 5.3% in the FY88 Laboratory's 
Buildings Energy Utilization Index (Btu/rP) versus the 
FY85 Base Year. (This compares with the DOE-man-
dated goal of a 10% reduction from the FY85 Base 
Year by FY95). Reflected within these building statis
tics are a 9.7% reduction in building electrical usage 
and a 4.8% reduction in building heating energy 
usage (fuel oil, natural gas and liquid propane gas). 
These reductions resulted in a savings of $330K in 
electric and $34K in fuel costs (FY88 versus FY85 
Base Year) for the Laboratory. 

Additionally, PPPL, in an effort to preserve 
Laboratory funds, went into contract renewal with 
PSE&G in May 1987 for interruptible eleclric service 
for FY88. This three-year contracl will be adjusted 
annually on the basis of the previous summer's kilo
watt demand peak average; savings of over $821K in 
electricity costs were realized in FY88 because of thr, 
contract. 

These significant reductions were chiefly ?»tributf>d 
to prudent energy management, employee energy 
awareness, EMCS/PLCS operations, and in-place 
energy retrofit projecls. Some of the large energy 
retrofit projects completed in the lasl quarter of FY88 
were; >IG Process/C-Site Free Winter Cooling, 
Centra! Plant Cooling Heat Exchange to C-Siie 
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Process, and C-Site MG Neutral Injection Room Free 
Cooling. Of ihese, the largest electrical energy sav
ings (an estimated $182K annuaily) are expected 
from the MG Process/C-Site Free Winter Cooling 
retrofit. An extensive metering project for electricity, 
steam, and chilled water was nearing completion as 
FY88 closed. 

To keep maintenance personnel up-to-date in ener
gy conservation, equipment operations, and proce
dures, periodic training sessions were conducted. 
Moreover, in order to enhance and implement energy 
management and conservation measures, special in-
depth energy conservation seminars were attended 
by PPPL engineers. 

Public relations interface with Laboratory staff was 
maintained through the PPPL HOTLINE Newsletter. 
"Energy Awareness" month, using the Department of 
Energy (DOE) theme, "Energy Makes America 
Work," was conducted at the Laboratory in October, 
1988. Posters encouraging energy conservation 
were displayed on bulletin boards throughout the 
Laboratory. Overall, employee cooperation and ener
gy conservation awareness is high. These efforts 
have contributed to an effective Laboratory-wide 
Energy Management and Conservation Program that 
have produced outstanding results. 

Plant Maintenance 

The Plant Maintenance and Engineering Division's 
work force was reduced for the fourth consecutive 
year. Full-time equivalent (FTE) employees within 
PM&E dropped from a high of 150 in FY84 to 96 in 
FY88 (a 3©% reduction over th9 four years). This 
was done at a time when the Laroratory was in full 
operation and great demands were made to provide 
smooth, uninterrupted operating time for the Tokamak 
Fusion Test Reactor (TFTR). Curtailment of 
nonessential services, reductions in preventive main
tenance, careful selection of work projects, and work 
changes aimed at greater efficiency were initiated in 
order to keep the level of operations safe and accept
able. 

Table V. Comparison of 

Type of Work Order 

Service Requests 4,467 

Major Work Order 3,024 

Preventive Maintenance 1.31S 
8,809 

Work Fcce (FTE) 
including temporaries 150 

In FY88, there were 4,962 service calls, 2,424 
major work orders (requiring four or more hours of 
labor to complete), and 733 preventive maintenance 
*ork orders. Table V shows how the number of work 
orders and personnel compare with previous fiscal 
years. 

The decrease in major work orders between FY87 
and FY68 is largely the result ot the completion of the 
move from A- and B- Sites in FY87. Other major 
work was slowed by new e^.tensive documentation 
requirements (CRB's for TFTR, work procedures, 
etc.) The decrease in preventive maintenance (PM) 
is the result of cuts i:: manpower requiring the stretch
ing of schedules. Unfortunately, less PM's mean 
more service calls. There was dramatic evidence of 
this in FY88. 

A major effort was made during the summer with 
the help of a few temporary employees to improve 
the appearance of the outside grounds. Storage 
areas cluttered by the move from A-Site were reorga
nized. Extensive road and sidewalk repairs were 
completed in the fall. 

Maintenance Training 
As the manpower reductions continued in FY88, 

the need to cross train the maintenance people in 
critical operations was expanded. A millwright was 
sent to a Crane Safety and Maintenance Course. 

Pyrotronics testing and maintenance is now being 
done by the Preventive Maintenance Group. This 
gives a more direct response to emergency calls 
(trouble alarms) and expedites the comple.on of 
maintenance to these systems. 

There is in place an ongoing project to train boiler 
operators in all facets of their daily operation. 

Maintenance Safety Support 
Plant Maintenance and Engineering held eight shop 

safely meetings with an average attendance rate of 
83% of all Division personnel. Additionally, l iw main
tenance supervisors received training in safely 
through a course given by the PPPL Safety Office. 

Work Orders by Fiscal Year. 

FY85 FY86 FY87 FYBB 

4,512 4,425 4,503 4,962 

2,751 3,008 3,617 2,424 

1.500 
8,763 

1100 
6,533 

939 
9,059 

733 
8,119 

27 108 113 96 
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Through meetings and monthly safety inspections, 
Ihe Area Safety Coordinator (ASC) Program contin
ued to provide adequate safety support in FY88. In 
addition to 122 'formal work orders," the safety 
inspection program generated a total of 196 "service 
requests" in FY88- Safety-related work orders contin
ue to be monitored and tracked through the PMSE 
work order system to insure prompt and appropriate 
corrective actions. 

The PM&E Division completed the second half of 
1988 without a single accident to help the Laboratory 
achieve a significant improvement in its safety perfor
mance for the year. 

Library 
Library operations and activities continued apace in 

FY88 as 2,620 books, 863 journal articles, and 395 
technical reports were circulated to PPPL staff. A 
total of 1,198, or 31% of these materials, were bor
rowed from other libraries, most from within the 
Princeton University system. A total of 1,457 fusion-
related journal articles and 975 technical reports were 
catalogued by the Assistant Librarian. 

Computerized Information Retrieval 
Systems 

The Library's card catalog moved into the on-line 
era with the advent of PPLCATS, a SPIRES data 
base of more than 6,000 journal articfes, technical 
reports, and conference proceedings added to the 
collection since July 19B6. PPLCATS is now publicly 
available, and it can be accessed from both home 
and office using a terminal or personal computer with 
a modem. Patrons can also access Princeton 
University's On-line Catalog for book information and 
the SCIENCE SERIALS data base for information on 
the 10,000 scientific journals owned by Princeton 
University. 

Information and Administrative 
Services 

The information and Administrative Services Office 
embodies all Laboratory services supporting the 
preparation and dissemination of information pertain
ing to PPPL's program. Included are photography, 
graphic arts and technical illustration, word process
ing, printing, duplicating, technical information, and 
public and employee information. Various administra
tive services — specifically, telecommunications, mail 
and travel services — are also provided. In January 
1988, the mail-services operalion was relocated to 
the Materiel Control Office. 

Public and Employee Information 

The Public and Employee Information Section of 
ihe Information and Administrative Services Office is 

responsible for providing up-to-date information on 
PPPL's program tor the public, the news media, rep
resentatives of government and industry, and employ
ees of the Laboratory. The section maintains an 
information ,;it consisting of brochures and informa
tion bulletins that are written for the layman, in addi
tion, an employee newsletter, PPPL HOTLINE, is 
published. The staff coordinates a speakers bureau, 
Laboratory tour program, as well as media relations 
and community outreach activities. 

In response to the employee attitude survey con
ducted by Opinion Research Corporation in 1986, a 
commitment was made to increase the frequency of 
PPPL HOTLINE. During FY88, 27 editions were 
issued — a record number. This was made possible 
by the availability of the Macintosh desktop publishing 
system installed in FY87, and the establishment of an 
information network comprised of representatives of 
various PPPL organizational units. These individuals 
provided valuable information and suggestions for 
PPPL HOTLINE articles, 

In early FY68, staff were trained in the utilization of 
PageMaker software for automated layout. The pro
duction of PPPL HOTLINE was completely automat
ed beginning in December 1987. The desktop pub
lishing system was also used during FV88 for the pro
duction of an updated PBX-M Information Bulletin, 
issued in June, an updated Compact Ignition 
Tokamak brochure, and numerous PPPL personnel 
forms. 

