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Preface 

During FY80, the joint experimental program 
of the Princeton Large Torus (PLT) and Poloidal 
Divertor Experiment (PDX) made significant 
progress towards the development of advanced 
tokamak techniques lying at the interface of 
physics and reactor engineering. Concurrently, 
new insights were gained into the basic physical 
phenomena of tokamak plasmas. 

In PLT radio-frequency (rf) heating in the ion 
cyclotron range of frequencies produced ion tem
peratures over 2 keV, with heating efficiencies 
that compared favorably with neutral-beam heat
ing performance. Neutral-beam injection at the 
3-MW level was used to generate plasma ion tem
peratures of 7 keV and to investigate transport of 
energy, momentum, and particles under highly 
cotlisionless conditions. 

The PDX divertors were put into initial opera
tion and demonstrated the predicted effective
ness of the poloidal divertor in channeling the out
flow of tokamak particles and energy along the 
divertor separatrix to the neutralizer plates. The 
neutral-beam-injection system developed at the 
Oak Ridge National Laboratory performed suc
cessfully reaching over 2.5 MW with the initial two 
beamlines. The combination of the divertor and 
the neutral-beam heating system allowed excep
tionally high plasma densities to be supported in 
the absence of disruptions. 

A number of smaller experiments, aimed at the 
demonstration of advanced toroidal confinement 
concepts, achieved significant progress. The 
spheromak formation scheme of the S-1 machine 
was put to a preliminary experimental test in a 
smaller prototypical device, and was found to be 
highly effective. The S-1 project itself progressed 

into the fabrication stage. The ACT-1 and H-1 ex
periments demonstrated new techniques for rf-
heating and current driving. 

The Theory Division obtained extensive new 
results on the finite-/} MHD stability properties 
of tokamaks and guided the design of the S-1 for
mation scheme by means of resistive-MHD simu
lations. A fundamentally new approach to rf cur
rent driving was discovered. The newly organized 
Applied Physics Division carried out extensive 
analyses in support of the International Tokamak 
Reactor (INTOR) and the Fusion Engineering De
vice (FED), as well as on behalf of the ongoing 
tokamak experiments and the proposed Ad
vanced Toroidal Facility (ATF). 

(n the Tokamak Fusion Test Reactor (TFTR) 
project, building construction achieved dramatic 
progress, and a wide range of machine compo
nents entered the final manufacturing stage. The 
success of initial neutral-beam-injector tests in 
achieving currents over 60 A at 120 keV from a 
single source was particularly encouraging. The 
Central Instrumentation Control and Data Acquisi
tion (CICADA) computer system was installed in 
the TFTR control room. Plasma diagnostics began 
to advance on a broad front, and work on deute
rium-tritium-related systems was under way. De
sign studies for a tritium-breeding module were 
completed. 

In summary, the past year has proved un
usually fruitful in terms of plasma research, and 
has also reflected the continuing evolution of the 
Laboratory towards the solution of practical engi
neering problems and the initiation of reactor-rp-
lated activities. 



Princeton Large Torus (PLT) 

The Princeton Large Torus (PLT), shown in Fig. 
1, was first operated in December 1975. Ohmic 
heating experiments, with plasma currents rang
ing up to 650 kA, emphasized the study of MHD 
stability, plasma confinement scaling, and the 
identification and control of impurities. Neutral-
beam experiments began in 1977, and in 1978 ion 
temperatures of 6.5 keV were reached. Concur
rently, rf heating in the ion cyclotron range of fre
quencies was begun at low power, The results 
were encouraging, and during FY79 rf power ab
sorbed by the plasma was increased to — 350 kW 
while plans were made for experiments at still 
higher power. 

Major Activities 
Summary 

During FY80, the experimental research pro
gram on the Princeton Large Torus was equally 
divided between heating experiments based on 
neutral-beam injection (powers up 3.4 MW) and on 
absorption of ion cyclotron waves in the ion cyclo
tron range of frequencies (powers up to 0.75 MW). 
The major result from neutral-beam heating was 
the achievement of 7 keV ion tempt'atures and 
ioncollisionalityuj = 5 x 10 - 3. This value of u* is 
one order of magnitude lower than that previously 

Figure l The PLT machine in 1978.(781167) 
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attained and represents the realization of colli-
sionality regimes expected in reactor plasmas. It 
was achieved without degradation in plasma be
havior. The major result from ion cyclotron (ICRF) 
heating was the achievement of routine coil exci
tation powers of 1 MW, with resulting ion tempera
tures of 2.4 keV Allowing for the moderate levels 
of rf power delivered to the plasma waves (< 0.75 
MW), these ion temperature increases equal the 
best PIT neutral-beam heating results. 

The Laboratory's major device operation dur
ing FY80 was composed of 60% runtime, divided 
between PLT and PDX, and 40% downtime. The 
principal components of the PLT downtime were 
recovery from the TV Thomson Scattering (TVTS) 
window implosion of September 1979, assorted 
small vacuum problems primarily due to the get
ters, reappraisal of the Coil 6 fix (see FY79 annual 
report), installation of a shunt to simulate the to
roidal field ripple resulting from the Coil 6 failure, 
equilibrium field (SF) power supply problems, and 
a planned opening in September 1980 for installa
tion of the lower hybrid heating coupler, new ICRF 
coils, and replacement of the stainless steel ring 
limiters with carbon limiters. The actual runtime 
on PLTamounted to about seven weeks for neutral 
beam heating, seven weeks for ICRF heating, and 
one week for ohmic heating. 

PLT Neutral-Beam Heating 
The major beam-heating effort during FY80 

was to identify the PLT machine operating param
eters' which are important in achieving the high
est ion temperature results. Since the ion tem
perature is inversely proportional to the number of 
particles sharing the power, the most important 
parameter is density control, which must be effec
tive during the intense neutral-beam heating in 
order to avoid the large density rise normally as
sociated with injection. Effective density control 
is achieved by titanium gettering for approxi
mately five minutes at three toroidal locations be
tween discharges such that the neutral H? fill gas 
is pumped into the walls at rates Z 50 Torr-f/sec. 
With effective density control, 2.5 MW of beam 
injection (2 Co + 1 Counter) can achieve an ion 
temperature ~ 7 keV with n. = 1.5 x 1013 c m - 3 

andh"e(0)= 5 x 10'3 cm- 3 . Without effective den
sity control, 3 MWof beam injection would raise h, 
to 5 x 10' 3cm- 3andn e(0)= 10"cm- 3 , so that the 
final temperature would be tower even with the 
same heating efficiency. The second important 
parameter is control of moderate-Z impurities 
(mainly iron and titanium) which originate from the 
vacuum walls (50 cm from the center of the 
plasma), the in-out limiters (45 cm), the ICRF 

shields (48 cm), and possibly as a film on the up-
down carbon limiters (36-40 cm). Control of these 
impurities at low plasma densities is achieved pri
marily by good position control, and by first going 
to a higher density (with a lower impurity content) 
and then reducing it to the lower density required 
for the high ion temperature without increasing 
the impurities. These methods are apparently in
fluenced by subtle changes in the vacuum condi
tions. The consequence of poor impurity control is 
that central radiation levels —30% of the beam 
power (i.e., ~ i MW) occur, often coinciding with 
changes in the MHD activities (m = 2 or minor 
disruptions). 

Parameters which are demonstrably less im
portant in achieving the highest possible tempera
tures incluae 20% reductions in plasma current 
or toroidal magnetic-field, as well as a single 2.5 % 
peak-to-peak local ripple in the toroidal B field. 
The ripple experiment was performed by inserting 
a shunt in one of the TF coils.2 The ripple could be 
introduced with only a 10 minute interruption in 
the run so that effective comparisons could be 
achieved. The results are listed in Table I and indi
cate no discernible differences in heating effi
ciency. 

TABLE 1 

Parameters 2.5% Ripple No Ripple 

f \(10 , 3crrr 3) 2.0 1.8 
T.(keV) _• 6.3 6.4 
PB(MW) 2.3 2.4 

Much of the experimental effort during FY80 
was in documenting the various transport pro
cesses (ion thermal energy„electron thermal en
ergy, toroidal momenlum,,particle confinement, 
and injected energetic beam confinement) during 
beam heating.3 Even the poorest PLT beam-
heated plasmas routinely have factors of 10 
smaller ion collisionality v * than available on other 
tokamaks. Thus, the transport processes and 
various transient phenomena observed in PLT can 
quantify the expectations of reactor-grade plas
mas. 

Ion Heating 

The highest achieved ion temperatures (Fig. 2) 
of about 7 keV were measured with the charge 
exchange analyzer, including central neutral dop
ing from a diagnostic beam. The passively 
measured energy distribution is quite curved at 
low energies. This curved spectrum is due to the 
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fact that the charge exchange analyzer makes a 
line integral through colder regions of the plasma. 
However, another interpretation of this curvature 

20 
ENERGY (keV) 

Figure 2. The passive (o) and active (S) charge exchange 
spectra for (fie fiotfesf PIT plasma. Cf—H'^neutral-beam 
injection (2.4 MWI produced T, = 7keVandv\ = 5 x 10~3. 
(806994) 

that the central ion energy distribution is non-Max-
wellian, and that the central temperature is colder 
than the temperature derived from the slope of the 
high energy region of the spectrum. The diagnos
tic beam provides a local enhancement of the 
charge exchange production at the plasma cen
ter. Analysis of the enhanced signal indicates that 
the ion energy distribution is Maxwellian from 1/3 
to 5 times T,. 

The ion heating observed on PLT during neu
tral-beam injection is found to be in good agree
ment with the usual model for ion energy trans
port, which includes neoclassical thermal 
conduction. The thermal convection term in the 
ion energy balance is large and quite uncertain at 
low densities, leaving considerable room for pos
sible anomalous ion thermal conduction. At the 
moderate densities in PLT, however, thermal neu
trals originating at the walls and limiter cannot 
penetrate into the central region of the plasma, 
and the particle source rate is dominated by the 
injected beam. Under these circumstances, the 
central particle confinement time and the con
comitant ion thermal convection can be evaluated 
with some confidence. The resulting ion power 
balance leaves relatively little room for further 
anomalous effects. Figure 3 illustrates a 6.3 keV 
4 

ion temperature case,23 for which the calculation 
of the ion temperature time evolution cannot allow 
even a 3 x enhancement over neoclassical con
duction losses. 

300 350 
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Figure 3. Time evolution of the central ion temperature for a 
high power, "moderate density" PLT neutral beam injection 
case. (806337) 

Electron Heating 
At low densities and high temperatures an im

provement in central energy containment occurs 
while the gross electron energy confinement is 
approximately constant. At the highest power 
levels this regime is now inaccessible, however, 
due to increased central core radiation. A recent 
scan of electron heating (Fig. 4a) as a function of 
plasma density using D° beams show that in the 
moderate temperature and density range for PLT 

P,, - 0 . 7 H H 
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Figure 4. a) TJr) before injection (t = 350 msec) and during 
iniection't = 525msec)tor2and4 0°beams. Tfietempera-
ture profile was measured by the Fourier transform spec
trometer (2 <» „ radiation) diagnostic, b) T,(r) obtained with 0.7 
MWof ICRF in the deuterium minority, -Us majority mode (B 
= 3.2T). The temperature profiles were measured by the 
Thomson scattering and 2w ̂ diagnostics. (81X0129) 

little degradation of heating efficiency occurs as 
the plasma density increases (Fig. 5) and beam 
penetration is reduced. The electron heating, 
moreover, is found to be linear with respect to the 
input beam power, up to the presently achieved 
limits of P„(H°) ~ 2.0 MWand Pt(D°) ~ 3.0 MW 
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Figure S. Electron temperature before, during, and after D° 
beam injection as a function of electron density. (806348) 

From the density scan results, it would be 
tempting to conclude that electron heating effi
ciency is insensitive to beam penetration. How
ever, the large dn„/dt and central core radiation 
could mask a potentially strong heating efficiency 
at low density. From the linear dependence of the 
electron temperature rise on beam power, it is a 
temptation to conclude that electron energy con
finement is independent of Te. However, the fact 
that ion-electron coupling and beam-electron 
heating decrease rapidly as Te increases makes 
the dependence of TE, on Te not directly derivable 
from this data set. 

It can be concluded: 1) that effective electron 
heating is possible in plasmas with reduced beam 
penetration, and 2) that the continued application 
of higher beam powers in future tokamaks can be 
expected to produce corresponding increases in 
electron temperature if impurity radiation and 
plasma density can be controlled. 

Energetic Ion Confinement 
The fast ion charge exchange spectrum, and 

beam induced fusion neutron production, give 
confidence that the injected energetic beam ions 
are confined and slowed down classically, in 
FY80, two improvements to these observations 
were made. A component to the fast ion popula
tion was observed in the Co direction during 
Counter-only injection (Fig. 6). These are ions 
which have been pitch-angle scattered into 
trapped-particle orbits, with the result that they 
spend some time traveling in the opposite direc
tion. Their banana width is so large that the re
flected orbit occurs in an outer spatial region 
where the neutral density is large and where, 

therefore, the probability for charge exchange 
and subsequent detection is high. The observa
tion of these particles is a confirmation of neo
classical orbit theory for energetic ions. More
over, the reflected flux could be eliminated by 
reducing the plasma current so that the loss re
gion encompassed this region of velocity space. 

Direct 

Noise Level \ / i 
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Figure 6. Measurement of the charge exchange spectra for 
Counter-only injection including a large Co-go:ng ion current. 
These reverse ion currents arise from neoclassical!)/ re
flected orbits. (See inset.) (809080) 

The use of the neutron emission to determine 
the confinement of the energetic injected ions is 
limited by the ability to absolutely calibrate the 
neutron emission detection system. The PLT neu
tron emission has been calibrated using indium 
foils" which are activated by the "5ln(n,n') n 5 m ln 
threshold reaction whose neutron energy depen
dent cross section greatly reduces the influence 
of scattered neutrons (i.e., of degraded energies). 
The indium calibration is accurate to < 40% while 
previous calibration techniques were accurate to 
factors of 2 to 5. Moreover, a poloidal array of the 
foils allows a mapping of the local neutron flux 
which yields the Shafranov shift of the magnetic 
axis plus the outward drift orbit displacement of 
the central beam ions of a total of 10 cm during 
high power Co neutral beam injection (Fig. 7). 

ICRF Heating 
The two basic heating regimes in PLT ICRF 

heating experiments are the two-ion regime, 
where the wave damping is provided by a minority 
species, and second harmonic regimes, where 
the wave damping occurs on the majority species. 
Each can produce energetic ions that are well 
confined in PLTand, consequently, can efficiently 
heat the bulk ions and electrons.5 Half-turn loop 
antennae excite waves from the low field side of 
PLT which propagate to the damping zone in the 
core of the plasma. Wave excitation is available at 
25 MHz and 42 MHz, with different regimes re
quiring different toroidal magnetic fields (Table II). 
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Figure 7. Polodial emission profile of d-d neutrons as deter
mined by the placement of indium activation foils on the PLT 
vacuum vessel. The major radius of the neutron-emitting 
plasma is Mshifted about 8 cm from the vacuum vessel 
center. (806097; 

PLT runtime was insufficient to explore and opti
mize each of these available heating regimes. In
stead, each of these modes was tested at low 
powers to indicate that, indeed, energetic ion tails 
were produced in all regimes, and a more com
plete documentation was made for the 3He minor
ity heating. 