During FY88, PPPL's employee information pro
gram was expanded with the debut of an employee 
video magazine, "PPPL In Focus." Six, 20-minute 
shows were produced. The episodes consisted of a 
lively mix of technical news, spotlights on various 
PPPL operations, and features highlighting employ
ees' avocational interests. Employee response was 
very favorable, and a number of staff participated as 
correspondents or offered suggestions for feature 
stories. 

During FY88, a considerable level of effort was 
expended providing assistance lo New Jersey Public 
Television in the production of a one-hour compre
hensive documentary on the U.S. fusion program. 
The show aired in New Jersey during October 1988. 
Broadcasts in New York and ether major cities were 
being planned for early 1989. 

Late in FY87, USDOE approval was obtained to 
begin writing and producing a video movie on TFTR. 
Tha script was approved in the fall of 1987, and pro
duction was under way during FY88. The 13-minute 
video, which includes animation sequences depicting 
the fusion process, will be used for visitor orientation 
and will be made available lo secondary and college 
teachers for classroom use. It can be easily updated 
to include the latest experimental resulis and program 
plans. 

The Princeton Plasma Physics Laboratory's 
Community Outreach Program continued in FY88. 
Meetings were held throughout the year witn repre
sentatives ol local governments to discuss the 
Laboratory's program and plans for the Compact 
Ignition Tokamak (CIT). The popular Science-on-
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Saturday seminar program was repeated in FY88. 
Over 175 high school students parents, and teachers 
attended the eight-week series of lectures at PPPL, 
covering a variety of scientific subjects. The 
Laboratory's Summer Science Award Program 
attracted numerous applicants from which sixteen 
students were i , red and assigned to assist PPPL 
physicists and engineers for eight weeks. As in previ
ous years, both the students and their PPPL supervi
sors found the experience very worthwhile. 

Graphic and Photographic Services 

During P v57, an Ad Hoc Committee on Computer-
Aided Graphics was formed to ascertain the state-of-
the-art and determine its suitability for PPPL. 
Following the committee's recommendation, Mac
intosh computer hardware and software were pur
chased during FY88, and Graphic Services staff 
received extensive training during the summer in time 
for work on the International Atomic Energy Agency 
(IAEA) and American Physical society (APS) Fall 
meetings. By September 1988, line-art production 
and filing were completely automated, virtually elimi
nating the use of pen and ink. 

Fiscal year 1988 saw an increased demand for 
video documentation of experimental activities and 
technical meetings, as more staff became aware of 
the Photographic Services Seclion's capability in this 
area. The Section began building an appreciable vol
ume of video stock foofage of installation and mainte
nance activities, as welt as Laboratory special events. 

Technical Information 

The Technical Information Section of the 
information and Administrative Services Office is 
responsible for the administration of the Reports and 
Paients function. During FY88, 83 PPPL Report 
preprints were distributed, over 90 articles published 
in professional journals, and over 200 scientific and 
technical papers presented at conferences. 

The PPPL Patent Awareness Program reported a 
sharp decrease in the number of invention disclo
sures filed in FY88 compared to previous years. 
However, even though there were only 14 disclosures 
(see section on PPPL Invention Disclosures for Fiscal 
Year 1988), during FY88 seven patents were issued 
and one patent licensed. The number of patents 
issued reflects quite favorably on the quality of inven
tions disclose in the recent past. Moreover, the 
licensed patent marks the beginning of a significant 
change in rights to invention- that the Government 
permitted a few years ago. Princeton University 
instead of Ihe Department of Energy, was allowed to 
retain rights to the invention, acquire title 1o the 
patent, and in FY88 completed a licensing agreement 
with a private firm for commercialization of the inven
tion. 

Copiers, Duplication, and Printing 
The copier inventory of the Laboratory increased 

from 47 units to 52. The net increase consisted pri
marily of very low-volume tabletop models purchased 
for remote locations. There were 11 copiers pur
chased for $32.8K. The cost per copy of $0,025 
compares favorably with the overall DOE average of 
$0,027. 

Duplication Center production in FY68 increased 
over FY87 by 13% to 5.2 million impressions. The 
Duplication Center's share of overall copier/duplicator 
production in FY88 was 45%. 

The number of individual printing procurements 
through the U.S. Government Printing Oflice in FY88 
totaled 35 with a total dollar outlay of $54.8K. 

Telecommunications Services 
The Telecommunications Services Section of the 

Information and Administrative Services Office 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 
billing process for service, equipment and all tele
phone/radio requests. During FY88, the Section pro
cessed 3,500 requests for moves, installations, and 
changes in telephone service. 

Several major projects were under way or complet
ed during FY8B, including the following: 

• An upgraded Centrex System was installed by 
New Jersey Bell Telephone Company. The first 
phase of the cutover occurred September 1987 
at 307 College Road East. The final cutover was 
completed December 1987 at C-Site. The new 
Centrex System offers upgraded features at a 
reduced cost. f * 

• The Federal Telephone System (FTS) has 
proven more costly than the commercial toll net
work. Therefore, the Telephone Office has long 
promulgated the idea of leaving the FTS net
work. The Department of Energy authorized ihe 
removal of all off-nel FTS calls, provided a 
Request for Proposal (RFP) was written and the 
contract awarded to a commercial carrier within 
six months. Laboratory employees were denied 
access to off-net FTS service December 1987. 
The RFP was written and ihe contract awarded 
to AT&T May 1988. This should effect a consid
erable cost saving. 

Personnel 
Responses to the Employee Opinion 
Survey 

The Laboratory continued to initiate and improve 
programs addressed at meeting needs reported by 
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employees in the Employee Opinion Survey conduct
ed by Opinion Research Corporation in mid-'986. 
Communication with employees, an area which 
recorded strong criticism in the survey, received the 
most attention with more frequent publication ol the 
PPPL HOTLIKE, expanded interactions with employ
ees on an individual or small-group basis, and contin
ued emphasis on holding expanded staff meetings on 
a Divisional and Departmental level. 

Actions in other areas included a presentation on 
the subject of the competitiveness of Laboratory ben
efits to the University Benefits Committee, and exten
sion ot the Employee Recognition Program following 
a successful pilot discussed in last year's report, 
expansion of courses to improve the technical and 
supervisory skills of the Laboratory, as well as imple
mentation of a program to improve the quality and 
meaningfulness of performance appraisals. 

Career Counseling 

A new career counseling service and series of 
Career Planning and Development Workshops were 
designed and introduced for the benefit ol all PPPL 
employees. The Employee Opinion Survey conduct
ed earlier by the Laboratory revealed a desire and a 
need to assist employees in the area of career coun
seling and planning. In a cross-facility exchange, 
staff members of Lawrence Livermore National 
Laboratory, with extensive experience in employee 
counseling and career planning, designed the Career 
Planning and Development Workshops for PPPL. An 
experienced career counselor was hired on a part-
time basis, and a total of four Workshops were 
offered during FY88. In addition, individual counsel
ing was introduced for any employee to use. Other 
career-related activities in FY88 included two ses
sions of Managing Personal Growth for nonexempt 
employees and a College Day Fair designed to 
encourage employees to expand their formal educa
tion. The Fair was held at PPPL and nine area insti
tutions of higher education participated. 

Deputy Director's Roundtables 

Informal, informational meetings between the 
Deputy Director of Administrative Operations and 
small groups of randomly selected employees, suc
cessfully piloted last year, were expanded to include 
employees in Technical Operations. This program, 
which received high marks from employees who par
ticipated in the early sessions, became an effective 
communications vehicle to help introduce the newly 
appointed Deputy Director of Technical Operations. 
Sessions are held on a scheduled basis and the 
meetings, usually attended by 14 1o 16 employees, 
greatly facilitated direct two-way communications, in 
addition, they helped meet a need identified by the 
Employee Opinion Survey for employees 1o get to 
know the Laboratory's top management and for lop 

management to develop more positive relationships 
with employees. 

Performance Appraisals 

Performance criteria judged common fo all supervi
sory positions are being used to help assess the 
effectiveness of managers and supervisors at PPPL. 
The performance of those who have the responsibility 
for supervising other employees is now evaluated on 
t^eir ability to plan and utilize resources, how they 
delegate responsibility and authority, their communi
cations with employees, how they develop employ
ees, Laboratory safety, and their support of affirma
tive action plan objectives. 

A new performance assessment process for nonex
empt employees was developed and implemented 
during FY88. Major objectives in developing the new 
process were to improve employee perceptions of 
performance appraisal at PPPL and to establish a 
swonger link between performance and salary 
increases. 

At the start of each measurement year, supervisors 
are encouraged to review work objectives with their 
employees for the coming year, set performance cri
teria, and determine how results will be measured. 
The new assessment process is viewed as a dynamic 
rather Irian a static process and one which increases 
the opportunities for on-the-job coaching and subse
quent performance improvement. The process was 
designed by Personnel with the participation of man
agers representing major segments of the 
Laboratory's nonexempt work force. The new 
appraisal process necessitated that job descriptions 
be revised for all nonexempt positions. 

Pvctiaps most importantly, the appraisals directly 
reflected the work that was accomplished and identi
fied more specifically steps that coufd be taken (o 
build performance strengths for the future. 
Appraisals this year showed marked improvement in 
the assessments over previous years. 

Job Descriptions 

A person was employed, u.ider contract, to accom
plish the task of revising all nonexempt Laboratory 
and Shop Job Descriptions. The job description pro
vides each supervisor a basis — along with individual 
or group goals — for determining how well each job is 
accomplished. 

Employee Development Program 

The first full-year of the Employee Development 
Program, an internal educational series of courses 
available to all employees, saw the enrollment of 
more than 400 Laboratory employees. Classes 
ranged from Finite Element Analysis, Fiber Optics, 
and Computer Communications to more general 
courses such as Basic Mathematics, Enhancing 
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Written Communications Skills, and short courses 
designed to encourage the use of personal comput
ers. The enhanced skills and knowledge gained from 
the courses benefit both employees and the 
Laboratory. 

Compensation Workshops 

The final session of a series of Compensation 
Workshops was held for Laboratory managers and 
supervisors. The workshops helped supervisors and 
other exempt personnel more fully comprehend 
compensation policies and practices for their own use 
in planning and administrating salaries and to more 
effectively communicate PPPL's compensation prac
tices to other employees. 

The compensation section, with the aid of consul
tants, developed a compensation guide and distribut
ed it to all employees. The brochure explained the 
process of equating PPPL salary structures to the 
market and the salary-planning process used by the 
Laboratory. Additionally, the workshops addressed 
such items as how special salary adjustments are 
made, promotional increases determined, and guide
lines established for annual merit increases. 

Communications Training 
PPPL, in conjunction with the American 

Management Association, designed and conducted 
two pilot sessions of a skill-development course to 
help managers and supervisors improve communica
tions with employees. The coursewas designed to 
"learn by doing"; applying current manager modeling 
training techniques, A series of situational vignettes 
were video-taped using well-known Laboratory 
employees to create realistic work environments as 
teaching examples. Comments from those who 
attended the program are helping the final design of 
the course which will be offered to all Laboratory 
supervisors in the future. 

Dialogues 

Dialogue meetings, conducted with employees by 
members of the Personnel Division, were contirnjerf 
on an accelerated schedule throughout FY88. A spe
cial series of these small group-communication 
exchange meetings was conducted with members of 
the Secretarial and Office Support Staff to identify 
issues that may be unique to that staff. Normally held 
on a cross-functional/cross-staff basis, this was the 
first time dialogues were held only for members of a 
particular staff. Several key items were identified and 
actions taken to respond to them. The normal work 
schedule, for example, was increased to 40 hours 
from the previous schedule of 36-1/4 hours per weok 
and changes were made to the performance review 
process. 

Tuition Grant 
Effective July 1, 1986, the faculty and staff chil

dren's tuition grant was increased from $4,300 10 
$4,700. The grant normally is increased by an 
amount which reflects the rise in Princeton's under
graduate tuition. That increase was 6.6%. The $400 
improvement in the tuition grant is in excess of 9%, 
reflecting an effort over time to provide a benefit 
which covers a greater portion of tuition expenses. 

Tuition Assistance Plan 

The University Benefits Committee approved a new 
program of staff educational assistance. This new 
plan represents a substantial improvement over the 
two prior plans, a loan program for monthly staff and 
a 50% reimbursement program for bi-weekly staff. 
The plan was effective July 1,1988. 

The new plan is a reimbursement program which 
covers tuition expenses up to $3,000 per year. After 
successful completion of a course, 85% oi the tuition 
will be reimbursed. The plan covers courses which 
are job related or which may be job related in the 
future. 

Other plan parameters include a limit of two cours
es per semester and elimination of coverage for 
books and fees. The latter change will simplify 
administration of the plan, an important consideration 
in developing a single program 1o apply to all staff. 

Occupational Medicine Office 
The Occupational Medicine Office (OMO) was able 

to expand a number of its programs during the year, 
so as to better meet the needs of the Laboratory per
sonnel. 

Periodic Health Evaluations 

One of the basic functions of OMO is the evaluation 
of the health status of employees arid applicants. 
This is necessary in order to determine whether or 
not people are physically able to do the work to which k 
they are or will be assigned and also to monitor cer
tain employee groups who have potential exposure to 
physical or chemical agents which may adversely 
affect their health. In addition, all Laboratoiy person
nel are offered periodic evaluations on a voluntary 
basis, Those 45 years of age and older are seen 
annually and those under "5 biennially. Most 
employees take advantage of this opportunity for 
health protection and improvement. 

Employee Assistance Program 

In February, 1988, the Laboratory contracted with 
Princeton Medical Center to provide an Employee 
Assistance Program (EAP). This service provides 
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diagnostic services to employees and their immediate 
families for problems which impact on the employee's 
ability to function normally in the workplace. 
Substance abuse, marital and other family difficulties, 
financial and legal emergencies, emotional and psy
chiatric illness, and interpersonal conflicts at work are 
among the problems covered. 

The counselors are available by phone 24 hours a 
day, seven days a week, and also by appointment for 
personal interviews. In some cases, the EAP staff 
can provide sufficient guidance and counseling. In 
other cases, referrals are made to appropriate com
munity resources. There is no charge to the employ
ee for services by the EAP siatf, and the Laboratory's 
health insurance program covers most other costs, at 
least in part. This program is administered by OMO. 

Fitness/Wellness Program 

Early in FY88, the contractor studying the needs 
and resources of the Laboratory for programs to 
enhance 1he health of its employees submitted its 
report. Many of the projects recommended could not 
be implemented due to space and budgetary con
straints. The principle project in this category is the 
establishment of a fitness center wilh facilities for aer
obic dance-type exercise and mechanical fitness 
development equipment. 

The OMO provided information on such health top
ics as blood pressure control, diabetes, stress con
trol, and weight control, in addition, seminars on 
stress control, the Employee Assistance Program, 
and drugs in the workplace were presented by out
side experts. The medical staff also increased its 
efforts in health education to encourage and assist 
employees to address problems identified in the peri
odic health evaluation program. 

General Clinical Service 

The medical staff continues to offer services in 
diagnosis and treatment of work-related illness and 
injuries and, to a limited extent, for those not work 
related. No attempt is mpde to replace services ol 
the employees personal physician, but supplemental 
service:,, such as blood pressure checks and allergy 
desensitizing injections are offered. The slaff also 
assists employees in seeking and obtaining needed 
assistance from community health resources. 

Staff Services to Laboratory Management 

The Medical Director provides expert medical input 
to Laboratory management in areas relating to the 
health of the employees. In cooperation with the 
Safety Office, the medical slaff also aids in identifying 
hazardous and potentially hazardous conditions i?i 
the workplace. 

Office of Public Safety 
Public Safety provides the Laboratory with security, 

lire fighting, and first aid coverage 24 hours a day, 
3S5 a year. During FY8B, the Department responded 
to 103 lire alarms, 20 first aid calls, and 9 hazardous 
materials incidents. In addition, Public Safety Officers 
issued 1,062 flame permits and 41 lire/smoke seal 
penetration permits. 

During the year, the following activities took place: 
• A Crime Prevention Program was initiated which 

included an orientation lor new urr.plc/ees, dis
tribution of posters and flyers, and PPf-L HOT. 
LINE articles. 

• A procedure for enhancing security during emer
gencies was incorporated into the Emergency 
Preparedness Plan. 

• Plans were initiated for comprehensive closed-
circuit television coverage of the exterior ol D-
Site. 

• The software of the Security computer was 
upgraded, increasing memory and speed. 

• Approximately twenty percent of the security 
hardware (i.e., card readers, multiplexers) in the 
field were upgraded. 