3He Minority Heating 
The bulk of the ICRF work during FY80 has 

been with the 3He minority mode at 2.5 T. This 
regime allows easily-produced, good PLT dis
charges (i.e., at a large field and therefore plasma 
current) so that there is good confinement of the 
energetic 3He ions. The use of a 3He tail alsc max
imizes the power to the bulk ions (deuterons), 
since the critical energy for 3He is higher and the 
coupling stronger than for hydrogen or deuterium. 
Further, the direct charge exchange losses for the 
energetic tail are minimized. By the end of FY80, 
the 3He minority regime was operating relinbly 
with 1 MW of power into the coils and 0.8 MW 
going into the plasma lor durations of 0.2 sec. At 
the highest rf powers, the thermonuclear d(d,n) 
3He neutron flux (Fig. 8) is increased by more than 
a factor of 500 t o - 5 x 101,n/sec. The deuterium 
temperature increases by —1.7 keV to —2.4 keV 
as determined both by the neutron emission and 
the charge exchange system. Collimated neutron 
energy spectral measurements and mass re
solved charge exchange measurements indicate 
that the bulk deuterons are Maxwel'ian. The neu
tron emission has been found to be toroidally un
iform from activation measurements of the indium 
foils [,,6ln(n,n') 1,s1n(4.5h)—!^ln] placed on the PLT 
vacuum vessel. This result suggests that local ex
citation and trapping of energetic deuterons near 
the antennae is negligible. Significant electron 

r TABLE II 

rf Frequency 
(MHz) 

Mode Gases 
minority majority 

Toroidal Field 
(T) 

25 two-ion D H 3.2 
H D 1.6 
D 3He 3.2 

3He D 2.4 

42 two-ion H D 2.8 

A2 second H 1.4 
harmonic 3He 2.1 



TIME (sec) 
Figure 8. Neutron emission and derived deuterium tempera
ture for the 'He minority during ICRF heating. The shaded 
region indicates the duration of the rf excitatior (0.8 MW). 
The inset shows the high resolution neutron energy spectrum 
with the expected Doppler width of a 2 keV plasma. The 
charge exchange deduced ion temperature (M agrees rea
sonably with the neutron 7, and the spectra (inset) also indi
cate a Maxwellian deuteron population. (803908) 

heating has been observed, although the level de
pends strongly on the impurity radiation from the 
plasma. 

The radiation losses during ICRF heating are 
due to a combination of increased electron den
sity, influx of high-2 impurities, and radiation of 
low-Z impurities in the periphery. The power input 
occurs mostly in the plasma interior (Fig. 9), 
whereas the radiated power usually arises mainly 
near the periphery. 

Due to the double charge exchange for 3He, 
direct measurment of the 3He energy distribution 
has not proven to be practicable as yet. However, 
we have observed high d(aHe,p)a reaction rates, 
which are induced by the energetic 3He tail react
ing with the bulk deuterium plasma. This reaction 
produces a 14.7 MeV proton which has so much 

DEPOSITED AND RADIATED POWERS DURING ICRF 

PLT C-Limiter a = 40cm 

ICRF P r f »360KW 

B T M 7 * G 

f = 2 5 M H ! H/D = 5% 

During ICRF 

20 30 40 
RADIUS ,(cml 

Figure 9. Deposited and radiated powers during -He minority 
ICRF. The increase in central radiation can be- accounted for 
entirely by the plasma density r'se during the rf pulse. Nearly 
the entire ICRF power is event-jally radiated away from the 
plasma periphery. (809072) 

momentum that it is completely unconfined in PLT. 
The loss is caused by curvature and grad B drift
ing of the energetic protons, such that these arti
cles are lost down and outward in a pattern that 
was verified by measurement of the poloidal dis
tribution of the energetic proton induced 56l :e(p,n) 
56Co(79d) activity on the PLT stainless steel ring 
limiters (Fig. 10). Time resolution of the d-3He 
reaction rate was achieved using a silicon surface 
barrier detector (Fig. 10) placed on the horizontal 
midplane. The ICRF induced d-3He reaction rates 
as high as 10'3 sec - ' indicate a fusion power pro
duction of —50 watts. The observed d-3He reac
tion rates are consistent with the expected pro
duction by the ICRF generated 3He tail and 
indicate the production and confinement of 3He 
particles up to ~80 keV. The d-3He reaction rate 
and the bulk deuteron ion temperature are op
timized when the toroidal magnetic field is such 
that the ICRF 3He resonant layer is —10 cm out
side of the vacuum vessel minor axis (Fig. 11). 
This optimization is consistent with placing the 
ICRF 3He drift orbits or, alternatively, with placing 
the two-ion hybrid layer near the center of the 
plasma. 

The 3He minority ICRF heating experiments at 
the 0.8 MW level are very similar to the early neu
tral beam heating experiments at the 1 MW level. 
As with the beams, control of the plasma density 
and impurity influx are important. In this respect, 
measurements of the outflux of low energy neu
trals6 (Fig. 12) away from the limiter indicate an 
increase in the edge neutral density during the rf, 
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Figure 10. a) Loss orbits of 15 MeV protons created in the 
center of the PLTplasma by the d(>He,p)a reaction, b) Monte 
Carlo calculation of the poloidal escape distribution of 15 
MeV protons compared to the poloidal distributions of 
xFefp.n) xCo activation in the PLT steel limiters and caused 
by the 15 MeV protons. (806996) 
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Figure 11.a) Time evolution of the 15 MeV proton emission of 
dfHe.p) reactions due to the energetic 'He tail and the 2.5 
MeV neutron emission d(d,n) reactions due to the bulk ion 
heating, b) Density evolution indicating the 3He gas puff dura
tion, c) Scan of the proton and neutron emission as the to
roidal field was varied. The 3He tail was most energetic and 
the ion temperature was highest when the cyclotron layer 
was slightly outshifted from the PLT minor axis. (806995) 

which might explain the observed density rise dur
ing the ICRF heating. As with the neutral beam 
heating, this density rise must be controlled at 
higher rf powers. Interestingly, the increase in the 
low energy neutral outflux also occurs for beam 
heated plasmas but is not observed on gas puffing 
experiments which program even larger density 
rises. 
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Figure 12. Time evolution ana spectrum of the neutral emis
sion away from the limiter during a) 0.2 MW of H minority 
ICRF, b) 1.7 MW of D'-H* neutral beam heating, and c) 
intense gas puffing. (806070) 

Deuterium Minority Cases 
For a D minority in an H or 3He plasma, the 

minority fundamental resonance is at a higher 
magnetic field than for the majority. The use of the 
higher magnetic field allows somewhat easier PLT 
operation at densities f \~ 5-6 x 10"cm-3, where 
these ICRF modes can penetrate to provide cen
tral heating in plasmas with the longer electron 
energy confinement times associated with higher 
density operation. Preliminary ICRF results (Fig. 
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4b) indicate that extremely efficient central elec
tron heating was obtained in some cases in these 
high density deuterium minority modes. It is not 
clear whether these results arise from direct 
wave damping on electrons or the increased elec
tron-ion coupling at the higher densities. This 
electron heating regime has not been fully ex
plored, but the sensitivity of these preliminary re
sults to the deuterium minority concentration sug
gests a strong correlation of the heating with *he 
wave dispersion relation. 

Second Harmonic Regime 
Initial heating results for the second harmonic 

regime have been obtained in ty'd'ogen with a 
single coil excited at 42 MHE. An ion energy distri
bution consistent with Fokker-Planck theory has 
been observed out to 60 keV (Fig. 13). The bulk 
heating estimated between 1.5 keV and 5 KoV is 
sizeable even at moderate power levels, Note that 
even this conservative estimate of the energy 
added to the hydrogen ions gives a nesting rate of 
—3.5 x 10'3 eV/kW-cm3, which is comparable to 
that achieved in the D-H two-ion regime. The ion 
distribution is similar to the minority heating re
gime except that the bulk population is a mono-
tonically decreasing non-Maxwellian distribution, 
consistent with the complete Fokker-Planck the
ory including finite Larmor radius effects in the 
quasi-iinear rf operator. 

Mode tracking is not essential for the second 
harmonic regime in PLT. The loading exhibits mod
erate to low-Q modes which provide adequate 
coupling throughout the rf pulse. This result can 
be attributed to the influence of the ion Bernstein 
wave on the second harmonic damping in a fash
ion similar to that at the two-ion hybrid layer. 

Fluctuations and Stability 
In PLT, as in all tokamaks, observations of MHD 

oscillations, density fluctuations, and impurity 
transport are important for the information they 
may yield about the plasma transport and limita
tions to the plasma parameter range. In this con
text, the intensive external heating available on 
PLT makes several of these phenomena more pro
nounced. 

High-Frequency Fluctuations 
For ohmically heated PLT plasmas, the ampli

tude of the microwave signal scattered from den
sity fluctuations7 has been measured (Fig. 14) indi
cating that the perpendicular wavelength is of the 
order of the ion gyroradius. By assuming that the 
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Figure 13. Charge exchange measurement of the proton dis
tribution produced by second harmonic heating of a hydro
gen plasma (f = 42 MHz, B^= 14kG,ne = 1.7 x 10" cm-3, 
P„ = 140 kW) and the time evolution of the bulk hydrogen 
temperature (lor the 1.5-5 keV energy range). Thedashedline 
shows a typical hydrogen minority heating case with similar 
rf power. (809015) 

observed turbulence is isotropic in the perpendic
ular plane and that Kn<< K .̂then < n«, >m s/n e = 
1 % The level of density turbulence was enhanced 
by a factor of two when the ion temperature was 
increased by neutral beam injection from 1 keVto 
4 keV. At higher ion temperatures, a new type of 
fluctuation, was occasionally observed which fea
tures spikes at frequencies -50-200 kHz (Fig. 
15a), was observed by soft x-ray diode arrays indi
cated oscillations at these frequencies in milli
second bursts, propagating in the ion diamagnetic 
direction and linked by m/n = 1 nelicity, suggest
ing a long coherence length and macroscopic 
structure. Although these fluctuations tend to oc
cur only on those discharges with T, > 4 key some 
discharges with T, > 4 keV were also obtained 
with little or no fluctuation. 
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F/gi/re 75. Both the microwave scattered sign.il a) and soft 
x-ray chord signals b) exhibited similar high frequency oscil
lations (50-200 kHz) on the same type of high ion temperature 
neutral-beam heated discharges. The exact relation between 
these two oscillation signals, if any. has not yet been es
tablished. (809079) 

Sawtooth Oscillations 
The influence of external heating (either neu

tral beams or ICRF) is often to make the sawtooth 
amplitude (AT0)/Te ~ 0.3 period (S. 50 ms), and the 
radial extent (r/a ~ 0.5), all larger. A variety of new 
phenomena associated with these sawtooth oscil
lations became observable. 

Figure 16 shows the Fe XXIV resonance line 
brightness which drops about 70% in < 0.1 ms, 
near the plasma center. The ionization and recom
bination times of Fe XXIV are 5-10 ms, and the 
signal (collisional excitation rate) is almost inde
pendent of Te (above 0.1 keV) so that the large 
central drop must be a transport effect rather 
than an atomic process. Fe XXIII shows the same 
oscillations while Fe XXII has almost no oscilla
tions, and lower ionization states show only a 
weak inverse sawtooth. Inverting the signals into 
radial profiles indicates that the total amount of Fe 
XXIV has been unchanged by the internal disrup
tion. The intensity fluctuations of the Fe XXIV light 
are ascribed to a rapid mixing of plasma near the 
center and around 15 cm. 

The flux of runaway electrons to the limiter 
increases for —2-5 ms after the internal disrup
tion. The time from the internal disruption to the 
hard x-ray maximum increases when the electron 
density is increased and is somewhat longer to 
ICRF heated discharges than for neutral beem 
heated discharges. One possible interpretation of 
these phenomena is that the runaway electrons 
transport to the limiter from the q = 1 surface, 
where they have undergone a spatial redistribu
tion as a result of the internal disruption. The run
away electron confinement times are aboui \'JC -
1/10 of the bulk electron energy confinement ti
mes as if both processes were determined by 
parallel heat conduction along perturbed mag
netic surfaces. 

The thermonuclear neutron emission on PLT 
during ohmic heating, H°— D* beam heating, or 
3He minority ICRF heating, is observed to decay 
rather slowly to a minimum in about 5 ms (fluctua
tion magnitude -10-20%) after the internal dis
ruptions. The neutron sawtooth can be reasona
bly described by solving the time evolving energy 
balance in the presence of an internal disruption. 
The key features are that there is some degrada
tion of the ion energy confinement in the 5 ms 
following the internal disruption which cannot be 
accounted for by electron-ion coupling. A saw
tooth-like redistribution of the ion energy or a 50% 
enhancement of convection or conduction could 
explain the observations. Furthermore, after 
about R msec, the neutron emission rises at a rate 
too rapid to be explained by classical electron-ion 
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coupling. The most probable energy influx is due 
to the inward convection which is simultaneously 
observed as the density buildup between saw
teeth. An inward directed velocity — 30 cm/sec 
could explain the experimental observations and 
is of the magnitude of the expected Ware pinch 
near the plasma center. 

When the deuterium plasma is heated with 
deuterium neutral beams (D°—D+), or when a 3He 
plasma is heated with deuterium minority ICRF, 
th<5n the neutron emission arises from the interac
tion of the bulk plasma with the energetic tail ions. 
These neutron oscillations are observed as a 
small drop <6ln/ln < 3%) decaying to a minimum 
about 5 ms after the internal disruption8 (Fig. 16). 
The time evolution of the neutron emission was 
modelled by solution of the Fokker-Planck equa
tion describing the energetic ions. The neutron 

sawteeth could be explained entirely by the time 
evolution of the electron drag on these ions. 

Fast Ion Disruptions 
It is observed with high power neutral beam 

injection (>2 MW) into PLT plasmas with small 
minor radius, small toroidal fields, or large central 
radiation, that a type of disruption can occur 
which strongly influences the energetic, injected 
ions and only modestly influences the plasma cur
rent, the electron temperature, and the electron 
density. These "fast ion disruptions" are charac
terized by —50% drops in the beam-induced neu
tron emission in times = 2 msec (Fig. 17). 
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Figure 17. Time evolution ot the beam induced neutron emis
sion, the perpendicular last ion charge exchange outflux. and 
the tangential last ion charge exchange outflux during a fast 
ion disruption (809081) 

Simultaneously, the energetic charge ex
change oulflux rises first and then drops by 50%. 
The rise is observed primarily in V„/. directions 
perpendicular to the beam direction and may be 
due either to enhanced pitch angle scattering or 
energetic ion transport to the plasma edge (where 
the neutral density is large). The neutron emission 
and charge exchange outflux is apparently in
fluenced directly by a precursor m = 1 MHD 
mode of short duration and significant extent (r ;. 
25 cm). 
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Figure 16. Typical phasing of hard x-ray signals, thermonu
clear fusion neutron production, line average density, beam 
induced fusion neutron production, and Fe XXIV emission 
with the sawtooth beha vior. These signals area composite ot 
several different discharges. (809082) 

Impurity Transport 
Experiments and computer simulations indi

cate that high-Z impurities move across the mag
netic field during stable, stationary discharges 
with a velocity of the order of 10' cm/sec, corre
sponding to a diffusion coefficient of 10" crrV7sec. 
The outward radial motion has been seen in argon 
seeded discharges,5 where hydrogen-like argon, 
produced in the central region of the discharge, 
has been seen to diffuse to outer radii (Fig. 18). A 
corresponding diminution of the long lived helium 
and hydrogen-like charge state in the central re
gion has also been observed (Fig. 19) as a devia
tion from coronal equilibrium." Since ionization 
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and recombination times decrease with increas
ing density, these deviations caused by transort 
become more pronounced at tower density. 

J5 <0 ' 5 

Figure 18. Modelling ol argon seeded discharges with the 
MIST code. The total argon density of 5.3 x 10" cirr is 
assumea to be independent of radius. The concentration ol 
hydrogen-like AR'" is calculated assuming (l) coronal equi
librium with charge exchange recombination and (II) diffu
sion with a diffusion coefficient of 10" cm'/sec and charge 
exchange recombination with a central neutral density of 3 
x W cm-1. The circles show total argon content derived 
from Ka union, the dots hydrogen-like argon concentration 
from recombination edges. The corresponding x-ray spectral 
are shown in subfigure (aj. (809089) 
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Figure 19. Observed deviations of the relative charge-state 
distribution of Fe XXIVand Fe XXV from coronal equilibrium, 
n/s, as a function of the central electron density, n,. The 
deviations from coronal equilibrium, n,. ,Jn„ „» • a/s. are 
determined by the ratio of the ionization time lor a Fe XXIV 
ion, T - Vsn„ and the confinement time rofaFeXXV ion. 
The value o( r - 5 rns deduced from experimental data is 
interpreted as the confinement time of a Fe XXV-ion within 
the central region (r< 10 cm) of the plasma column, where, 
due to the radial electron temperature profile, the (1s-2p) 
resonance lines of Fe XXi'/and Fe XXV(used tor the observa
tions) are excited. (806114) 

Radial profiles of impurities, summing over all 
charge states, tend to be relatively flat, indicating 
that accumulation of impurities in the central re
gion does not occur. 
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Poloidal Divertor Experiment (PDX) 

The Poloidal Divertor Experiment (PDX), 
shown in Figure 20, is a large tokamak built to 
investigate: 

• Development and determination of the ef
fectiveness of poloidal divertors, magnetic 
limiters, and other techniques for control
ling impurities in large, high-temperature, 
collisionless tokamak plasmas; in particular, 
development of a shielding divertor for use 
with long-pulse reactors. 

• Determination of (he confinement scaling 
as a function of collisionality for the range of 
parameters from present-day plasmas to 
those of reactor-like plasmas; use of diver-
tors to control the effective Z and of neutral 
beam heating to control the plasma tem
perature. 

• Optimization of the plasma cross-section 
under conditions of relatively "flat" current 
distributions, which are produced in con
junction with effective divertor control of the 
density of neutral species and impurities. 

• Determination of the maximum p for a sta
ble plasma confined in a tokamak under 
nearly optimum conditions of impurity con
trol and cross-section shaping. 

• Development of plasma refueling tecn-
nipues that are compatible with impurty 
control in reactor-like plasmas. 

The "irst nondivertor plasmas were prepared m 
PDX in February 1979. A'ier two months of opera
tion, during which circular cross-section plasmas 
with currents up to 500 kA were obtained, experi
ments were suspended tor installation of the 

&zm 
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Figure 20. The Poloidal Divertor Experiment. (806834) 
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divertor system components. Results from the ini
tial period of operation were presented at the 
Ninth European Fusion Conference in September 
1979'. 

Major Activities 
Summary 

In the first quarter of FY80, the installation of 
the divertor components was completed. Power 
tests of the divertor coils and the reestablishment 
of circular discharge operation took place in De
cember 1979. The first divertor plasmas were ob
tained in January 1980. In mid-February, after ini
tial investigations of the divertor operation, the 
machine was opened for internal inspection and 
repair and the installation of parts for the first 
stage of the neutral beam heating system. The 
basic features of the divertor plasmas were 
described in a paper presented to the 4th Interna
tional Conference on Plasma Surface Interac
tions, Garmisch-Partenkirchen, April 1980?. 

Beam injection experiments began in April and 
then, during May and June, several aspects of the 

operation of the divertor were investigated in both 
ohmic and beam heated discharges. The results 
of this period of experiments were given at the 8th 
International Conference on Plasma Physics and 
Controlled Nuclear Fusion Research in July 
19803. 

The machine was opened again in July for re
pairs and the installation of new diagnostics. Ex
periments recommenced in August in rotation 
with PLT, and then in September an intensive pe
riod of experimentation on PDX began when PLT 
was opened for refurbishing. 

In all, seventeen weeks of experimental run
ning time were available between January 1980, 
when full operation recommenced, and the end of 
FY80. During this period, some 5500 high power 
discharges were run, of which 70% were divertor 
discharges and 30 % were circular. Of the divertor 
shots, 80% were in the standard-Dee configura
tion with the remainder in the square and inverse-
Dee configurations. 

Significant milestones in the PDX program, 
which were passed during the year, include: 

January 1980 

February 1980 

April 1980 
May 1980 

June 1980 

August 1980 

September 1980 

First divertor plasmas: 
BT = 1.7 T, l„ = 280 kA, ne ~ 2x 10'3 cm'. 
Measurements of particle and energy flow into divertors. Divertor plasmas 
with Zc„ = 1.3. 
Neutral beam injection: 900 kWat 35 keV for 200 msec; n 8 ~ 3 x 10 - 3 . 
During ohmJc heating f\ was raised t o 4 x l 0 ' 3 c m - 3 , 6 x10 1 3 cm" 3 during 
beam heating. 
Injection from two beams at 2.4 MW. Single-null divertor configurations 
produced. 
Measured the deposition profile of injected solid hydrogen pellets. Re
duced q a below 2 for short periods in ohmic discharges. 
Neutral beam injection, P = 2.8 MW. During beam heating ne reaches — 8.5 
x 10' 3 crrr 3 

Fabrication, Testing and Discharge Cleaning 
Across section through the PDX vacuum ves

sel and coil systems is shown schematically in 
Figure 21. Before initial divertor operation, the 
external supply conductors for the internal wind
ings were carefully tested electrically and me
chanically, and some small deflections were 
measured in the conductors feeding the divertor 
windings. As a precaution, the toroidal field, diver
tor and plasma currents have been held to 2/3 
their final design values to limit the forces on the 
electrical joints while additional bracing for them 
is completed. 

Within the vacuum vessel, all the surfaces in 
contact with the plasma (the limiters, divertor neu-

tralizer plates, liner and diagnostic components) 
are made from 99%-pure titanium. The vessel is 
evacuated by turbopumps with a combined speed 
of 3 kf/s for hydrogen to a base pressure of 10"' 
Torr. Titanium gettering can be applied in half of 
the twenty divertor burial cells formed by alumi
num curtains in the domes of the vacuum vessel. 
No gettering has been applied in the main plasma 
chamber. The titanium was originally deposited at 
rates up to 5 g/hr in total which produced a pump
ing speed of > 200 W/sec for hydrogen and a base 
pressure of ~ l0-» torr. Following the interna! in
spection in July 1980, the gettering was reduced 
somewhat, particularly in the upper dome, due to 
concern over the formation of loose titanium 
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Figure 27. Schematic cross section through the PDX vacuum 
vessel and coil systems. Coil identification: TF- toroidal field, 
OH - ohmic heating transformer, DF.CF- divertor fields, EF • 
equilibrium control field, NF • nulling field (for start-up). 
(803771) 

plied field is adjusted to produce initially a quadru
p l e null at a radius of about 1.6 m. The current 
buildup from 20 to 100 kA remains very sensitive 
to the applied vertical field and its rate of rise, but 
with careful programming of the field and feed
back control of the position, divertor discharges 
can be started reproducibly. 

PDX is equipped with feedback control sys
tems for the plasma current, radial position and 
line-average electron density. These systems en
able the discharge to be developed in a predeter
mined manner and are particularly useful in ob
taining reproducible plasmas for confinement 
studies and comparisons of the different mag
netic configurations, 

Flux surface contour plots for typical MHD 
equilibria during the current flattop in PDX diver
tor discharges are shown in Figure 22. These 
plots are computed solutions of the MHD equilib
rium equations satisfying as boundary conditions, 

flakes on some exposed surfaces. Such flaking 
was considered a possible cause of some large 
bursts of titanium influx which had been observed 
in divertor discharges. 

The glow discharge cleaning technique, which 
proved most successful during the early opera
tion of PDS 45, has been largely discontinued be
cause it appears to damage the internal insult tors 
supporting components of the divertor system. 
This damage does not occur during the pulse dis
charge method which has superseded the glow 
method. However, the pulse discharge method Is 
not effective in cleaning the remote regions of the 
divertor domes, even when the divertor fields are 
energized during its application, and as a resuit 
the conditioning process is now slower. 

Initiation, Control and MHD Proper
ties of PDX Discharges 

For the initiation of divertor plasmas, the po-
loidal field system of PDX was designed to 
produce a hexapole null in the vertical magnetic 
field at a small major radius, to cause the dis
charge to form away from material boundaries. 
However, it became clear that transient fields 
from currents induced in the toroidally continuous 
vacuum jackets of the divertor coils were of pre
dominant importance during initiation, and so the 
scheme has been modified. In practice, an octo-
pole null can be created for start-up near the vac
uum vessel center by cancelling the divertor and 
eddy current fields with a small applied dipole 
field. However, experience has shown that the 
plasma can be started most readily when the ap-
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Figure 22. Flux contour plots ol MHD equilibria that have 
been obtained in PDX. The dive' tor winding and plasma cur
rents are the same in each case. Plasma elongations up to 
1.4 have been maintained with active feedback. (803950) 

the measured coil and plasma currents and the 
poloidal magnetic field measured with loops 
around the plasma. The discharge can be moved 
from one divertor configuration to another by 
varying the applied vertical field, thereby chang
ing the radius Rm of the magnetic axis, while the 
divertor coif currents are held fixed. The transition 
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from the standard-Dee through the four null or 
square configuration to the inverse-Dee is demon
strated in Figure 23 which shows the line densities 
across the inner and outer divertor throats as the 
plasma radius was varied while the line density 
across the main discharge was held constant. The 
location of the separatrix at the outside midplane 
of the plasma has also been verified by moving the 
outside limiter to intercept the power and particle 
flow into the divertor. The measured position 
agrees closely with that calculated from the equi
librium code. 
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Figure 23. Transitions between the divertor configurations 
produced by shifting the major radius of the plasma. The 
electron densities across the divertor throats were 
measured with 8-mrn microwave interferometers. (806941) 

In divertor operation, the vertical field gradient 
varies greatly across the vacuum vessel midplane 
leading to vertical elongation of the plasma for 
both small (R - 1.2 m) and large (R ~ 1.6 m) major 
radii (Fig. 21). These elongated plasmas, while 
being of interest since they may allow operation at 
higher values of P and may be more stable 
against disruption6, are unstable against vertical 
displacement from the midplane. To stabilize such 
vertical motion passively, pairs of divertor coils 
that are mirror symmetric about the midplane are 
connected in parallel and then the parallel, units 
are connected in series to the divertor power sup
ply. This creates an effective copper shell in which 
currents will be induced to oppose any vertical 
motion of the plasma. Such resistive stabilization 
also renders the instability more amenable to 
long-term stabilization through active feedback 
control. A power amplifier has been installed in 
one leg of the parallel divertor connections to pro
vide this control. Experiments have shown that 
the system can maintain vertical stability over the 

full range of plasma major radii and that the 
plasma can also be held displaced from the mid
plane, thereby creating divertor configurations 
with a single magnetic null. The formation of such 
a single null configuration is shown in Figure 24: 
the discharge was initiated on the midplane and 
then shifted upwards by 5 cm ove< the period 
100-800 msec. 

Rmog s '.4lm 
Z m o , = 0 . 0 5 m 
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Figure 24. Transition from a standard-Dee to a single-null 
divertor configuration produced by shifting the plasma verti
cally by 5 cm over the period 100-800msec. (806660) 

MHD fluctuations in the PDX plasma are moni
tored with external magnetic pickup coils, a soft 
x-ray imaging system, and the electron cyclotron 
emission radiometer. In general, standard-Dee 
configurations have a relatively low level of im
purities and are characterized by a low level of m 
= 2 activity and 10 % sawtooth oscillations in the 
electron temperature with periods of 5-15 msec. 
These discharges run reproducibly and stably at 
Qa ~ 3.1 ('q,' is the safety factor calculated for an 
equivalent circular plasma); the minimum 'qa ' ob
tained in the Dee configuration was 2.0. Major 
disruptions have resulted in a total current decay 
time as short as 2 msec although typical disrup
tions are longer. Circular discharges with a tita
nium limiter have a larger impurity content and 
under our present conditions are more likely to 
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havem = 2 activity than the divertor discharges. 
However, stable circular discharges with saw
tooth activity have also been routinely produced. 
Figure 25 shows an example of the x-ray imaging-
array data for a circular discharge in which a con
tinuous m -- 1 oscillation was present in the core 
of the discharge. 

PDX SHOT 18622 

30 20 10 0 10 20 30 
TOP (cm] BOTTOM 

Figure 25. Soft x-ray detector array data for a circular dis
charge in which a continuous m = 7 oscillation was present 
in the core of the discharge. The displacement of the core 
due to the mode is about 15 cm. (806834) 

Impurities 
impurities in PDX are monitored with ultravio

let and soft x-ray spectrometers. Several forbid
den lines in the spectra of highly ionized states of 
titanium have been identified in the radiation from 
PDX plasmas.7*9. Comparisons between the im
purity behavior in standard-Dee divertor and cir
cular plasmas have been made for discharges 
with the same toroidal field BT = 1.7 T, plasma 
current l° = 300 kA, major radius Rp = 1.4 m, and 
line-average density ne •=» 3 x 10'3 cm - 3. For the 
divertor discharges the mean separatrix radius 
was 0.38 m while for the circular discharges the 
limiter radius was 0.42 m. The comparisons are 
complicated by the occurrence of some erratic 
bursts of titanium influx into the divertor dis
charges and by the appearance of two types of 
circular discharge: the first type is characterized 
by a flat radiation profile dominated by carbon and 
oxygen radiation and exhibits sawtooth activity; 
the second has a centrally peaked radiation pro
file due to titanium radiation and exhibits m = 1 
activity without sawtooth oscillations. 

Indications of the impurity behavior can be ob
tained by comparing emission line intensities for 
the different discharges as shown in Figure 26. 
The central titanium radiation (Ti XIX {169A}) dur
ing the steady-state portion of the discharge is a 

OIVCRTOR C IRCULAR 

Figure 26. Impurity line intensities for standard-Dee and no 
types of circular discharge in PDX. The Cm. OVl ana T.XI-
emission comes from the periphery of the discnarge -re 
TiXIX emission from the center. (806464) 

factor of 10-15 less in the sawtooth than in the m 
= 1 circular discharges. There is afurther reduc
tion by a factor of 5 between the divertor and 
sawtooth circular discharges. Equivalent reduc
tions in the central titanium density cannot be in
ferred, however, as the Ti XIX radiation is sensitive 
to the temperature profile in the discharge at the 
temperatures involved, T„(0)<=800 eY The differ
ences in the low-Z impurity radiation from the 
edge between the circular discharge types are 
also apparent. 