• Card readers and other security hardware were 
installed at 305 College Road East. 

• One arrest was made in July lor harassment, 
and one arrest was made lor larceny at 307 
College Road East in September. 

• A new fire engine was purchased for the 
Emergency Services Unit (ESU). 

• Monthly Emergency Preparedness drills were 
instituted. 

• Procedures were written for the Tokamak Fusion 
Test Reactor (TFTR) fire preplans. 

• The Emergency Operations Center was relocat
ed from the Chemical Sciences Building at 8-
Site to 305 College Read East. 

Procurement 
While the Contractor Purchasing System Review 

Team of FY87 found the procurement system ade
quate for the award and administration of subcon
tracts and purchase orders, they had recommenda
tions that carried into the Procurement Division's 
activities for FY88. During the year, all the terms and 
conditions lor the various types of subcontracts and 
purchase orders were revised to be compatible with 
the Federal Acquisition Regulations (FARs), and 
Department of Energy Acquisition Regulations 
(DEARs) as they apply to Management and 
Operating (M&O) contractors. 

Another major undertaking Was the revision of 
"Procurement Policies and Procedures Manual," 
which describes the Laboratory's purchasing system 
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and methods. This revision incorporates the various 
Acquisition Guidance Letters received from the con
tracting officer and also Subpart 970.71 — 
"Management and Operaling Contractor Purchasing" 
of the DEARs. This revised manual was under 
review and discussion with the contracting officer at 
year's end. 

Fiscal year 1988 saw the beginning of funding for 
the major participants of the Compact Ignition 
Tokamak Project being handled through PPPL. As a 
result, the Laboratory entered into Intercontractor 
Orders (ICOs) with ihe Oak Ridge National 
Laboratory and the Los Alamos National Laboratory. 
A sole-source subcontract for research and develop
ment on the poloidai-field coils and physics support 
was awarded to the Massachusetts Institute of 
Technology. A competitive cost-pfus-fixed-fee sub
contract was awarded to Ebasco Services for the 
vacuum vessel system. In addition, several contracts 
for materials studies for toroidal-field coils were 
entered into, as wei! as contracts for systems engi
neering and engineering support. 

In September of 1&68, a one-day session was held 
with technical and procurement personnel from sev
eral of the management and operation contractors to 
discuss ways and means of making procurement 
more efficient and effective. 

Materiel Control Office 
During the past year, several cost reduction and 

efficiency activities were undertaken by Materiel 
Control to reduce operating costs and streamline the 
services provided in support of Laboratory opera
tions. In December 1987, a project was initiated to 
achieve a 50% reduction in the storage space leased 
from General Services Administration (GSA) in Belle 
Mead, New Jersey. The program was completed in 
September 1988 with excellent results. Leased stor
age space was reduced from 20,000 square feet to 
10.000 square feet and a $45,000 savings in FY89 
will be realized. Improved stock-level management of 
common use stores assets resulted in towering the 
inventory budget from $535K in FY88 to $510K in 
FY89 with a $25K savings in inventory investment 
dollars. In January, the Transportation and Mail 
Services functions were transferred to Materiel 
Control. This action resulted in the consolidation of 
delivery services, improved cross-utilization and train
ing of personnel, and increased efficiency in providing 
these services to the Laboratory. Other operational 
enhancements were achieved by establishing a com
puter-based maintenance spares and storage review 
system. These previously manual systems now have 
an expanded data base and offer Laboratory users 
current and accurate information regarding the status 
of these assets. 

The office supplies systems contract implemented 
in June of last year by the Stores Opera;ions Branch 
exceeded FY88 performance expectations. The ven
dor provided excellent customer service, quality prod

ucts, and met or surpassed all contractual require
ments. The program enjoyed excellent success with
in the Laboratory and achieved a significant reduction 
in operating costs. Based on the results of the office 
supplies contract, similar contracts were issued dur
ing FY88 for the tools and hardware commodities. In 
other Stores Operational Branch activities, an ongo
ing review ot maintenance spares identified nearly 
200 items for excess or phase out with a value of 
$10K. Stockroom sales for the year were $1.03M 
and 52,000 withdrawals were processed. Spares 
receipts totaled $292K and withdrawals were $463K. 

The Warehouse Operations Branch expanded its 
area of responsibility and improved service by com
bining various Laboratory distribution services into a 
new storage and distribution function designed to 
smooth the flow of material to Laboratory users. A 
major effort to reduce Laboratory PCB items resulted 
in the disposal of two large capacitor banks and two 
PCB transformers. Additionally, the Hazardous 
Materials Section disposed ot over 250.000 lbs of 
PPPL-generated hazardous waste in 63 shipments. 
The receiving area processed over 8,000 purchase 
orders and received 15.000 items in FY88. 
Shipments of 23,000 items were made in the support 
of various Laboratory projects and departments. The 
Property Administration Section completed the 1988 
capital and sensitive inventory of 11,000 items. The 
1986 capital and 1987 sensitive equipment write-offs 
were completed with excellent adjustment rates of 
0.14% for capital and 0.16% lor sensitive. The 
Excess Property Section was combined with the 
Property Administration Section to promote cross-uti
lization and closer coordination within these units. 
Public sales of 385 pieces of equipment resulted in a 
significant reduction of storage space for surplus 
items. ReutiVzation of 3,100 excess items worth 
$685K was also accomplished. Transfers in and 
retirements of excess property were 70 and 565 
items respectively. Scrap shipments resulted in a 
return of $26K tor 74 loads ol scrap metals. 

The Transportation Services Branch continued to 
provide safe and reliable transportation services in 
support of Laboratory programs. The main efforts 
this past year were to establish vehicle mainte
nance contracts for Department of Energy (DOE) 
vehicles and equipment, reduce fleet size, estab
lish tighter vehicle security, and initiate an automat
ed vehicle maintenance management system. 
Vehicle security was enhanced by establishing pro
cedures to lock all vehicles left unattended lor 
more than 30 minutes, and initiating an off-site 
pass system for all government vehicles leaving C-
Site. This was accomplished with the assistance 
ol tne Office ot Public Safety. A computer program 
was obtained to enhance our vehicle maintenance 
management program. The program is being eval
uated and will replace the current program if it 
proves to be acceptable. The DOE vehicle fleet 
was reduced by 10 and the equipment inventory by 
5, which will result in a considerable cost-saving 
overlhe coming year. 
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CONTROLLER'S OFFICE Information Resources 
Management Division 

The Controller's Office is responsible for Laboratory 
planning and budgeting, accounting and financial 
control, and information resources managem.it. 

Despite reductions, increased efficiency permitted 
the Controller's Office to maintain operations without 
markedly changing the essential services provided by 
its various units. Significant benefits resulted from 
improvement in data management and in the soft
ware that operates the Laboratory's management 
information system. These improvements included 
the implementation of a new microcomputer-based 
Receiver System and the complete restructuring of 
the Performance Measurement System (PMS) — an 
information management system. Restructuring per
mitted PMS to make better use ot more modern tech
nology and to better fit within the overall Laboratory 
management information syslem. 

Table VI summarizes the financial activities of the 
Laboratory torfhe last five years. 

Budget Office 

The Budget Sysiem's usefulness to Laboratory 
management for budget status and control continued 
lo improve during FYB8. The preparation of the Field 
Task Proposals (FTPs) for DOE funding in FY90 
again utilized information from PMS to help formulate 
the proposals. The Budgel Office was also asked to 
prepare and submit a National Field Task Proposal 
for Compact Ignition Tokamak Project Funds combin
ing data from all the project participants into one uni
form submission. The proposals were submitted to 
DOE ahead of scnedule. 

Each Laboratory project enters its proposed budget 
into PPPL's financial systems through the Budget 
System. The project spending plans are reviewed 
and consolidated by the Program Committee, which 
develops a Laboratory program within institutional 
and funding boundaries in conjunction with the 
Budget Office. 

In supporting the Laboratory's Budget and 
Manpower Committee, the Budget Office plays a 
major role in manpower planning. During FY88, 
PPPL slatting was reduced from 1,010 to 984 by attri
tion. Subcontract labor was used 10 meet peak 
demands during this period. 

The indirect expenses at the Laboratory continued 
to attract management attention during the FY88 peri
od. Careful review and analysis of the real needs in 
the indirect area continued via quarterly indirect Cost 
Reviews organized and administered by the Budget 
Office. 

The Performance Measurement System (PMS) 
Group was transferred from the Budget Office to 
Technical Operations in early 1988. 

In FY88, the Information Resources Management 
(IRM) Division conlinued its maintenance and support 
of the Laboratory's financial data systems by com
pleting the transfer of all financial systems except the 
Public System, (PUBSYS) from Princeton University's 
IBM 3081 computer to PPPL's IBM 4381 computer. 
This transfer of systems was accomplished a year 
ahead of schedule and resulted in cost savings o) 
over $300K tor FY88. The transfer will allow the 
achievement of similar savings in future fiscal years. 

In addition to the cost savings, further benefits 
derived from this transfer included: 

• Resource availability. The University computer 
is a large-scale IBM computer with sufficient 
capacity to meet an average workload. 
However, certain peak processing periods that 
occur on the computer hindered PPPL's timely 
processing of essential data. The 4381 comput
er has eliminated these computing saturation 
peaks while providing a reliable and predictable 
resource 1or PPPL. 

• Change control. It was difficult to coordinate 
changes required to support PPPL's administra
tive users with Princeton Universily Computer 
Center (PUCC) personnel. The 4381 computer 
is devoted exclusively to PPPL's use, permitting 
changes to be made without regard to their 
impact on a larger user base. 

In late FY88, it became apparent that it would be 
desirable to move the remaining PUBSYS users from 
the University computer to the local device. This 
remaining load represented approximately $120K ot 
annual expenditures on the University's 3081 com
puter. In order to accommodate this additional work
load, the Laboratory's 4381 computer was upgraded 
from a Model 13 to a Model 23. The cost of the 
upgrade was equal to the cost reduction on the 
PUCC. Additionally, all of the same benefits, such as 
resource availability and change control were provid
ed to this group ot users at no additional cost. 

In FY88, as in prior fiscal years, IBM continued to 
reduce costs while improving st.vices to the 
Laboratory. 

Accounting and Financial 
Controls Division 

In FY88, the Accounting and Financial Controls 
Division continued its efforts in meeting the final 
stage reporting requirements of the Financial 
Information Syslem (FIS). 

One of the Division's major accomplishments is the 
design and implementation of fixed assets subsidiary 
ledger system. This involved system development, 
analysis and classification of all fixed assets to 
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Table VI. PPPL Financial Summary 
(Thousands of Dollars) 

OPERATING (Actual Costs) 
Department of Energy 

FY84 FY85 FY86 FY87 FY88 

TFTR Tokamak Operations $ 16,725 $ 18,988 $20,035 $14,009 $15,560 
TFTR Diagnostics 13,146 10.124 11,343 12,779 11,050 
TFTR Physics Program (Exp. Research) 5.422 4,776 6,179 3,085 3,642 
TFTR Healing (Neutral Beams) 22,166 2^,475 16,091 24.896 19,446 
TFTR Computer Facility (CICADA) 10,327 9,578 6,817 3.664 3,743 
TFTR D-T Systems 3,570 3,357 2.6^9 8,363 15,153 
TFTR Tokamak Flexibility Mod 12.353 13,653 — ™ ~ 
Subtotal TFTR 90,71 , 83,956 63,104 66,796 68,594 

Compact Ignition Tokamak 2,744 1,205 2,094 4,004 6,002 
PDX/PBX 4,562 5,358 7,695 11,403 10,714 
PLT 13,939 9,067 6,090 — ... 
RF Development 617 3o1 185 ... ... 
ACT-1/CDX 408 408 269 301 405 
S-1 3,561 3,270 3,047 2,566 381 
Theory 3,061 3,162 2,629 2,773 2,611 
Applied Physics 655 833 519 612 1,204 
Other Operating 457 1.379 190 7PJ 349 
Change in Inventories (529> (721) (173) (2S5) 4 
X-Ray Laser Development 16 743 1,543 1,327 1.534 
Energy Management Studies 125 146 67 139 21 

Department of Defense 278 228 343 488 158 
Work for Others 1,830 2,837 903 -L125 536 

Total Operating $122,418 $112,232 $88,505 $92,027 $92,513 

EQUIPMENT (Budget Authorization) 
Capital Equipment not 

Relaled to Construction $ 6,896 $ 5,920 $ 6,350 $4,555 $3,467 

CONSTRUCTION (Budget Authorization) 
Compact Ignition Tokamak ... ... — — $8,000 
TFTR $255 ... — ... 
General Plant Projects 1,000 $1,532 $874 Si ,300 1,000 
Energy Management Projects 1.049 847 192 _ 531 561 
Total Constnjc.'On $ 2,304 $ 2,379 $ 1,066 $1,831 $ 9,561 
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achieve compliance with the DOE Accounting 
Practices and Procedures Handbook, and subse
quent reporting of all adjustments. 

Procedures and computerized systems have also 
bean installed to integrate the University cash dis
bursement transactions with the Laboratory cost dis
tribution system. 

Among the major planned objectives for FY89 are 
efficiency improvement projects that will produce cost 
reductions by increased utilization to computerized 
data processing systems. Additionally, fne Division 
will continue to locus on ensuring compliance with the 
generally accepted accouming principles ana DOE 
accounting rules and regulations. 

135 



PPPL Invention Disclosures for Fiscal Year 1988. 

IU!£ 

Method of Measuring Plasma Density and Density Gradient by Use 
of a Waveguide Array 

Rotatable "L" Probe 

Multichannel Detector Data Acquisition and Analysis Software 
for Apple Macintosh 

Use of Neutral Probe Beams to Study MHD Mode-Energetic Ion Resonances 
in Fusion Products 

Method of Sustaining a Radial Electric Field and Poloidal Plasma Rotation 
Over Most of the Cross Section of a Tokamak 

Spoke Wheel Magnetic Probe Array 

Pole-Biased Sputtering System 

Compound Divertor Plate 

Ion Cyclotron Window Washer 

Amplitude and Phase Detector for Radio-Frequency Measurements 

Poly WEP Neutron Moderator 

Rotatable Target System for X-Ray Laser 

Saf-T-Rak 

Pyrolysis of Chemical Compounds by High-Speed Injection of the Solid or 
Liquid into Large, High-Temperature Plasmas 

Inventortsl 

R. Pinsker 

J. Bilinski 
A. Janos 
Y. Ono 

Y. Chung 
S. Suckewer 

R. Kaita 
V. Varadarajan 
R. White 

D. Darrow 
M. Ono 

R. Labaw 
J. Bilinski 
A.Janos 
Y. Ono 

S. Cohen 

S. Cohen 
M. Petravic 

R. Goldston 

S. Cutsogeorge 

A.L. Roquemore 
S. Raftopoulos 
R. Shoemaker 

D.Kim 
C.H. Skinner 
S. Suckewer 

J. Swatkowski 
H. Swiderski 

D.H. McNeil! 
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GRADUATE EDUCATION: 
PLASMA PHYSICS 

The Plasma Physics Program was firsl offered at 
Princeton University in 1959 and two years later was 
incorporated into the Department of Astrophysical 
Sciences. In an environment thai, over the past 1hree 
decades, has seen enormous changes in the fields of 
plasma physics and controlled fusion, the Program 
has consistently maintained its own traditions of edu
cation. Its focus remains 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 firm foundation in the 
many disciplines that make up plasma physics: clas
sical and quantum mechanics, electricity and mag
netism, fluid dynamics, hydrodynamics, atomic 
physics, applied mathematics, statistical mechanics, 
and kinetic theory. Table I lists the departmental 
courses ottered this past academic year. These 
courses are taught by the members of the Princeton 
Plasma Physics Laboratory's {PPPL) research staff 
who also comprise the eighteen-member plasma 
physics faculty (see Table II). The curriculum is sup
plemented 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 throuqh which they participate in the 
Laboratory's experimental and theoretical research 
programs. In addition to formal class work, first- and 
second-year graduate students work side by side with 
the research staff, have full access to Laboratory and 
computer facilities, and learn firsthand the fob of a 
research physicist. First-year students assist in 
experimental research areas including the Tokamak 
Fusion Test Reactor (TFTR) diagnostics develop
ment, the Princeton Beta Experiment-Modification 
(PSX-M), the Current-Drive Experiment (CDX), mate
rials 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-four graduate students in 
residence this past year, seventeen were engageo in 
thesis projects — nine on experimental topics and 
eight on theoretical topics. Tabie ill lists the doctoral 
thesis projects completed this fiscal year under the 
Plasma Physics Program. 