Fig. 27 shows data from the soft x-ray pulse-
height spectrometer for the different discharges. 
The substantial reduction in the enhancement of 
the x-ray continuum radiation by impurities at the 
center in divertor discharges is clear. 

In general, the divertor plasmas are cleaner 
than the circular plasmas, although with care cir
cular discharges with a low Zel l can be produced. 
The divertor seems most efficient at reducing the 
high-Z impurity content while also producing a 
modest reduction in low-Z elements. The random 
bursting of titanium influx into the divertor plas
mas is not yet understood and can, at times, 
produce instantaneous levels of titanium emis
sion from the plasma core which are comparable 
to those in clean circular discharges. 

Confinement and Energy Balance in 
Ohmic Discharges 

For studies of confinement, the evolution of 
the electron-temperature profile has been 
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Figure 27. Radial profiles of me xray continuum emission. 
The data indicate that the impurity level is lowest in the diver-
tor discharge since the profiles ofn,andTr are very similar in 
the three cases. (806203) 

measured with the five-chord soft x-ray pulse-
height analyzer. The TVTS system has provided 
partial profiles of both the electron-temperature 
and density at one time during the dischaiges, 
while a single-frequency electron cyclotron emis
sion detector has been used to follow the time 
evolution of the temperature at one location in the 
plasma. Electron density profiles are measured 
with a two-dimensional, nine-chord, 2-mm micro
wave interferometer supplemented by a methyl 
alcohol laser interferometer10 for high density 
measurements. The ion temperature is deter
mined by a two-chord, ten-energy channel charge 
exchange spectrometer, the Doppler broadening 
of impurity line radiation and, in the case of deute
rium plasmas, neutron emission. 

Fig. 28 shows the ranges in the density and 
temperatures covered in the confinement studies 
of standard-Dee ohmically heated discharges. 
The confinement properties of the other divertor 

configurations have not yet been extensively stud
ied, but indications are that the confinement times 
are similar to those obtained in the standard-Dee 
case. In Figure 29, the total energy confinement 
times and Ze„ calculated from the plasma resistiv
ity are shown for both divertor and circular dis
charges. The confinement times for the two con
figurations are very similar, but for the circular 
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Figure 28. Ranges in the plasma density and temperatures 
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discharges the effective ionic charge is higher, 
typically Z 6„» 2, whereas for the divertor case Za, 
= 1 in hydrogen and deuterium and Z„„ = 2 in 
helium even at low densities. There is a clear 
trend for confinement to improve with the mass of 
the ion species: helium discharges generally have 
a lower loop voltage and have a higher electron 
temperature than equivalent hydrogen dis
charges. 

Figure 29. Total energy confinement time T , and Z„, calcula
ted from the plasma resistivity for varying densities in diver-
tor and circular discharges. An improvement in the confine
ment time with the mass of the ion species is evident. The line 
plotted represents the energy confinement scaling law being 
used in the reference design of the INTOR device. (809070) 

The plasma energy balance has been studied 
using a 19-channel bolometer array, a thermocou
ple array on the neutralizer plates and thermocou
ples on the limiter and other surfaces exposed tc 
the plasmc. Generally, circular discharges have 
*=30% of the input power radiated and =25% 
absorbed on the limiter. For divertor discharges, 
=50% of the input flows to the divertor neutrali
zer with —20% being radiated from the main 
plasma volume. 

Neutral Beam Injection 
The first phase of the Joint Oak Ridge National 

Laboratory/PPPL Heating Project has gone into 
operation on PDX. This phase comprises two neu
tral injectors each having a rating of 1.5 MW at 50 
keV for a 500 msec pulse. The beams are oriented 
to inject 9° from the perpendicular in the Co direc
tion. They have been operated at full power with 
pulse lengths of 300 msec so far. 

Results for the case of 2.6 MW deuterium 
beam injection into a deuterium standard-Dee 
plasma are shown in Figure 30: substantial ion 
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Figure 30. Waveforms ol the plasma c - "?v i~: i--n? 
voltage and the evolution or the dens?:.- s~z :z-zi'i:--n 
during 2.6 MW D° injection into a D~ sta-cz-z-Z-i : s r ; 
(809107) 

and electron heating during the injection are evi
dent. The central electron temperature, which 
was obtained from the cyclotron emission calibra
ted against Thomson scattering data, shows the 
appearance of very large sawtooth oscillations 
with a period ™25msec during the beam pulse: 
prior to injection the sawtooth period is =»8msec. 
There is a tendency for the density to drop during 
injection. This is partially overcome by the gas 
feedback control which increases the gas flow in 
an attempt to maintain the pre-programmed level. 

The power emitted from the plasma (inferred 
from bolometer data) increases during beam in
jection, but remains a small fraction of the input 
power, —25 percent of the total for divertor dis
charges and —30 percent for circular discharges. 
The evolution of the radiation and its radial profile 
for hydrogen discharges with 1.1 MW deuterium 
injection are shown in Figure 31. Some of the 
increase in power registered by the bolometers 
may arise from enhanced charge exchange 
losses from the plasma during injection. Spec
troscopy indicates that there is no substantial 
buildup of impurities during the beam pulse, and 
this is supported by the sustained drop in the loop 
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Figure 31. Time evolution and radial profiles of (he power 
radiated from divertor and circular hydrogen discharges be
fore and during injection of 1.1 MWD"; /, = 300kA,n, = 3.5 
x 10" cml (806185) 

voltage. The contributions to Ze„ from the main 
impurities in PDX, as determined by the soft x-ray 
analysis for both divertor and circular discharges 
during beam heating, are shown in Table III. A full 
analysis of the confinement during beam heating 
is now proceeding. 

With neutral injection it is possible to use gas-
puffing to raise the plasma density significantly 
above the levels achievable with ohmic heating 
alone. A benefit of divertor operation with get-
tering is that by terminating the gas flow before 
the end of the beam pulse, the density can be 

brought down rapidly to a level which can be sus
tained without disruption by the ohmic heating 
alone. 

Figure 32 shows the ranges of the parameters 
q,-1 and neWBt which have been obtained in 
ohmic and beam heaed discharges in PDX. The 
maximum density obtained with ohmic heating 
corresponds to ncR/B, 4.5 X 1019 rrrT- 1 , while 
with 2 MW of neutral injection n6R/Br =• 9.5 x 1019 

m-H"-' has been reached without disruption at qa 

= 3.1. 
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Figure 32. Plot of the reciprocal of the aperture Q-value 
against the density confinement parameter n,ft/B' achieved 
in PDX. For divertor discharges 'q,' is calculated by assum
ing an equivalent circular discharge. (806929) 

Particle and Energy Flow Into the 
Divertor 

Measurements have been made with a single 
Langmuir probe in the outside scrape-off region 

TABLE III 
Contributions To Z.„ In Neutral B^m Heated Discharges 

Soft X-ray Analysis 
Circular (Sawtooth) Divertor (Sawtooth) 

Before Beam During Beam Before Beam During Beam 
(360540ms) (540-720ms) (240-420ms) (420-600ms) 

P(r = 2.5cm)[keV] 1.0 1.40 .88 1.23 
n e [10 , : cm • 3 ] 3.2 3.5 3.2 3.1 

^ch lor ine .02 .02 .002 .004 
^ t i ian ium .07 .06 .005 .02 
^•iron .02 .007 — .01 

^•carbon 

.16 

.06 
.09 
.03 

.02 

.008 
.1 
.04 

^•hydrogen 

z„, 
.97 

1.3 
.98 

1.2 
.99 

1.03 
.98 

1.15 
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on the equatorial plane. The results are shown in 
Fig. 33. For the standard-Dee discharge, the den
sity reached a plateau as the probe was inserted 
from the outside up to 3 cm into the region be
tween the outer and inner separatrixes on the 
large major radius side (Fig. 22b). The plateau 
densitywas in the range 4-15 x 10" cm-3 with the 
range arising from uncertainty in the effective 
probe area. Outside the plateau, the density 
creased exponentially with a characteristic dis
tance of 1-2 cm. The electron temperature was 
=10eVat1 cm outside the separatrix. In the case 
of inverse-Dee and circular plasmas, there was no 
plateau but the temperature and density were of 
the same order as in the standard-Dee case. 

Efltct.w fifeo Asl«m[d • P,oBe Are: 

> CculO, RT 136,0-dO,/nfd/ : ) MlO' 

i SlondatO OM H I3B.-' i 9 > 

Inverse Dee R-i5C,o :3S./*, 

ITS 

Figure 33. Probe measurements of the electron density in the 
scrape-off region at the plasma mid-plane. The electron tem
peratures are— 8 eV near the separatrix or plasma boundary 
defined by the limiter. The coefficient A is the characteristic 
length for the exponential decay in the density outside the 
boundary. (804970) 

Langmuir probes have also been used to mea
sure the plasma parameters near the neutralizer 
plates. For a main plasma density of 3.3 x 10'3 

cm - 3, the probe yielded an electron temperature 
of-10 eVand density of 4-7 x IC'crrr 5. The line 
density across the scrape-off near the plate from 
the probe data was 2-4 x 10'3 cm-2, in fair agree
ment with the microwave interferometer mea
surement of 4 x 1013 cm - 2 across the divertor 
throat. 

The energy deposition on the neutralizer plates 
has been measured with a thermocouple array 
located on the upper pair of plates (Fig. 21). The 
temperature profile from the thermocouples is in 
good agreement with time resolved infrared TV 
measurements of the neutralizer-plate surface 
temperature. Figure 34 shows the energy deposi
tion profile on the plates for a standard-Dee dis
charge heated by a 2 MW beam for 200 msec. 
Approximately 50 % of the total input energy flows 
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Figure 34. Energy Ihx to the inner pair of neutralizer plates 
for a standard-Doe discharge with a 2.1 MW beam injection 
for 200 msec. P Her subtracting direct beam power losses 
(reioniiation, s. •••:• through, charge-exchange) the tola: in
put energy for the discharge was 530 kJ and the flux to the 
plates was 330 kJ. (806911) 

to the neutralizer plates and of this. 90% flews 
onto the plate on the large major radius side. Dur
ing operation with the single null divertor configu
ration (Fig. 24), the deposited power oecame 
equally divided between the inner and outer 
plates. 

Impurity Shielding and Plasma Fuel
ling 

A preliminary series of experiments has been 
undertaken to study the possible shielding of the 
PDX plasma by the divertor scrape-off from any 
influx of impurities from the discharge chamber 
walls. Nonperturbing quantities of silicon in 
atomic form produced by laser ablation of a thin 
film (incoming energy - 5 eV, 300 fj sec pulse) and 
in the gaseous form of SiH« (energy -0.02 eV, 25 
msec pulse) have been injected from outside the 
discharge and the relative quantities of silicon en
tering the discharge have bsen measured spec-
troscopically. The ratio of the amount of silicon 
entering the discharge, normalized in each case 
to the amount injected, for the laser ablation and 
gas injection sources was found to be ̂ 8 , indica
ting shielding of the low energy particles. 

The laser ablation technique f.as also been 
used to inject atomic scandium for studies of im
purity transport. The first measurements have in
dicated an inward radial velocity for the scandium 
of 60 mysec in the outer regions, 0.24 m < r < 0.33 
m, of the discharge. 

There is a substantial difference between 
divertor and circular discharges in the gas feed 
required to maintain the plasma density, the diver-
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tor dischar ges require up to an orderof magnitude 
more hydr( igen or deuterium. In Figure 35, the gas 
flow needed to maintain the given density in a 
hydrogen :standard-Qee discharge is plotted to
gether with the total particle loss rate from the 
discharge Uh* inferred from the initial rate of 
decay of me plasma density when the gas feed 
was abruptly terminated. Although the outflow re
mains fairlyl constant, the required influx rises 
with densit^- indicating that the discharge is 
shielded frort^ the incoming gas. When the density 
is being increased by gas puffing during beam 
injection, the neutral gas pressure outside the 
plasma rises as high as 1 mTorr in divertor opera
tion. 

Fuell ing F f t iciency 
Inside D '- Hydrogen 

Steady Sto le 
F I O W - r - " 
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Figure 35 Gas inflow needed to maintain the given line-aver
age density, and the panicle loss rate .V/r* for divertor dis
charges '3069*5; 

150 I7C 
RADI US (cm) 

Figure 36. Thomson scattering profiles or the temperature 
and density with and without injection of I mm diameter solid 
hydrogen pellets at <i velocity of 800 m/sec into a standard-
Dee discharge. The profiles wu:e obtained on successive 
shots. (809138) 

As an alternative to gas fuelling, injection of 
solid hydrogen pellets has begun on PDX using 
the gas-driven single pellet injector developed at 
Oak Ridge National Laboratory. Thomson scatter
ing profiles of density and temperature with and 
without pellet injeciion are shown in Figure 36. 
More than 80% of the pellet charge penetrated 
the scrape-off and was deposited in the dis
charge. The pellet injection did not adversely af
fect the discharge or its stability. 

TFTR Limiter Tests 
A series of some 2C 1 beam-heated circular 

discharges was run in PDX using a prototype limi
ter for TFTR. The limiter was made of graphite 
coated with .a layer of titanium carbide. The max
imum beam power was 2 MW for a 200 msec 
pulse and the peak energy flux to the limiter was 
estimated to be 2 kW/ cm"2. The effect on the limi
ter is being studied with various surface analysis 
techniques. 

22 



REFERENCES 
1. D. Meade, et al., Initial Operation of PDX, in 
Proceedings Ninth European Conference on 
Controlled Fusion and Plasma Physics, Oxford, 
1979. Culham, England: Culham Laboratory 
vol.1, p. 91. 

2. D.K. Owens, et al., PDX Divertor Operation, in 
Proceedings Fourth International Conference 
on Plasma Surface Interactions in Controlled 
Fusion Devices, Garmisch-Partenkirchen, 
1980. Journal of Nuclear Materials, 93/94 (Oc
tober 1980)213. 

3. D. Meade, etal., PDX Experimental Results, in 
Proceedings Eighth International Conference 

on Plasma Physics and Controlled Nuclear Fu
sion Research, Brussels, 1980, IAEA-CN-38/X-I 
(to be published). 

4. H.F. Dylla, et al., Glow Discharge Cleaning of 
the PDX Vacuum Vessel, Journal of Vacuum 
Science and Technology, 17 (January-February 
1980)286. 

5. H.F. Dylla, A Review of the Wall Problem and 
Conditioning Techniques for Tokamaks, in Pro-
ceedings Fourth International Conference on 

Piasma Surface Interactions in Controlled Fu
sion Devices, Garmisch-Partenkirchen, 1980. 
Journal of Nuclear Materials, 93/94 (October 
1980)61. 

6. M. Okabayasni, etal., Disruptive Shift of Mag
netic Axis in Noncircular Tokamaks, PPPL-1707 
(September, 1980) 11 pp. 

7. S.Suckewer, e? a/.,Titanium Density Measure
ments in the PDX Tokamak Using a TiXVII For
bidden Line, Nuclear Fusion, ;9 (December 
1979)1681. 

8. S. Suckewer, etal., Observed Magnetic Dipole 
Transitions in the Ground-state Terms of TiXIV, 
TiXV, TiXVI, and TiXVII. Physical Review. A21 
(March 1980) Q?4. 