Five students in residence during FY88 held 
Natural Science and Engineering Research Council 
of Canada Fellowships, four students held Magnetic 
Fusion Science Fellowships, and one student held a 

Table I. Plasma Physics Courses Offered In FY88 and Instructors. 

Course Number Course Title Instructor 

Fall 1987 

AS 551 General Plasma Physics I 
AS 553 Plasma Waves and Instabilities 
AS 558 Seminar in Plasma Physics 
AS 561 Special Topics in Plasma Physics 

Spring 1988 

AS 552 General Plasma Physics II 

AS 554 Irreversible Processes in Plasmas 
AS 556 Advanced Plasma Dynamics 
AS 558 Seminar in Plasma Physics 

S.A. Cohen 
T.H. Stix 
F.W. Perkins, Jr. 
R.M. Kulsrud 
H. Okuda 

F.W. Perkins, Jr. 
W.M. Tang 
N.j. Fisch 
R.B. White 
S. Yoshikawa 
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Faculty Members 

Thomas H. Stix 

Liu Chen 

Samuel A. Cohen 

Nathaniel J. Fisch 

Harold P. Furth 

Stephen C. Jardin 

Charles F. F. Karney 

John A. Krommes 

Martin D. Kruskal 

Russell M. Kulsrud 

Hideo Okuda 

Francis W. Perkins, Jr. 

Paul H. Rutherford 

William M. Tang 

Schweicfchard von Goeler 

Roscoe B. White 

Shoichi Yoshikawa 

Table II. Astrophysical Sciences/Plasma Physics Faculty. 

Title 

Associate Chairman, Department of Astrophysical Sciences, and Associate 
Director for Academic Affairs, PPPL 

Principal Research Physicist and Lecturer with rank of Professor 

Principal Research Physicist and Lecturer with rank of Professor 

Research Physicist and Lecturer with rank of Associate Professor 

Laboratory Director, PPPL, Professor of Astrophyetaal Sciences 

Principal Research Physicist and Lecturer with rankol Professor 

Research Physicist and Lecturer with rank of Associate Processor 

Principal Research Physicist and Lecturer with rank of Professor 

Professor of Mathematics and 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 

Associate Director for Research, PPPL, and Lecturer with rank of Professor 

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 

Principal Research Physicist and Lecturer with rank of Professor 

Magnetic Fusion Energy Technology Fellowship. In 
addition, other students held awards from the 
Fulbright Foundation, the U.S. Air Force, the National 
Science Foundation, and the Fannie and John Hertz 
Foundation. Some of these fellowships are supple
mented by partial research assistanlships. 

Overall, the plasma physics graduate studies pro
gram in Princeton University's Department of 
Astrophysics Sciences has had a significant impact 

on the field of plasma physics. One-hundred thirty-
four physicists have received doctoral degrees from 
Princeton. Many have become leaders in plasma 
research and technology in academic, industrial, and 
government institutions. And this process continues 
as the Laboratory trains the next generation of scien
tists, preparing them for the challenging and diversi
fied problems of the 2000's. 
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Table III. Recipients of Ph.D. Degrees. 

peter Belersdorfer 
Thesis: 

Advisors: 
Employment: 

Douglass S. Darrow 
Thesis: 
Advisors: 
Employment: 

Andrls M. Dlmlts 
Thesis: 

Advisor: 
Employment: 

Thomas J. Murphy 
Thesis: 
Advisor: 
Employment: 

Chang Hee Nam 
Thesis: 
Advisor: 
Employment: 

Robert I. Plnsker 
Thesis: 
Advisor: 
Employment: 

High-Resolution Studies of the X-Ray Transitions in Highly Charged 
Neonlike Ions on the PLT Tokamak 

S. von Goeler and M. Bitter 
Lawrence Uvermore National Laboratory 

DC Helicity Injection Studies on the Current Drive Experiment 
M. Ono and H, Park 
Princeton Plasma Physics Laboratory 

Nonlinear Mechanisms ior Drift Wave Saturation and Induced Particle 
Transport 

W.W. Lee 
University of Maryland 

Tokamak Diagnostics Using Nuclear Techniques 
J. Strachan 
University of California, San Diego 

Spectroscopic Studies of Plasmas Created by a Picosecond KrF" Laser 
S. Suckewer 
Princeton Plasma Physics Laboratory 

Fast Wave Current Drive Experiments on the Princeton Large Torus 
P. Colestock 
General Atomics 
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GRADUATE EDUCATION: PROGRAM IN 
PLASMA SCIENCE AND TECHNOLOGY 

The Graduate Program in Plasma Science and 
Technology, which is based within Prince-ion 
University's School of Engineering and Applied 
Science (SEAS), is a major vehicle for collaboration 
between the Princeton Plasma Physics Laboratory 
(PPPL) and Princeton's engineering and science 
departments. The Program provides a coupling 
between the technology needs rt the Laboratory and 
the Princeton faculty and studenss doing research in 
these areas. The Program also provides strong inter
departmental/interdisciplinary support for other plas
ma applications, such as plasma etching ot silicon 
semiconductor devices, plasma deposition of tribolog-
ical, magnetic, optical, insulating, polymeric, and cat
alytic thin-films, plasma-excited lasers, and ion 
thrusters. These areas represent potential technolo
gy transfer activities 1or PPPL, and also comprise 
important topics within some of the new initiatives of 
SEAS, such as the Materials Science Center. 

During FY88, there were 12 students enrolled in the 
program. Three of the students were supported by 
fellowships and the remaining nine sti'cents were 
supported by Laboratory funds, with two of the nine 
supported for only one semester. 

Three students completed their Ph.D. theses during 
this year (see Table I). P. Pang's thesis, "Anomalous 
Behavior of Density and Mechanical Properties of 
Thermosetting Polymers with Increasing Conversion," 
investigated processes to achieve complete curing ot 
thermosetting epoxies without the thermal degrada
tion that often accompanies it. He found that the 
glass transition temperature of the epoxy, T g, is a 
sensitive indicator of the curing process, and he 
described a method for designing trme-temperature 
isothermal cure paths using a series of iso-Ta lines. 
This work is relevant to the fabrication of coils lor 
magnetic confinement fusion devices. 

J.S. Lee's thesis, "Magneto-Elastic Interactions in 
Conducting Structures in transient Magnetic Fields," 
represents a finite element analysis of the interaction 
between an electromagnetic field and the mechanical 
response of a magneto-elastic plate. He obtained 
exact closed-form i'-jtions of the three-dimensional 
field equations for both free and forced vibrations, 
along with numerical results. Magnetic damping and 

radiation effects were identified and quantified. In 
particuijr, he modeled the Fusion Electromagnetic 
Induction Experiment (FELIX) done at Argonne 
National Laboratory, and found very good agreement 
with the measured data. Dr. Lee's work advances the 
understanding of this very complex engineering prob
lem that impacts on the design of tokamak vacuum 
vessels and inner protective hardware. 

J.F. Quanci's thesis, 'Tritium Breeding and 
Relea.c3-Rate Kinetics from Neutron-Irradiated 
Lithium Oxide," involved the development of a ther
mal extraction apparatus which allows accurate mea
surement of the total tritium inventory and release 
rate tram lithium oxide samples under different tem
peratures, pressures, and carrier-gas compositions. 
For small grain polycrystalline-sintered lithium oxide, 
the release rate was found to be controlled by the 
first-order surface desorption of monotritiated water. 
When small amounts of hydrogen were added to the 
helium carrier gas, the first-order rate constant 
increased from the isotopic exchange of hydrogen for 
tritium occurring in parallel with the first-order desorp
tion process. For large single crystals of lithium 
oxide, the reiease rate was found to be controlled by 
diffusion. A model accounting for both diffusion and 
desorption was developed and shown to predict tri
tium release as functions of temperature and crystal 
size. From this work, it is possible to accurai&iv pre
dict the tritium inventory and residence tirr-a for a 
fusion reactor. 

New research activities in the area of plasma depo
sition and etching of thin films were added to the 
Program, as a result ot the establishment of two 
research centers in which Princeton University partici
pates. The first is the New Jersey oematech Center 
of Excellence for Plasma Etching, which will focus on 
the development of advanced plasma etch reactors 
and processes to meet future silicon microelectronic 
manufacturing needs. The second is the Advanced 
Technology Center for Surface Engineered Materials. 
Tr>e activities of this center include the application of 
plasmas for 1hin-filrn processing, including advanced 
techniques for process and surface characterization. 
Both centers are described in more detail in the sec
tion on Plasma Deposition and Etching of Thin Films. 
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Table I. Recipients of P'.i.D. Degrees. 