9. S.Suckewer, etal., Observed Magnetic Dipole 
Lines of Highly-Ionized Titanium, Physical Re
view, A22 (November 1980) 2278. 

10. D.K. Mansfield, etal.. AVibrationaliyCompen
sated Far-Infrared Laser Interferometer for 
Plasma Density Measurement. International 
Journal of Infrared and Millimeter Wave?. (De
cember 1980)631. 

23 



The Spheromak 

The name "spheromak" designates a sphe
roidal plasma confinement configuration advanta
geous for controlled fusion. The spheromak con
figuration is characterized by magnetic field lines 
that are closed, as in a tokamak, and by a coil-
blanket topology that does not link the plasma, as 
in a mirror machine. The magnetic field configura
tion of the spheromak includes both toroidal and 
poloidal components, but Ihe toroidal component 
is maintained entirely by plasma currents, and 
therefore vanishes outside the plasma. There are 
no external toroidal field coils that link the plasma. 
The outward pressure of the toroidal field and of 
the plasma is balanced by the inward pressure of 
the poloidal field. 

The S-1 experiment will feature an electrode-
less "slow" spheromak formation technique to 
produce a 500-kA plasma toroid, a = 25 cm, R = 
40 cm. The formation scheme is based on a trans
fer of poloidal and toroidal magnetic flux into a 
plasma from a flux core.'5 The recently built Proto 
S-1 device has successfully demonstrated5 the 
effectiveness of this PPPL-proposed spheromak 
formation scheme 

Development of the S-1 formation scheme 
(Fig. 37) was greatly aided by extensive two-di
mensional resistive MHD simulations.4 An initial 
poloidal field is generated by a toroidal current 
inside a ring-shaped toroidal) flux core, and is 
weakened on the small-major-radius side of the 
core by the superposition of an externally genera
ted vertical field. The core also contains a toroidal 
solenoid, which generates a toroidal field in its 
interior. When the toroidal solenoid is energized, it 
induces a poloidal current in a sleeve-shaped 
plasma surrounding the ring. The associated to
roidal field distends the poloidal-field sleeve, 
stretching it towards the magnetic axis where the 
poloidal field is weakest. As the toroidal core cur
rent is reduced through zero and "crow-barred" 
at a negative value, a large and increasing toroidal 
current is induced in the plasma. Magnetic recon-
nection of the poloidal field then occurs, and a 
separated plasma toroid, the desired spheromak 
configuration, is created and then held in the ex
ternally generated steady-state equilibrium field. 

Major Activities 
Proto-S-1 

The machine configuration and the main com
ponents of the Proto-S-1 device are scaled down 
(1/6) versions of the main S-1 device. The flux core 
of 15-cm major radius and 3-cm minor radius con
tains the poloidal flux coil (PF, 3-turn toroidal wind
ing) and the toroidal flux coil (TF; 40-turn pofoidaf 
winding). The core is covered by a 3-mil-thick 
stainless-steel metallic liner which providesa vac
uum enclosure around the core and also tends to 
symmetrize the induced fields during the initial 
breakdown stage. 

When the PF and TF coil currents are pulsed in 
an appropriate sequence, a plasma discharge is 
created. Framing-camera observations show that 
a few microseconds after the initiation of the TF 
current a plasma sleeve is created around the 
core, which then expands on its small-major-ra
dius side and finally transforms into a localized 
plasma in the intended spheromak equilibrium po
sition. Many plasma discharges have been made 
in Hj, He, and Ar gases with best results obtained 
by filling the vacuum vessel with 20-50 m Torr of 
helium. 

To demonstrate the formation of the sphero
mak field configuration, the time evolution of the 
highly reproducible magnetic fields was 
measured directly by movable magnetic probes 
(2-mm diameter, 20-turn loops). Fig. 38 depicts the 
evolving toroidal and poloidal magnetic fields ai 
the midplane. The spheromak equilibrium config
uration, with the toroidal field vanishing at the 
plasma edge and with the poloidal field reversing 
at some value of major radius R, is established 
12-14/isec after the start ofthep'asma discharge 
(TF-current start). This fully formed configuration 
remains intact for about 12 jusec. The time evolu
tion of the toroidal field contours is shown in Fig. 
39. 

Following the establishment of the desired 
configuration, the spheromak plasma shrinks 
gradually to R = 3-4 cm, white the ootoidal and 
toroidal fluxes trapped in the plasma decay by 
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figure 37. S-1 Spheromak formation scheme. (806488) 

resistive diffusion. At about t = 25/isec, the sud
den appearance of a nonuniformity in the framing 
camera pictures suggests the onset of a nonax-
isymmetric instability. 

Figure 38. Time evolution of the magnetic field at the mid-
plans; toroidal field (left) and poloidai field (right), t - Ocorre-
sponds to TF current start. TF and PF currents are crow-
barred att = 10/jsecandt = 12fjsec respeciveiyi'803815; 

Plasma density and temperature were moni
tored by double Langmiur probes (voltage-swept) 
and CO, laser interferometry. For helium dis-
chaiges. the plasma density, measured at R = 5 
cm and t = 16/usee, was 1.2 ± 0.6 x I0 "cn r r \ 
and the central temperature reached its highest 
value25 ± 5eVatt = 15to18jusec 

Computer simulation for the present sphero-
mak formation experiment by a resistive two-di
mensional MHD code6 shows good qualitative 
agreement with the experimental data. 

In conclusion, the feasibility and effectiveness 
of the quasistatic 3-1 spheromak formation 
scheme has been verified experimentally/' The 
resultant spheromak configuration lasts about 15-
20//sec (~50>AIM!„), which is a significant duration, 
since the classical magnetic diffusion time of the 
plasma (T,, = 20 eV) is expected to be of the same 
order (50//sec). Utilizing about 1/4-1/3 of the flux 
change from the core, the maximum toroidal and 
poloidal plasma currents are found to be roughly 
20 kA and 50 kA respectively. Future experiments 
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Figure 39. Time evolution ol toroidal field contours, at inter
vals, ot 100gauss t - 12/JSec. 16 /Jsec. and20fsec. IF 
coilcurrent is crowbarredat 1 - 10 usee IBIX2017I 

on the main S-1 device are expected to provide 
more detailed information on the MHD-stability 
and transport characteristics of the spheromak 
configuration. 

S-1 
The S-1 design reported in the FY79 Annual 

Report was refined and improved in FY80. The 
pinch coils, for example, were found to be unnec
essary and were eliminated and the axis of sym
metry was rotated from vertical to horizontal to 
provide better access (or diagnostics and auxil
iary heating. The resulting configuration is shown 
in Fig. 40 and the major parameters are given in 
Table IV. 

TABLE IV 
Machine Parameters 

RD,,„-, 0.4 meters 
a D O m , 0.25 meters 
l?o.o™i ° - 5 MAmpS 
Rtac* 1.0 meter 
a„ u x c o„ 0.19 meters 
Toroidal flux swing 0.1 Volt seconds 
Poloidal flux swing 0.5 Volt seconds 
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Figure 40 Perspective we* ot tfieS-l Spheromak C806659; 

The heart of the S-t device is the flux core 
shown in cross-section in Fig. 41. It contains the 
pulsed windings that induce both the toroidal (TF) 
and poloidal (PF) flux in the plasma. In addition, it 
contains a 2-turn winding which comprises a part 
of the equilibrium field (EF) circuit. These three 
sets of coils are wound on a glass reinforced (G-
10) form which is covered by a thin Inconel vac
uum tight enclosure (liner). This liner prevents out-
gassing of insulating materials and is sized to 
allow the poloidal and toroidal fluxes to be ex
pelled from the flux core. 

The EF coil system has a variable field index 
capability ( -0 .03 < n < +0.35) enabling both 
prolate and oblate spheromaks to be produced. 
The prolate configuration is predicted to be tilt 
unstable, and the obltate tilt stable. The experi
mental program will investigate these configura
tions and test stablization methods. 

Detailed engineering designs were initiated 
early in FY80 and by year's end orders had been 
placed for the EF coil copper, energy storage ca
pacitors, the ignitron switch tubes, the spinnings 
for the Inconel liner and the stainless steel domes 
tor the vacuum vessel (Fig. 42). The fabrication 
program is scheduled to be completed in Decem
ber 1982 with experimental operations starting in 
January 1983. 
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figu e 42 S-l vacuum vessel domes being unloaded in the 
1-H courtyard. (804321,1 
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Smaller Devices 

Experimental research on main-line devices 
— PLT PDX, and the forthcoming TFTR — is sup
plemented at PPPL by investigations using a fam
ily of flexible smaller machines which lend them
selves well to accele.ated studies of novel 
techniques and concepts in controlled fusion. In
cluded in this family are the alkali-metal-ion 
plasma Q-1 device (retired, at the year's end, after 
two decades of service), the QED arcjet linear, 
high-density plasma device, the steady-state lin
ear high-magnetic-field H-1 machine, and the 
steady-state toroidal ACT-1 device. 

Major Activities 
Summary 

A new concept which received experimental 
confirmation this year is the gaseous divertor, 
whereby the plasma diffusing away from the pe
riphery of a fusion reactor chamber would be 
channeled into the divertor chamber, and de-
ionized and collected there in a region of low-den
sity neutral gas, rather than by hitting a metal 
collector plate. The new scheme avoids problems 
of excessive heat load and sputtering damage, 
but the critical question has been whether the 
outflowing plasma will be able to hold back the 
neutral gas, preventing it from flowing into the 
reactor chamber. A simulation experiment on the 
QED arcjet device has given a positive answer to 
this key question. 

Several features of radio-frequency plasma 
heating are especially attractive to fusion physi
cists and engineers. In the ICRF mid-frequency 
range, the rf power levels needed for igniting a 
reactor are already state-of-the-art. Moreover, the 
possibility of waveguide coupling to the plasma 
within the reactor chamber offers a power-feed 
method almost impervious to neutron damage. 
However, propagation of rf power in the ion-cyclo
tron range of frequencies (ICRF) tends to require 
waveguide dimensions too large for practical 
reactor use. A recently proposed ICRF scheme 
would use ion-Bernstein waves for rf-power prop
agation in the plasma and, as a corollary, would 
permit the use of much smaller sized waveguides 
in the coupling unit. An important experiment on 

the ACT-1 apparatus has verified that ICRF power 
can be efficiently propagated in the ion Bernstein 
mode, and that proper selection of parameters 
can cause this power to be absorbed, as desired, 
deep within the plasma. 

A final topic in this overview of PPPL advanced-
concept experiments is radio-frequency current 
drive. Successful operation of rf current drive 
would imply that a tokamak reactor could be oper
ated in a steady-state mode, rather than pulsed, 
eliminating serious problems associated with re
peated start-up and shutdown of the fusion 
plasma. Successful, albeit low-power, experi
ments on rf current drive were performed this 
year on both the H-1 linear machine and on the 
ACT-1 toroidal device. Preparations for ACT-1 ex
periments at the 100 kW rf-power level are almost 
complete and the coming year should provide the 
much awaited results of high-power operation. 

Nonlinear Drift Waves 
and Anomalous Diffusion in Q-1 

The presence of impurities in a plasma can 
drive drift waves into instability. The destabilizing 
mechanism is the viscosity of the impurity ions; 
the free energy to drive the instability is provided 
by their reversed density gradient. On the Q-1 de
vice, experiments with cesium impurity ions in
jected into a potassium column of plasma have 
provided quantitative agreement for the linear 
characteristics of this observed instability com
pared to a local slab-model kinetic theory includ
ing collisions. 

Experimental investigations over this past year 
have focused on the nonlinear evolution of this 
instability. By pulsing the impurity-ion injection, 
the development of the instability has been ob
served through the linear exponential growth 
phase into nonlinear saturation, where strong ra
dially outward anomalous diffusion is driven by a 
wave-particle interaction. The anomalous diffu
sion coefficient, DA, has been calculated from the 
observed response of the plasma density (Fig. 
43). The excellent agreement between the ob
served DA and the result of Dupree's nonlinear 
drift-wave turbulence theory,1 D0, gives strong 
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Figure 43. Anomalous diffusion coefficient, D* versus nor
malized wave amplitude, nln. Data points represent r = 4 
(± 1)mm; 1.7kG<B<3.8kG(mostareB *-2.5kG);n - 10" 
cm3;0.5<f~ 0.9; z = 1, 30, and 60 cm; m - 4 (only mode 
presenter = 2.67 msec; A„ = 3.5cm. Curve labeled DD is 
anomalous diffusion coefficient from Dupree's theory; 
straight line is large n/n asymptote of curve. DB = cTJ16eB 
is Bohm diffusion coefficient. (809098) 

support to the hypothesis that transverse ion trap
ping by drift-waves provides the mechanism both 
for enhanced diffusion and for amplitude satura
tion. 

The implications for impurity transport in a to-
kamak are that the drift-wave fluctuations at the 
plasma edge can drive strong anomalous diffu
sion of impurity ions, which may explain the non-
neoclassical recycling of impurities at the edge. In 
fact, the drift-wave fluctuations causing the 
anomalous transport may themselves be des-
tablized by the impurity ions. 

The H-1 Linear Test Plasma 
Radio-frequency Current Drive 

Two aspects of lower hybrid heating were ex
plored in 1980 on H-1. In the first, electrostatic 
waves generated by ring exciters at 50-100 MHz 
drove directed electron currents in collisionless 
as well as collisional plasmas. Currents on the 
order of 100 mA were driven in a "hot" helium 
plasma (approximately 11 eV) at power levels of 
approximately 100 W Current saturation at a drift 
velocity corresponding to the ion sound speed, 
expected in linear plasmas, was observed. The 
frequency and wavenumber dependence behav
ior expected for the current drive were verified. 

Ponderomotive Cratering 
A second nonlinear experiment on H-1 studied 

lower hybrid wave excitation at power levels ap
proaching 1 kW/cm2, about 20% of that planned 

for lower hybrid heating on PLT Operation at full 
power witnessed a sharp rise in waveguide reflec
tion — up to approximately 40% within 40 //sec 
after pulse initiation. Detailed probing revealed 
that, on this same time scale, a localized plasma 
crater (Fig. 44) formed within 5 mm of the mouth of 
the waveguide. The calculated rf electric field at 
full power was 1.4 kvVcm. The rf pressure from the 
applied field is sufficient to account for the ob
served density crater by ponderomotive pressure. 
This phenomenon will place an upper limit of ap
proximately 5 kW/cm2 to the power flux that can 
be passed through the surface layers of a toka-
mak plasma.2 
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Figure 44. Top trace: RF signal a f,- measured 2-3 mm from 
the waveguide in the surface plasma. Prohe v/as 1 cm above 
midplane. Bottom trace: time evolution of the density crater 
formed by an 8kW lower hybrid pulse. The p'obe was moved 
along a trajectory identical to that in the top trace. (803650) 

A Novel ECRH Antenna 
In electron cyclotron heating of plasmas, there 

is a long-recognized difficulty in the use of anten
nas placed at the_outside of a torus. Ordinary-
mode radiation (E | |E?0) does not interact unless the 
plasma is hot and dense. Extraordinary mode ra
diation, on the other hand, is reflected from a 
rgion well outside the natural absorbing layers. 
Work on the H-1 device has led to the develop
ment of a hybrid system in which radiation in the 
ordinary mode is beamed from the outside of the 
torus. Waves not absorbed on the first pass are 
reflected from a corrugated reflector (Fig. 45). If 
the polarization of the incident rays is oriented at 
45° with respect to the axis of the corrugations, 
the polarization of the reflected signal is rotated 
by 90°. Therefore the reflector, placed on the in
side (small major-radius side) of the torus, serves 
as a secondary source of extraordinary mode ra
diation. Since the reflected radiation propagates 
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Figure 45. Passive mode converter to be placed on the inside 
of a plasma torus. If the incident ordinary mode (EUBJ is 
polarized at 45" with respect to the direction of the triangular 
troughs, the polarization of the reflected signal rotates by 
90° and the wave propagates in the extraordinary mode to 
the absorption resonance atu = <».,. (806171) 

into a region of increasing magnetic field, the ab
sorbing ECR layers are now accessible, so that 
the plasma is heated on the first bounce.3 

Experiments on the Steady-State 
ACT-1 Toroidal Device 

ACT-1 (Advanced Concepts Torus-1) is a 
steady-state, 5.6 kG toroidal device designed pri
marily for studies of radio-frequency heating and 
current generation. It produces a toroidal plasma 
with minor and major diameters of 20 cm and 118 
cm respectively. The machine construction was 
completed in August 1979 and it has been in oper
ation for one year. Research on ACT-1 is presently 
concentrated on lower hybrid waves and ion cy
clotron waves and some of the highlights are 
described in the following. 

Current Generation of Lower Hybrid 
Waves 

Standard tokamaks are capable only of pulsed 
operation, since the toroidal plasma current is 
driven by an inductive method. Obvious advan
tages of a steady-state tokamak reactor include a 
longer first-wall life due to the absence of cyclic 
thermal stresses, elimination of a thermal storage 
system for continuous power production, and re
moval of the ohmic heating coils. In principle, a 
steady-state current can be driven by radiofre-
quency waves, and a low-power rf current-drive 

experiment has been carried out in ACT-1. Up to 
10 amperes of current were driven by 500 watts of 
unidirectional lower hybrid waves at 160 MHz.' As 
expected, the direction of the wave determines 
the direction of the current as shown in Figure 46. 
It was found that the current generation efficiency 
could be substantially improved by adding a small 
vertical field (approximately 1.5 G) which confines 
the current-carrying electrons that resonate with 
the wave. Because of these encouraging results, 
the power level is being upgraded to 100 kW to 
drive currents in the kiloampere range. 

Ion-Bernstein Waves 
Ion-Bernstein waves are investigated in ACT-1 

to develop a reactor heating concept using wave
guides that operate in the ion cyclotron range of 
frequency (60-150 MHz) where rf high-power 
sources are readily available. Ongoing theoreti-

To 
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Figure 46. (a) Integrated Rogowski-loop signal for current 
measurements. (biocurrent generated by a 200-watt, 120-
/jsec rf pulse with v,-B„>0(vg denotes the group velocity of 
the wave). Top trace shows the rf pulse and bottom trace 
shows the Rogowski loop signal. (c)~v,.B,< 0. (803627) 
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cal5 and experimental6 investigations show en
couraging results which scale very favorably to 
reactor parameters. The waveguide-coupling 
calculation indicates a natural matching of more 
than 90% power transmission without active tun
ing elements, reducing the electric field inside the 
waveguide to a tolerable level during the anticipa
ted high-power rf heating. Wave accessibility and 
absorption calculations5 show that a mode-trans
formation into a weekly-damped ion Bernstein 
wave significantly enhances the wave penetration 
into the reactor plasma core, and proper place
ment of the ion cyclotron harmonic resonance 
layer results in efficient wave power absorption. 

In an ACT-1 hydrogen plasma (T, = 1-2 eV), the 
physics of wave excitation, mode-transformation, 
and propagation have been investigated in detail.6 

Experiment has confirmed that the finite-ion-Lar-
mor radius mode-transformation process near 
the lower-hybrid resonance layer (w =* ow) results 
in a strong excitation of <u = 2Q ion Bernstein 
waves, in excellent agreement with theory. Fig
ures 47(a) and (b) show the measured interfere-
metric patterns of the excited ion-Bernstein 
waves and the resulting wave dispersion relation. 
Fig. 47(b) demonstrates the backward propagat
ing nature of the ion Bernstein wave where the 
radial phase front moves toward the antenna in a 
direction opposite to the group velocity, while Fig. 
47(c) displays the experimental (points) and theo
retical (solid curves) dispersion relations for vari
ous ion temperatures. 

C02-Laser Scattering Experiments 
Wave detection in the ACT-1 experiments is 

presently carried out with probes which cannot be 
used for wavelengths shorter than 1 mm. A CCyla-
ser scattering setup has just been installed to de
tect density fluctuations associated with waves. 
This nonperturbing technique, which can mea
sure wavelengths in the range of 0.01-1cm, will be 
used to investigate linear mode conversion in 
lower-hybrid waves. Also, C02-laser scattering off 
externally-launched ion Bernstein waves may 
lead to a new diagnostic technique to measure 
hydrogen ion temperatures deep within fusion 
plasmas. 

Nonlinear Wave Experiments on the 
L-3 Linear Device 

The L-3 is a steady-state 2 kG linear device 
built for nonlinear wave studies. It is 4 meters long 
with a 10 cm plasma diameter. Nonlinear effects 
can play an important role in high-power rf heating 
experiments, particularly in the lower hybrid wave 
heating of tokamak plasmas. Detailed investiga-
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Figure A 7. (a) Inteferometer traces. Paramater on each curve 
is*Hl*(r = 2cm). f = 12-13MHz, BJr = 2cm) =- 4.3kG. (b) 
Interferometer trace lor various time delays, M. Parameter 
on curves is «<_\(/2ir. Wave dispersion relation. Dots are ex
perimental points and solid curves the theoretical values 
obtained for various ion temperatures. p„ = 7.0 x 10'. n, = 
10 < cm '.(803746) 

tions of nonlinear wave propagation,7 coupling9, 
and parametric decay10 of lower hybrid waves 
have been carried out and the results are in good 
agreement with theory. 

The L-3 will be phased out in FY81 to make 
room for another device. 

Simulation on the QED-1 Device of 
Gaseous-Divertor Operation 

In an operating steady-state fusion reactor, 
plasma from the periphery of the reaction cham
ber (including fusion-product helium ash) will be 
channeled out to a divertor chamber, neutralized, 
and partially pumped away. A conventional diver-
tor, using a metal collection plate, would experi
ence substantial heat load and sputtering dam
age. In the Gaseous Divertor concept," a 
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low-density neutral gas, rather than a solid plate, 
will be used for collecting and deionizing the 
scrape-off plasma. The major question for the 
gaseous divertor concept is whether the scrape-
off plasma flowing toward the divertor chamber 
can hold back the low-density gas used in the 
collector region. A simulation experiment on the 
OED-1 device has given an experimental answer 
to this critical question: yes. 

The QED-11Z (Quiet-Energetic-Dense) device 
produces a hot (Te = 1-10 eV) isothermal, current-
free plasma. In this machine, a plasma column of 
1-2 cm diameter comes out of an arcjet plasma 
gun and streams along the QED-1 main-section 
magnetic field into a burial chamber, where the 
plasma recombines and where the resulting neu
tral gas is pumped away. High-speed differential 
pumping ensures a low background pressure in 
the experimental region, and thus a uniform 
plasma. Plasma densities of ne = 10'2-10'5 cm3 

and temperatures Te = 3-10 eV have been ob
tained for various gas discharges, i.e., hydrogen, 
deuterium, helium, and argon. The flowing OED-1 
plasma lends itself to the investigation of particle 
and heat transport in a simulated divertor scrape-
off regime, and provides data on particle get-
tering, plasma collection, sputtering yield, and 
plasma-neutral gas interaction. 

Plasma — Neutral Gas Interaction 
The gaseous divertor concept is a viable alterna
tive for future divertor design if neutrals can col
lect and deionize the plasma while simultaneously 
being prevented, by the incoming plasma, from 
diffusing out of the divertor chamber into the reac
tor region. In the QED-1 simulation experiment, 
both of these effects have been confirmed. When 
neutral and plasma pressures are comparable, a 
stable stationary deionization region is formed. 
The position of this region can be shifted either by 
increasing the neutral or the plasma pressure. 
The QED-1 experiment also shows that the 
flowing plasma can support a high neutral-pres
sure gradient, with a factor of approximately 10 
increase over the no-plasma case." In Figure 48, 
the pressure profiles of neutral H and He are plot
ted along the length of the divertor with H plasma 
flowing from the right. When the plasma tempera
ture upstream is raised, the neutral pressure dif
ference is also increased. The pressure gradients 
are much larger than those in the absence of the 
plasma, verifying the occurrence of interaction 
between the plasma and the neutral gas. Because 
the cross section for charge exchange is large 
compared to that for ionization, we conclude that 
the dominant interaction is between ions and neu
trals. 
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Figure 48. Profiles of neutral pressure along the divertor axis. 
Plasma of density n,~5 x 10" cm* flows in from the right. 
Upstream T, is indicated on each curve. (803739) 

The important atomic processes in this experi
ment are charge exchange, ion-neutral elastic 
collisions, ionization, and recombination. The first 
three are mechanisms for plasma energy loss and 
the first two are mechanisms for momentum 
transfer from ions to neutrals. Energy loss re
duces the plasma temperature until recombina
tion dominates, causing the plasma to deionize. 
Momentum transfer exerts a frictional force on 
the neutrals, maintaining the necessary pressure 
gradient. 

Simulation of the He Enrichment Scheme 
Also investigated in QED-1 was the concept of 

He enrichment, in which the decay length of He 
neutral gas pressure can become shorter than 
that of H in the scrape-off region. In a fusion reac
tor this phenomenon can serve to refuel deute
rium/tritium while, simultaneously, helium ash is 
pumped out. This He enrichment can occur be
cause of the large charge exchange cross section 
between H + and H°, in the scrape-off region (i.e., 
in the connection regime between the main 
plasma and the divertor). In one phase of the 
divertor-simulation experiment on QED-1, extra 
hydrogen neutral gas was backfed into the diver
tor chamber. Under this condition, the decay 
length of helium pressure toward the main plasma 
was measured to be shorter than that for hydro
gen. Further study is currently underway, follow
ing up on this encouraging preliminary observa
tion of helium enrichment. 
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Theory 

Theoretical research will continue to play an 
important role in the magnetic fusion research 
program of the 1980's. This program will have two 
central features: (1) tha design and construction 
of a Fusion Engineering Device (FED); and (2) ag
gressive fusion research aimed at optimizing the 
tokamak configuration as well as assessing the 
promise of various alternative fusion concepts 
such as spheromaks, reversed field pinches, and 
steiiarators. Theoretical work will be needed in 
both areas. 

Theoretical research in support of a Fusion 
Engineering Device entails both invention of new 
design options and evaluation of the many trade
offs that must be made. This work must be firmly 
based on well-understood and experimentally 
verified theoretical principles in order that extrap
olations from current experiments to the Fusion 
Engineering Device can be made quantitatively 
and with good confidence. The paragraphs below 
report new work on disruptive instabilities, nonli
near ballooning modf s, drift waves, ergodicity, 
and lower-hybrid heating. All these areas bear di
rectly on the physics of a Fusion Engineering De
vice. Recent work on the physics of driving 
steady-state currents in tokamaks has shown the 
possibility of achieving steady state tokamaks us
ing ion-cyclotron (40 MHz) or electron cyclotron 
{110 GHz) energy sources, fhereby adding anew 
design option for future large tokamaks. 

The tokamak configuration may or may not 
emerge as the most promising for a magnetic fu
sion reactor. Among the tokamak's liabilities are 
the engineering difficulties associated with a low 
value for the aspect ratio (needed to achieve high 
plasma pressure), and the disruptive instability. 
The PPPLTheory Division is, therefore, investigat
ing other toroidal magnetic configurations which 
avoid one or more of these liabilities. Our recent 
work on spheromaks, reversed-field pinches, and 
steiiarators builds our knowledge of the strengths 
and weaknesses of these configurations vis-a-vis 
the tokamak. 

Major Activities 
Causes of 
Major Tokamak Disruptions 

Major disruptions present perhaps the most 
serious design problems for reactor size toka
maks.1 Because of the large energy (—300 
M Joules), a disruption in a device of the size of the 
International Tokamak Reactor (INTOR) could 
produce vaporization of kilograms of wall material 
if the deposition were spatially localized, in addi
tion to serious thermal wall stresses and coil 
stresses. 

There now exists a fairly large body of experi
mental data which indicates that the major disrup
tion is associated with the development of a large 
m/n = 2/1 magnetic island, where m, n refer to 
poloidal and toroidal mode numbers. The disrup
tion itself may be caused by either the 2/1 mode 
becoming large enough to destroy magnetic sur
faces by overlap with a 3/2 island, or by contact of 
the 2/1 island with the limiter. Knowledge of the 
time history of the current density profile immedi
ately preceding disruptions can reveal the mecha
nism through which confinement is destroyed. In 
a strongly sheared magnetic field, magnetic is
lands saturate at a narrow width and are thus 
fairly innocuous. But in a flat current profile, with q 
on axis > 1, the state of minimum magnetic en
ergy is one with a rather largs island. 

Fig. 49 shows a radial extents of the 2/1 and3/2 
islands as a function of qL and the value of q at the 
limiter, for four values of q(0) with a moderately flat 
current profile. These widths are obtained from a 
relatively simple quasilinear theory for the devel
opment of a single island state. It is clear that this 
analysis cannot predict the complicated nonli
near behavior expected when islands of different 
helicities overlap, but it can be used to discover 
whether or not overlap is expected, and it can be 
done rapidly enough to monitor an actual experi
ment. 
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Figure 49. Magnetic island with versus o« for lour values, 
q(0). (802133) 

As more experimental data becomes availa
ble, this method should give a clear resolution of 
the necessary and sufficient conditions for disrup
t/on. 

Nonlinear Ballooning Modes 
The nonlinear behavior of ballooning unstable 

plasmas is expected to be an important consider
ation in high-/? reduced (large aspect ratio) toka-
mak equations. Only modes with low toroidal 
mode number n are perturbed initially. In the non
linear phase, sharp current sheets form in the 
plasma. At this stage, the calculation normally 
breaks down. However, by introducing an artifical 
field into the problem, the sharpness of the cur
rent sheets can be limited, and a 3-dimensional 
equilibrium can be obtained. The artificial field is 
an independent field which behaves exactly like 
the real magnetic field. The true final equilibrium 
state then can be determined by reducing the arti
ficial field to zero. This method was first used to 
study the current singularity in the nonlinear inter
nal kink2, and the convergence study showed that 
the current sheet indeed becomes singular as the 
artificial field is reduced. 

Fig. 50 shows a 3-D equilibrium state obtained 
with the small artificial field included. The poloidal 
magnetic function A, pressure R and toroidal cur
rent density J are shown on three poloidal planes 
at toroidal angles * - 0, */2, and *, respectively. 
The pressure contours which move with the 
plasma show a large shift while the A contours 
change very little. Note the sharp current spikes 
at <t> = 0 and *•. As the artifical field is further 
reduced, the profiles remain about the same, ex
cept the current peak becomes much steeper. 