J.S. Lee 
Thesis Topic: 
Advisor: 
Department: 

P. Pang (Fall semester only) 
Thesis Topic: 
Advisor: 
Department: 

J.F. Quancl 
Thesis Topic: 
Advisor: 
Department: 

Finite Element Analysis of Coupled Mechanicai/Electrodynamic Forces 
J.H. Prevost 
Civil Engineering 

Polymers 
J.K. Gillham 
Chemical Engineering 

Tntium Recovery Experiments 
J.L. Cecchi/R.G. Mills 
Chemical Engineering 
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SECTION COORDINATORS 

Tokamak Fusion Test Reactor 
Kennelh M. Yoiing 

Princeton Beta Experiment-Modification 
Stephen Paul 

S-1 Spheromak 
Alan C. Janos 
Masaaki Yamada 

Current Drive Experiment 
Douglas Darrow 

X-Ray Laser Studies 
Szymon Suckewer 
Silvio Susskind 

Spacecraft Glow Experiment 
William Langer 

Plasma Deposition and Etching of Thin Flims 
Joseph L. Cecchi 

Theoretical Division 
Donald Monticello 

Tokamak Modeling 
Daren Stotler 

Compact Ignition Tokamak 
Robert E. Ernst 

International Thermonuclear Experimental 
Reactor 

Douglass Posi, Jr. 
Engineering Department 

Computer Division 
Sally Connell 
Michaela Mole 

Electronic and Electrical Engineering Division 
Charles St aloft 

Engineering Analysis Division 
Robert A. Ellis, III 

Mechanical Engineering 
Dave Mullaney 

Project Planning and Safety Office 
Ellis D. Simon 

Quality Assurance and Reliability 
Harry Howard 
Judith A. Malsbury 

Technology Transfer 
Joseph File 

Administrative Operations 
Loretta Wohar 
Kathleen A. Dunn 

Graduate Education: Plasma Physics 
Thomas H. Stix 

Graduate Education: Program in Plasma Science 
and Technology 

Joseph L. Cecchi 
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Princeton Plasma Physics Laboratory Reports 
Fiscal Year 1988 

PPPL-2475, October 1987, 29 pp. 

Numerical Method for Estimating the Size of 
Chaotic Regions of Phase Space 

F.S. Henyey, N. Pomphrey 

F 7?L-2476, September 1987,49 pp. 

Ion Temperature from Tangential Charge Neutral 
Analysis on the Tokamak Fusion Reactor 

S.S. Medley, G.W. Hammett, R. Kaita, A.L. 
Roquemore, S.D. Scott 

PPPL-24/7, September 1987, 94 pp. 

Collisicnal Processes of Hydrocarbons in Hydrogen 
Plasmas 

A.B. Ehrhardt, W.D. Langer 

PPPL-247&, October 1987, 12 pp. 
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numerically. 
FSAR Final Safety Analysis Report 
FTE Full-Time Equivalent 
FTP Field Task Proposal(s) 
FTS Federal Telecommunications System 
FWCD Fast-Wave Current Drive 
FWHM Full Width at Half Maximum 
FY Fiscal Year (October 1 to September 30) 

G Gauss 
GA General Atomics 
G&A General and Administrative (cost or expense) 
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L-mode 
LO 
LOB 
LOTUS 

LPI 
LPIS 

nm 
usee 
m 
MA 
M&O 
MARFE(S) 

MARS 
Mb 
MCCB 
MCNP 
MED 
Mev 
MFAC 
MFE 
MFETF 
MFTF-B 
MG 
MH3D 

Los Alamos National Laboratory 
Lawrence Berkeley Laboratory 
Lithium Blanket Module 
inductance Capacitance 
Lithium Comparison Code 
Local Control Centers 
Last Closed Flux Surface 
Large Coil Program 
Light Emitting Diode 
Low Energy Neutral System 
Low Earth Orbit 
Lower Hybrid 
Lower Hybrid Current Drive 
Liquid Heiium 
Lower Hybrid Range ol Frequencies 
Lower Hybrid Resonance Heating 
Laser Injected Trace Element (System) 
Long-Pulse Ignited Test Experiment (at the Massachusetts institute of Technology) 
Lawrence Livermore National Laboratory 
Low-Confinement Mode 
Local Oscillator 
Laboratory Office Building 
Nuclear testing facility at Ecole Polytechnique Federate de Lausanne in 
Switzerland 
Lithium Pellet Injector 
Long-Pulse Ion Source 

Micrometer; equivalent to micron 
Microsecond 
Meter 
Megamperes 
Management and Operating (contractors) 
Hegion(s) ot enhanced edge radiation localized poloidally on the inner-major-radius 
side of a plasma 
Mirror Advanced Reactor Study (Lawrence Livermore National Laboratory) 
Megabyte 
Management Configuration Control Board 
Monte-Cario Neutron and Proton Code 
Mechanical Engineering Division 
Mega-Electron-Volt 
Magnetic Fusion Advisory Committee 
Magnetic Fusion Energy 
Magnetic Fusion Energy Technology Fellowship (Program) 
Mirror Fusion Test Facility at Lawrence Livermore National Laboratory 
Motor Generator 
Magnetohydrodynamic Three-Dimensional Code 
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MHD Magnetohydrodynamics 
MHz Megahertz 
mil A unit of length equal tc 0.001 inch 
MIRI Multichannel Infrared Interferometer 
MIST MuKiple Ionization State Transport code. A computer code which follows impurity 

species through various stages of ionization, change-exchange, radiation, and 
transport within the plasma 

MIT Massachusetts Institute of Technology 
MJ Megajoules 
mm Millimeter 
MPa Mega-Pascal (Pressure, Stress) 
MPE Most Probable Earthquake 
MSDS Material Safety Data Sheet 
MSE Motional Stark Effect 
msec Millisecond 
MTBF Mean Time Between Failure 
MTL Material Test Laboratory 
MVA Megavolt Ampere 
mw Milliwatt 
M\V Megawatt 

NA Neutron Activation (system) 
NASA National Aeronautics and Space Administration 
NASA/RECON An interactive online information retrieval system used by the PPPL Library 
NASTRAN A structural analysis code 
NB Neutral Beam 
NBETF Neutral Beam Engineering Test Facility 
NBI Neutral Beam Injection 
NBI NBI, Incorporated (word-processing equipment and service company) 
NBLS Neutral Beamlines 
NBPS Neutral Beam Power Supply 
NBTC Neutral Beam Test Cell 
NCR Nonconformance Report 
NET Next European Torus 
NJDEP New Jersey Department of Environmental Protection 
NJIT New Jersey Institute of Technology 
nt.i Nanometer 
NMFECC National Magnetic Fusion Energy Computer Center 
NOAA National Oceanic and Atmospheric Administration 
NOVA-K A nonvariational stability code with Kinetic effects 
NPB Neutid Probe Beam 
NRC Nuclear Regulatory Commission 
nsec Nanosecond 
NTGD Nontritium Gas Delivery 
NTIS National Technical Information Service 

OFE Office of Fusion Energy 
OH Ohrnic Heating 
OMA Optical Multichannel Analyzer 
OM&S Occupational Medicine and Safety 
OMO Occupational Medicine Office 
ORB Operations Review Board 
ORC Operations Review Committee 
ORNL Oak Ridge National Laboratory 
ORR Operational Readiness Review 
OSB Occupational Safety Branch 
OSES Operations System Engineering Support 
OSHA Occupational Safety and Health Administration 
OSR Operational Safety Requirements 
OTT Ottice of Technology Transfer 