The current singularities resulting from the 
nondissipative model indicate that the ideal bal
looning modes do not saturate with a regular pro

file. Instead, the ordering assumed will eventually 
break down and the resistive effects will become 
important. 
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Figure 50. Contour plots of the po/oicfai l:w ' , - ; : ; • - - =-: 
pressurePat various toroidal angles o Tne z^-s". :s~; -. . 
on the equatorial piane (the heavy line >n r h ecc-r : - - r :•; ; 
also shown. (802214) 

Integral Equation Analysis of Drift 
Wave Eigenmodes in a Sheared-
Slab Geometry 

The investigation of the stability of drift waves 
in a sheared-slab geometry has been actively pur
sued in numerous recent publications. In particu
lar, it has been shown that the drift wave is actually 
marginally stable or damped, when it was be
lieved for many years that the drift wave was un
stable. However, these calculations have dealt 
with long radial wavelength eigenmodes. A1 
shorter radial wavelengths it becomes necessary 
to deal with an integral equation.-' In recent work 
at PPPL, this generalized equation has been 
solved by means of a Ritz method, where the un
known function <t> (x) is expanded in terms of basis 
functions to convert the integral equation into a 
matrix equation. Although a comparison between 
eigenfunctions generated by the differential and 
integral equation methods show quantitative dif
ferences, the integral formulation has never 
yielded an instability when the differential formu
lation yielded a marginally stable or damped 
mode, provided that a sufficient number of basis 
functions are employed for numerical accuracy. 
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One of the interesting problems of nonlinear 
dynamics is that of understanding how simple, 
deterministic equations can yield apparently ran
dom solutions." A better understanding of this 
phenomenon could be useful in the fusion effort 
since many of the fundamental equations that 
model fusion systems are deterministic, and sto
chastic behavior is an important part of the 
physics of such devices. 

Hamiltonian syslems with a small number of 
degrees of freedom provide one of the simplest 
examples that exhibit this kind of behavior. The 
area-preserving mappings of two-dimensional 
surfaces onto themselves are in turn the simplest 
models that retain the character and complexity 
of Hamiltonian systems. It is such mappings that 
have been studied in the work described here. 
One example of such a mapping is generated by 
following magnetic field lines from one traversal 
of a cross section of a toroid to the next traversal. 
This is the standard way of generating magnetic 
surfaces in a toroidal configuration, and physi
cally corresponds to the orbit of an electron which 
follows the magnetic field precisely. 

There are, in fact, three types of orbits: (1) Peri
odic orbits, whereby after a finite number of 
traversals around the torus, the electron returns 
to its initial position and velocity. Such orbits cor
respond to rational magnetic surfaces; (2) sto
chastic orbits, whereby the electron orbit ran
domly fills an area in the poloidal plane; (3) a 
theorem of Kolmogorov, Arnol'd, and Moser 
(KAM) established the existence of orbits that fill a 
line in the poloidal cross section, the irrational 
magnetic surfaces (called KAM surfaces in nonli
near dynamics). 

It is apparent from numerical work that KAM 
surfaces do not exist for nonaxisymmetric mag
netic perturbations larger than a critical value. 
Such a perturbation could signal the sudden con
nection of field lines from the inner regions to the 
outer regions. 

The previous method for estimating the critical 
perturbation size is known as the overlap of reson
ances. An example is found in the discussion of 
disruptive instability. It can give reasonable re
sults with errors of less than a factor of two but 
does not lend itself to further refinement. In the 
present work a different tack is taken, and the 
stability of periodic orbits close to a given KAM 
surface is studied. The relation between the sta
bility of these orbits and the overlap of reson
ances has been studied by numerical work which 
establishes a close connection between the exis
tence of KAM surfaces and the stability of nearby 
periodic orbits. The KAM surfaces exist only when 
the nearby orbits are stable. This is an intuitively 

reasonable picture and leads to a criterion that 
can be evaluated and refined to arbitrary accu
racy. 

Nonlinear Coupling Calculations for 
Lower Hybrid Heating 

The advantages of plasma heating in the lower 
hybrid frequency range are several: (1) For 
plasma densities typical of toroidal confinement 
devices, the lower hybrid frequency lies in a range 
where large amounts of power can be generated 
with currently available technology. (2) The 
plasma impendance is comparable to the impe
dance of free space. Therefore, efficient coupling 
is possible in principle with relatively simple laun
ching structures. (3] The size of the launching 
structure, which is comparable to the free space 
wavelength by virtue of (2), is substantially 
smaller than the plasma size in current large toka-
maks. (4) The wave can, in principle, be efficiently 
absorbed by several collective plasma pro
cesses. 

Efficient coupling of external sources to lower 
hybrid waves demands a structure which gener
ates a parallel electric field E|| = E • BJB0, with 
most of its spectral content in the region n„ - k, -
Clw > 1. Current emphasis in most high power 
experiments has been placed on phased rectan
gular waveguide arrays in which each waveguide 
is driven in its fundamental mode and phase shifts 
between adjacent guides generate the slow wave 
spectrum. The linear theory describing the cou
pling between such structures and an inhomoge-
neous plasma has been developed in detail and 
confirmed experimentally on c small linear 
plasma device. 

Our contribution extends these calculations to 
the nonlinear regime where power fluxes are 
large enough so that the wave pressure becomes 
comparable to the plasma pressure in the cou
pling region. This "ponderomotive" pressure, lo
calized to the region in front of the guides, pushes 
the plasma along the field lines away from regions 
of high field intensity, thereby creating cavities in 
the density in just the region most important to the 
coupling. Previous treatments have attempted to 
analyze this process via 1-dimensional models, 
which clearly have their shortcomings in view of 
the pronounced two-dimensional structure of the 
nonlinear density profile found from our computa
tions (Fig. 51). 

These results are in reasonable quantitative 
agreement with more recent high power experi
ments on the linear H-1 device, and indicate that 
the reflection coefficient at the coupler-plasma 
interface is much less sensitive to waveguide 
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phasing at high power than predicted on the basis 
of linear theory. 

Figure 51. Sample surface plot of the density In front of a 
two-waveguide array. (802458) 

Current-Drive by ECRH and ICRF 
Heating 

The operation of a tokamak is dependent upon 
the maintenance of a toroidal electric current. For 
a fusion reactor based upon the tokamak concept 
to become an economic reality, this toroidal cur
rent must be produced both cheaply and in long 
pulses. Long pulses are requirod in order to limit 
the metal fatigue arising from the heat stress to 
which the structural components of the tokamak 
are subjected in a pulsed device. Recently, two 
new methods have been proposed to drive con
tinuously the toroidal current.5 One method uti
lizes rf waves in the ECRH range of frequencies; 
the other utilizes waves in the ICRF frequency 
range. 

The first method employs electron-cyclotron 
waves to increase the gyroenergy, but not neces
sarily the parallel energy, of electrons moving in 
one direction parallel to the magnetic field. The 
electrons accepting this energy collide less fre
quently with the ions than previously, so that an 
asymmetry develops, with the electron population 
moving on average in the direction of the less 
collisional electrons. By momentum conserva
tion, the ions must drift in the opposite direction. 

The advantage of driving current in this man
ner is that electron-cyclotron waves may be easily 
brought into the tokamak to interact with relatively 
high velocity, and hence collisionless, electrons, 
which are the most efficient current carriers. It is 
reasonable that the waves could be absorbed en
tirely by electrons with velocities about four times 

the thermal velocity In the medium size D-T fusion 
reactor, operating at an average temperature of 
20 keV, the current could then be carried at a 
power cost of about 3% of the fusion power out
put. 

The method utilizing the ICRF range of fre
quencies relies upon the presence of a minority 
ion species. Minority ions traveling in one parallel 
direction are heated by the rf waves, resulting in a 
relative drift between the two ion species, much in 
the same way that ECRH induces a drift of elec
trons relative to ions. Thd idea here is that the ion 
species have disparate ion charge states so that 
theelectronsdriftwith the morecollisional (higher 
charge state) species. The resulting current can 
be maintained with an efficiency approaching that 
of the other steady-state methods if the minority 
charge state is large enough. 

Modular Torus With Twisted To
roidal Field Coils 

A modular stellarator configuration utilizing 
properly shaped toroidal field coils has imccr:an-
advantages as a reactor over a tokama* or con
ventional stellarator. Since there are no ccry-^-
ous helical windings, the entire magnetic configu
ration can be set up by a single coil system. Figure 
52 shows a model of a twisted coil system. An 
analysis of the forces on the coils indicates tnat 
there is no inwardly directed force. Thus, the sup
port structure can be located outside the coils. 
This, together with the modularity, greatly simpli
fies construction and maintenance. Access to the 
blanket and factor core is improved. The MTT 
can be operated in steady state. Since no ohmic 
heating current is required for equilibrium, the de
vice should not be plagued with disruptive instabi
lities. 

The PPPL Theory Division has investigated 
coils with both "twists" and "warps". The rota
tional transform profiles generally show the 

Figure 52. Model of coils for a modular stellarator with 
twisted coils. (802131) 
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transform to be increasing with radius until r/a ~ 
0.6, where flattening occurs followed by a de
crease due to the increasingly important negative 
contributions of the higher modes in the Fourier 
series representation. Transforms of i/2it — 1 can 
be obtained for typical parameters. 

Formation and 
Stability of Spheromak Plasmas 

The S-1 Spheromak, now under construction at 
PPPL, employs novel methods of plasma forma
tion as described in an earlier section of this re
port. A sophisticated axisymmetric resistive MHD 
code has been developed6 to model these forma
tion processes including interaction back on the 
external circuits. This code shows that the mag-
ne;ic reconnection processes necessary to sepa
rate the spheromak plasma from the ring will 
spontaneously take place. As a consequence, the 
"pinching coils" of the original S-1 design are su
perfluous and have been eliminated from the 
present design. 

One of the most troublesome and fundamental 
instabilities of the spheromak configuration arises 
from the tendency of the plasma to tilt so as to 
align iis magnetic moment with the externally im
posed equilibrium field. The free energy driving 
this instability is large, arising from the interaction 
of the toroidal plasma current with the currents in 
the external field coils. The global, almost rigid 
nature of the instability makes stabilization due to 
magnetic shear or finite gyration radius effects 
seem unlikely. 

Analytic studies of this mode have been con
fined to treatment of small departures from a 
spherical configuration or to cylindrical models. 
Since the mode could have serious conse
quences, it is important to understand its parame
tric dependence on the plasma shape, size of the 
central flux hole, the presence or strength of an 
external toroidal field, the q-profile, and the extent 
to which conductors in the vacuum region can 
provide stabilization. The application of linear 
ideal MHD stability programs to numerically 
generated equilibrium solutions should provide 
this understanding. 

A typical spheromak result is given in Fig. 53, 
where the growth rates for n = 1 modes are given 
for a low-/3 device with q varying from 1.0 at the 
axis to 0.01 at the plasma surface as functions of 
the shape of the plasma cross section. For a clas
sical spheromak plasma with a small flux hole, the 
system is unstable with respect to a tilting mode 
which is primarily a superposition of m = ± 1, 
n = 1 modes of equal amplitude but of opposite 
phase. As the plasma shape becomes oblate, the 

growth rate of this mode decreases, but at some 
point a second, shifting, instability sets in. This 
shifting instability is essentially a rigid horizontal 
translation of a superposition of equal amplitude 
m = ± 1, n = 1 modes with the same phase. As 
the plasma is made more oblate, the growth rate 
or the shifting mode continues to increase while 
the tilting mode growth rate decreases and finally 
becomes stable. 

i 1 1 r 

0 1 2 3 4 5 
PROLATE 8 OBLATE 

Figure 53. Free boundary, n = 7 mode in a force-free sphero
mak with q varying from 1.0 at the magnetic axis to 0.01 at the 
plasma surface. The shape of the surface is denoted by & as 
shown. (802374) 

These results were obtained without the pres
ence of a conducting shell. It is clear that placing 
a perfectly conducting wall just outside the 
plasma should provide stabilization. The geome
try of the spheromak necessitates that such a 
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shell give rise to topological^ spherical boundary 
conditions rather than the usual toroidal ones in 
the vacuum region. The shell must be fairly close, 
on the average, so that the eddy currents genera
ted in the shell can affect the bulk of the plasma. 
For the configuration denoted by 6 - 2 in Figure 
53, a spherical wall of average distance 0.7 minor 
radii from the plasma will provide stabilization. 
Increasing the flux hole or aspect ratio allows the 
stabilizing wall to be 1.2 minor radii. 

The possbi'.ty of providing stabilization by a 
purely vertical or a purely horizontal wall has also 
been investigated. The tilting instability is stabi
lized with either of these with almost equal effec
tiveness, while the shifting instability is more eas
ily stabilized by ~ horizontal wall. 

Effects of Impurity Radiation on Re
versed-Field Pinch Evolution 

Both spheromak and reversed field pinch plas
mas depend on ohmic heating to raise the plasma 
temperature past the peak of the radiative cooling 
caused by the presence of oxygen impurity 
atoms. The peak of this cooling curve lies near T0 

*= 25 eV. Two conditions must be satisfied for this 
to occur. First, the ohmic heating power must ex
ceed the maximum cooling rate. Second, the en-

REFERENCES 
1. R.B. White, et al., Causes of Major Tokamak 

Disruptions, PPPL-1674 (July 1980) 15pp. 
2. R.A. Hulse, et al., Charge Exchange as a Re

combination Mechanism in High-temperature 
Plasma, Journal of Physics B, 13 (October 
1980)3895. 

3. W.M. Tang, et at., Integral Equation Analysis of 
Drift Wave Eigenmodes in a Sheared-Slab Ge
ometry, Physics of Fluids, 23 (December 1980) 
2454. 

4. J.M. Greene, era/,, Universal Behavior in Fami
lies of Area-preserving Maps, PPPL-1745 (Janu
ary 1981) 56pp. 

ergy expended in nesting the plasma to a tem
perature Tf ~ 40 eV, must be a small fraction of 
the magnetic energy stored in the poloidal mag
netic field or else a serious erosion of the poloidal 
field will result. The first criterion is evidently one 
involving impurity concentration, plasma density, 
and current density. The second criterion involves 
device size and plasma density. 

A transport code for reversed-field pinches, 
which embodies classical transport and impurity 
radiation losses, has been developed and applied 
to the three devices: ZT-S and ZT-40 whicli are at 
Los Alamos Scientific Laboratories (LASL), and 
RFX, a future experiment in the United Kingdom. 

Our results showthat ZT-S had much too high a 
density (or was too small a device) to break 
through the radiation bamer. The ZT-40 device is 
predicted to work well for oxygen concentrations 
below 0.4%, but to experience grave difficulties 
at 1.6% (given an assumed density of 5 x 10" 
cm - 3). The RFX parameters produce a successful 
device at 2% oxygen impurity concentration due 
to a low density. 

Clearly, oxygen impurity radiation cooling re
mains a key issue for reversed-field pinch and 
sprieromak devices. 

5. N.J. Fisch and A.H. Boozer, Creating an Asym
metric Plasma Resistivity With Waves, Physical 
Review Letters, 45 (September 1980)720. 

6. S.C. Jardin and W. Park, Two-dimensional Mod
eling of the Formation of Spheromak Configura
tions, PPPL-1706 (September 1980) 46pp. 

7. W. Perkins and E.J. Caramana, Edge Region of 
RFP and Soheromak Plasmas in Workshop on 
Reversed Field Pinch Theory, Los Alamos. 
1980. (io be published). 