PACE Plant and Capital Equipment 
PADS Procurement Automated Data Processing System 
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P&OS Project and Operational Safety 
PAP Plasma "Apprentice" Program 
PBX Princeton Beta Experiment 
PBX-M Princeton Beta Experiment-Modification 
PC Personal Computer 
PC Pico Coulomb 
PCB Polychlorinated Biphenyl 
PDC Pulse-Discharge Cleaning 
PDR Preliminary Design Review 
POX Poloidal Divertor Experiment 
PEM Photoelastic Modulators 
PEST Princeton Equilibrium, Stability, and Transport Code 
PF Potoidal Field 
PFC Plasma Fusion Center (at the Massachusetts Institute of Technology) 
PHA Pulse-Height Analyzer 
PIO Proportional, Integral, Differential 
PIES Princeton Iterative Equilibrium Solver Code 
PIV Plenum Interface Valve 
PLANET A two-dimensional transport code used 1o study the scrape-off region created by 

divertors and limiters 
PLC Programmable Logic Controller 
PLCS Power Line Carrier System 
PLT Princeton Lrrge Torus 
PM Preventive Maintenance 
PM&E Plant Maintenance and Engineering 
PMP Project Management Plan 
PMS Performance Management System 
PMS Performance Measurement System 
PP-Lasers Power, Picosecond Lasers 
PPLCC Plasma Physics Laboratory Computer Center 
PPM Parts per Million 
PPPL Princeton Plasma Physics Laboratory 
PSE&G Co. Public Service Electric and Gas Company (New Jersey) 
psec Picosecond 
P3l Pounds Per Square Inch 
PUBSYS Public System JPPL Public Information System (installed on the Princeton 

University IBM 3081 computer)] 
PUCC Princeton University Computer Center 

QA Quality Assurance 
QA/R Quality Assurance and Reliability 
QMS Quadpole Mass Spectrometer 

RAM Random Access Memory 
RAM Reliability and Maintainability 
RAX TFTR off-line data reduction system (uses a VAX computer) 
R&D Research and Development 
ROAC Research and Development Activity-
REML Radiation Environmental Monitoring Laboratory 
RESA Research Equipment Storage and Assembly 
rt Radio Frequency 
RFBA Request for Baseline Adjustment 
RFP Request for Proposal 
RFP Reversed-Field Pinch (device) 
RFTF Radio-Frequency Test Facility 
RGA Residual Gas Analyzer 
RIF Reduction-in-Force 
RtPLOS Ripple Loss Code 
RIV Rapid Intervention Vehicle 
RLIN Research Libraries Information Network 
mis Root-Mean-Square 
RP( Repeating Pellet Injector also Repeating Pneumatic Injector 
rpm Revolutions Per Minute 
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RTO Resistive Thermal Detector 

S-1 Spheromak 
S-1 Upgrade 
SAD 
SBD 
SCOE 
SCR 
S/DB 
SDS 
SEAS 
sec 
SEM 
SF 
SF6 
SHEILA 
SIMS 
SNAP 
SNL 
SOP 
SOXMOS 
SPARK 

SPEB 
SPICE 
SPRED 
SPRED 
SPS 
Sr 
SR 
SRD 
SRX 
START-UP 

STEP 
Supershots 

SURF 
SURFAS 
SXR 

T3 
TAB 
TAC 
TAE 
TCV 

TDC 
TEA 
TEXT 
TEXTOR 

TF 
TFCD 
TFCX 
TFD 
TFM 
TFTR 
3-D 
TIBER 
TIC 

A compact toroid device (at the Princeton Plasma Physics Laboratory) 

Safety Assessment Document 
Surface Barrier Diode 
Sematech Centers ot Excellence 
Silicon Controlled Rectifier 
Small and Disadvantaged Businesses 
Safety Disconnect Switch(es) 
School of Engineering and Applied Science 
Second 
Scanning Electron Microscope 
Shaping Field, equivalent to EF 
Sulfur Hexafluoride 
Australian Heliac 
Secondary-Ion Mass Spectroscopy 
Time-independent power equilibrium code 
Sandia National Laboratories 
Safe Operating Procedure 
Soft X-Ray Monochromator Spectrometer 
A general geometry computer cod-i that calculates transient eddy currents and the 
resulting fields 
Subcontract Proposal Evaluation Panel 
A general purpose circuit simulation code 
Survey, Power Resolution, Extended Domain Code 
Ultraviolet survey spectrometer 
Surface Pumping System 
Steradian 
Safety Requ'iements 
System Requirements Document 
Soft X-Ray 
A computer code which evaluates free boundary axisymmetric equilibria and 
transport 
SteIterator expansion equilibrium and stability code 
Low-current, high-density plasma discharges combined with intensive neutral-
beam heating that ar fired in a machine where the walls have been scrupulously 
condition via high-povter discharges to remove adsorbed deuterium. 
Synchrotron Ultraviolet User Facility (at the National Bureau of Standards) 
A fast between-shot moments code 
Soft X-Ray 

A toroidal A' solver 
Technical Advisory Board 
Technical Advisory Committee 
Toroidicity-lnduced Alfven Eigenmode 
Tokamak Condition Variable — a tokamak under construction at Ecole 
Polytechnique Federate de Lausanne in Switzerland 
Taylor-Discharge Cleaning 
Iransverse EJectrical excitation at Atmospheric pressure 
Texas Experimental Tokamak 
Tokamak Experiment tor Technologically Oriented Research (Julich, West 
Germany) 
Toroidal Field 
Tokamak Fusion Core Device 
Tokamak Fusion Core Experiment 
Telemetry Fault Detector 
TFTR Flexibility Modification 
Tokamak Fusion Test Reactor 
Three-Dimensional 
Tokamak Ignition/Burn Experiment 
Titanium Carbide 
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TIV 
TLD 
TMPS 
TMX 
TMX-U 
TORE-SUPRA 
Torr 
TOS 
TOS 
TPI 
TPOP 
TRANSP 
TRECAMS 
TSC 
TSCALE 

TSDS 
TSTA 
TVPS 
TVTS 
2-D 

Torus Interface Valve 
Thermoluminescent Dosimeters 
Turbo-Molecular Pumps 
Tandem Mirror Experiment at Lawrence Livermore National Laboratory 
Tandem Mirror Experiment Upgrade (at Lawrence Livermore National Laboratory 
Tokamak at Cadarache, France 
A unit of pressure equal to 1/760 of an atmosphere 
Teleoperator System 
Terminal Operating Station 
Tritium Pellet Injector 
Tritium Proof of Principle 
Time-dependent transport analysis code 
Tritium Remote Control and Monitoring System 
Tokamak Simulation Code 
A computer code that scales plasma equilibrium parameters over a wide range of 
major radius and aspect ratio 
Tritium Storage and Delivery System 
Tritium Systems Test Assembly 
Torus Vacuum Pumping System 
TV Thomson Scattering 
Two-Dimensional 

UCLA 
UHF 
UP', 
ue 
U'iC 
USGS 
USNRC 
USSR uv 

University of California at Los Angeies 
Ultrahigh Frequency 
Uninterruptible power supply 
United States 
User Service Center: implemented on a Digital Equipment Corporation (DEC) 
PDP-1Q computer 
United Stales Geological Survey 
United States Regulatory Commission 
Union of Soviet Socialist Republics 
Ultraviolet 

V 
VAX 
VC 
VCD 
VF 
VHF 
VIPS 
VLSI 
VMEC 
VSOP 
VSWR 
VUV 
VXCS 

Vott 
Digital Equipment Corporation computer; "Virtual Address ExtenBon" 
Variable Curvature 
Viscous Current Drive 
Vertical Field 
Very High Frequency 
visible Impurity Photometric Spectrometer 
Very Large Scale Integrated 
Variational Method for Equilibrium Calculations (Code) 
Variable Specification Omni Processor 
Variable Standing Wave Ratio 
Vacuum Ultraviolet 
Vertical X-Ray Crystal Spectrometer 

W 
WAF 
WBS 
WHtST 

WKB 

W-VIIAS 

XCS 
XiS 
XUV 

Watt 
Work Approval Form (system) 
Work Breakdown Structure 
A 1-1/2-dimensional transport code developed by the Oak Ridge National 
Laboratory 
Wentzel-Kiamers-Brillouin, (A method for analyzing wave behavior if propagation 
characteristics depend on position) 
Wendelstein VII StelMratcr Modified (at Garching W. Germany) 

X-Ray Crystal Spectrometer 
(Horizontal) X-Ray Imaging System 
Extreme Ultraviolet 

ZrAI 
ZT-H 

Zirconium-Aluminum 
A 4-MA reversed-fiekJ pinch experiment at the Los Alamos National Laboratory 
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responsibility for the accuracy, completeness or usefulness of any information, apparatus, product or process dis
closed, or represents that its use would not infringe privately owned rights. 
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Coven Produced on a Macintosh computer by C. Petravic. 

Color contour plot of plasma energy density within a potoidal crass 
section, for the Tokamak Fusion Test Reactor suparshot #29918. 
The peak energy density corresponds to a plasma pressure of 
approximately 3 atmospheres. 
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