39 



Tokamak Fusion Test Reactor (TFTR) 

The primary objectives of the Tokamak Fusion 
"•"est Reactor (TFTR) are the generation and con
finement of 5-10 keV reactor-grade plasmas in the 
tokamak magnetic-field configuration, and the 
production of fusion energy, on a pulsed basis, 
from the reaction of deuterium (D) and tritium (T). 
The TFTR will oe used to study the physics of 
burning plasmas and the engineering aspects of a 
D-T burning tokamak operating with reactor-level 
plasma conditions. The overall TFTR program is 
intended to produce scientific and technical infor
mation, component hardware, and the experi
ence necessary for the future design, construc
tion and operation of experimental fusion power 
reactors. 

Major Activities 
All major TFTR machine components have 

been ordered from approximately twenty domes
tic and foreign vendors. These components in
clude: motor generator sets; toroidal and poloidal 
field coils and coil cases; machine superstruc
ture; vacuuin vessel' neutral-beam injectors; and 
various power systems. 

Progess during FY80 centered on facility ob
struction, component manufacturing and installa
tion. Construction of the experimental complex is 
proceeding as planned: three of the four walls of 
the test cell are completed and installation of the 
substructure continues (Fig. 54). The test cell and 
the hot cell/neutral-beam test cell will be ready for 
occupancy in 1981. Cables and equipment are 
being installed for the below-ground level of the 
neutral-beam power conversion building. Installa
tion work for the motor generator building and 
field coil oower conversion building continues. 
The two 350-ton stators were completed and in
stallation was initiated. 

TFTR Flexibility Modification 
The objective of the TFTR Flexibility Modifica

tion (TFM) is to extend plasma performance of the 
tokamak. The original scope called for a fourth 
neutral beam, increasing the pulse length (to 1.5 
sec) of all four beams, adding a first wall to the 
vacuum vessel, gettering for impurity control, and 

increased maximum beta. During FY80, addi
tional responsibilities of providing updated radia
tion shielding and preparing a lithium blanket ex
periment were added to the original scope of the 
TFM program. 

At the beginning of FY80, both titanium (Ti) 
sublimation and zirconium/aluminum (Zr/AI) bulk 
gettering (gas-absorbing) systems were being de
signed. Later, however, certain experiments in 
PDX and input from the actual design of these 
systems made it clear that only the Zr/AI system 
should be pursued. This decision was based more 
on the practical needs of TFTR than on any clear 
superiority of the Zr/AI system over the Ti system. 
It should also be noted tha: additional impurity 
control research and development has led to the 
preliminary decision to use TiC coated POCO 
graphite tiles for the first wall. 

In the design of the first wall, which is com
prised of bumper limiters, movable limiters, pro
tective plates and bellows coverplates, plasma 
disruption scenarios were adopted from which 
disruption loads were calculated. In addition to 
the normal plasma heat loads, the first wall is 
subjected to neutral beamline shine-through. 
These loads have presented one of the major 
engineering challenges thus far encountered in 
the TFM project and have led to a two-phase ap
proach. The first phase will first provide a set of 
protective armor adequate for the operation of 
TFTR with ohmic heating only (and possibly one 
beamline). The second phase will provide for full 
TFM capabilily. 
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During FY80, TFM undertook and completed 
the conceptual design of an ion cyclotron range of 
frequency (ICRF) heating system compatible with 
the requirements and the available facilities of 
TFTR. 

The Lithium Blanket Module (LBM) is an experi
ment, managed by TFM and funded by The Elec
tric Power Research Institute (EPRI), which will 
develop a prototype tritium breeding blanket. It 
will be about one meter square and will fit into one 
of the TFTR bays. A further description is in the 
section on the TFTR Blanket Module Experiment. 

Safety 
A system was developed and approved for the 

generation of Operations Safety Requirements 
that define the conditions, safe boundaries, and 
management controls necessary for safe TFTR 
operation. 

As a result of the Laboratory's evaluation of 
surface pumping and a corresponding increase in 
tritium inventory, the safety groups performed 
calculations to determine the worst case doses at 
the exclusion zone boundary (EZB) for various ac
cident scenarios involving the release of tritium 
In no case was the EZB dose higher than a frac
tion of DOE dose criteria for TFTR. 

A failure analysis of the control electronics for 
the TFTR gas injection system was performed for 
various loss-of-power scenarios. It was con
cluded that from the safety viewpoint, emergency 
power is not required for this system. 

A significant portion of the Final Safety Anal
ysis Report has been prepared, and the com
pleted document is scheduled to be submitted to 
DoE by December 31,1980. It must be completely 
reviewed and approved by DoE prior to the initia
tion of TFTR experimental operations. 

Vacuum Vessel 
The vacuum vessei being fabricated by Chi

cago Bridge and Iron is now approximately 60% 
complete. Almost all of the twenty subassemblies 
have passed through the initial fabrication phase, 
i.e., rough machining, diagnostic port and neutral-
beam duct nozzle forming (Fig. 55), internal 
bracket installation, heating/cooling jacket clo
sure-bar forming, and all shell welding and post 
weld heat treatment. The second phase is now 
underway and consists of final machining, dielec
tric joint assembly, bellows installation, vacuum 
testing and heating/cooling jacket fabrication. 
The dielectric joint inst&'lation is complete on two 
subassemblies and one subassembly is fitted with 
a bellows (Fig. 56). 

Figure 55. Neutral beam nozzle fitted and welded tc vacuum 
vessel section. (804618) 

Delivery of virtually all of the material that is 
required by Chicago Bridge and Iron is on scnec-
ule. This includes the stainless steel plate ana 
forgings, high strength fasteners, tritium n u -
plates, dielectric material (polyamitie pMR-'E' 
vacuum testing equipment. Inconei 625 oenc.vs 
and heating/cooling system dielectric joints 

Figure 56. Optical survey of "C" segment subassembly 
1804619) 

Other vacuum vessel equipment has been de
signed and ordered, including the seals and limi-
ter actuators. The final design of the diagnostic 
port high vacuum seals has been established and 
calls for a dual metal seal with an integral com
pression limiter between them. 

The limiter actuator "fabrication and test" con
tract was placed with Lamco Industries, Inc. The 
actuator was modified to incorporate a new fea
ture where cooling tubes will pass through the 
center of the actuator. These tubes will supply 
coolant to the limiter blade, reducing the blade 
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operating temperature area and, thus minimizing 
plasma impurities. 

Experimental Area Systems 
Installation and Assembly Engineering 
and Remote Handling 

Work has shifted to the development of assem
bly tooling and preparation procedures for initial 
assembly operations. Work on the remote sys
tems included an update of the already completed 
specifications for the bridge mounted manipula
tor, and the completion of the in-vessel manipula
tor specification. 

Approximately 50% of the installation and as
sembly procedures were completed in prelimi
nary form. 

Tritium and Nontritium Gas Systems 
Tubing and component installation within the 

tritium storage and delivery system glovebox was 
completed, and component testing has been in
itiated. 

The large piezoelectric valve design was re
viewed, and fabrication for TFTR usage has be
gun. The valve was successfully tested at the 
Mound Facility. 

In order to control gas injection (tritium and 
nontritium), a microprocessor will be utilized. 

The vendor of the tritium cleanup system, CVI 
Corporation, has completed the redesign of the 
tritium vault cleanup system skids. Vessel fabrica
tion has been initiated and component procure
ment continues. 

A contract was negotiated for the process tri
tium monitors, but procurement has been de
ferred until FY82. 

The non-tritium gas delivery system was 
awarded to Amer Industrial Technologies, Inc. The 
PPPL vacuum shop has been selected to build the 
gas injection valve assemblies, both for tritium 
and nontritium use. 

Cooling Water Systems 
Installation of all major equipment for the cool

ing water systems has been completed. 

Electrical Buswork 
Designs were completed for the dc bus bars 

that will supply energy to the poloidal and toroioal 
field coils. The designs include definition of con
ductor configuration, size, supports, insulator 
system, and bus joints. 

Detailed electrical, thermal and mechanical 
calculations were made to demonstrate the ade
quacy of the bus system. 

A specification delineating the bus bar require
ments was issued to industry for bids, and the 
order was placed with Gran-Cal. The bus, bus 
bars, and support structures for the poloidal field 
interconnection were released for manufacturer 
design. 

Torus Vacuum Pumping System 
The contract for the high vacuum pumping 

ducts was awarded to PX Engineering, and design 
for the ceramic break assembly was completed. 

The preliminary design of the getter as
semblies was accomplished, and fabrication of a 
single cartridge test article and three cartridge 
prototype assemblies was commenced. 

Assembly of all foreline trap assemblies was 
completed, along with acceptance leakage and 
conductance measurement tests. 

Cryogenic Supply Systems 
The bulk of hardware for the cryogenic supply 

system has been placed with CVI Corporation. 
The 3.8° K helium refrigerator has been delivered 
to PPPL. A change in the original contract now 
provides for full control of the refrigerator by Cen
tral Instrumentation Control and Data Acquisition 
(CICADA). 

Delays were encountered in the manufacture 
of the 1500-gallon liquid helium dewar needed for 
the supply system. A major obstacle was over
come by eliminating code stamping of the pres
sure vessel, since no code exists for operation at 
3.8°K. 

The cryogenic piping system for the neutral 
beam test cell is under subcontract. Two major 
changes that will affect partial deliveries include 
TFM requirements changing services to neutral 
beamline No.5 from neutral beamline No.1 and 
the corresponding changes in layout work in the 
neutral-beam test cell area. 

The controller sequencer safety interlocks for 
the cryogenic system will operate by means of a 
programmable controller. 

Instrumentation and Control 
Flow elements, electronic transmitters, and 

thermocouple and test wells were delivered to 
PPPL for instrumentation and control of the water 
system. 
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Control wiring diagrams, instrument installa
tion details, and instrumentation lists for the water 
system have been completed. 

Electrical Distribution 
Design criteria were developed for grounding 

of all electrical and nonelectrical equipment in the 
experimental areas. 

Cable tray and conduit layout drawings were 
completed for the pump room of the neutral-beam 
power conversion building. In addition, a specifi
cation was approved for a 480 V motor conttol 
center and several 480 V: 20B V/120 V trans
formers and distribution panelboards. The low 
voltage equipment will be used to supply control 
power for the cooling water electrical systems. 

Cable tray and conduit layout designs for the 
test cell and basement area were revised to re
flect the latest available information on experi
mental systems. The tray/conduit systems de
picted on the drawings will be used to 
interconnect cables of the vacuum, cryogenic 
and cooling water electrical systems. Material 
take-offs were updated for the experimental area 
cable tray, conduit, and cable in preparation for 
timely purchase to support the installation/as
sembly and preoperational test schedules. 

Neutral Beam Systems 
Neutral Beam System Test Facility 

At the beginning of FY80, ion sou rce operation 
at Lawrence Livermore National Laboratory 
(LLNL) was below 60 kV; but by the end of January 
1980, 50 A operation for 500 msec pulse length 
was reliably achieved. Since then, industrial sup
pliers McDonnel Douglas and Hughes have deliv
ered accelerator structures that have operated 
with the Lawrence Berkeley Laborabory (LBL) ion 
sources up to 120 kV with currents in excess of 60 
A. 

During FY80 the beamline was finished, the 
ion dump and magnet installed, and the calorime
ter thermistors replaced with thermocouples. 
Shielding and the duct and target tank were com
missioned. Reliable operation of the cryosystem, 
including the regeneration mode, was demon
strated. 

Power System 
Critical components of the neutral-beam 

power system have been tested and delivery has 
begun. 

Several production-type, high-voltage switch 
tubes were built by RCA and delivered to PPPL. 

Beamline Assembly 
Two vacuum enclosures have been received at 

PPPL. Vacuum enclosure No. 1 is ready for instal
lation of thermal shielding. Bending magnets No. 
1 and No. 2 were installed in the vacuum enclo
sure. All eight cryomodules required for neutral 
beamline No, 1 were assembled and tested. 

TFTR Diagnostics 
The diagnostics system for TFTR has pro

gressed on many fronts. Some of the complex 
diagnostics have reached the stage of final design 
review, with many more passing through a prelim
inary review. Fabrication of many components 
has started, work on integration of the diagnostic 
system with the tokamak, the facilities and the 
data acquisition (CICADA) system hat' been sus
tained; many prototype components have been 
tested on PLTor PDX; laboratory development has 
been continued. 

In preparation of equipment that can operate 
with tritium, high tokamak vacuum vessel :e~-
peratures and in high-level radiation env:'or-
ments, some important steps have been :~<e^ A-
experimental study of the effects ô  DUMGL:: rv 
tritium on the surfaces of electron-sens rve ae-
tectors has been completed. A common vacuu'-
effluentsystem has been designed, ru'ccr^e^c-
lar pumps for tritium handling haveoeen o'CS'erj 
a gas analyzer for discriminating between nydro-
gen isotopes has been demonstrated to work sat
isfactorily with tritium. New vacuum sealing tech
niques that will withstand the 250°C bakeout 
requirement have been developed for the neces
sary window materials, and the sensitivity of win
dows to both neutrons and soft x-ray bombard
ment has been studied. Among detectors that 
have now been qualified against tne projected ra
diation levels are channel electron multipliers and 
gridded ionization chambers. 

Some of thediagnostics being prepared for the 
first operation of TFTR are now being built. The 
Rogowski coils and diamagnetic loops which will 
be trapped in the tokamak vacuum vessel are 
nearing completion; their instrumentation is ready 
and awaiting full implementation and testing with 
the CICADA system. The 1-mm microwave sys
tem for electron density measurement, which will 
be incorporated into the tokamak control system, 
is far advanced in design, and some of the princi
pal components have been delivered. The test 
data using a reflection system for the microwaves 
in the mock-up of the TFTR vacuum vessel are 
very encouraging. The standard neutron counting 
system has been fully designed. The pressure 
gauges for the tokamak as well as for the numer-
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ous individual diagnostic vacuum boxes have 
been ordered, and the circuitry to integrate them 
into the vacuum controls is progressing. A num
ber of spectrometers have been ordered or are at 
various stages in the procurement process. The 
success of the simple hydrogen monitor and near-
ultraviolet survey instruments on PDX is en
couraging for the instruments being built for 
TFTR. Periscopes for operation of the TV viewing 
system of the plasma have been ordered, and it is 
now planned to use them for remote inspection of 
the inside of the vacuum vessel and far infrared 
measurement of the wall temperatures during 
pulsing and calorimetry of the neutral beams. The 
final design of the 80 kV diagnostic neutral beam 
will be completed shortly. 

Improvement of the diagnostics resulting from 
work on PLT and PDX has continued. The proto
type methyl alcohol interferometer on PDX has 
measured a density of lO" cm - 3, and sawtooth 
oscillations have been observed. The platinum bo
lometer has worked effectively, and the C02 laser 
for demonstration of ion temperature measure
ment by forward scattering is now installed on 
PDX. The difficulty of making the heavy ion beam 
experiment for measuring plasma potential on 
PLT work will lead to a downgrading of the TFTR 
experiment to look only at the potential near the 
edge. Since the experiment still has extreme sig
nal-to-noise problems, the system was recently 
modified for higher beam current and power reso
lution to see it the measurement is at all feasible. 
A new small thin-foil ionization chamber devel
oped to replace the surface barrier detectors in 
the x-ray imaging systems at high neutron fluxes 
was tested satisfactorily on PDX. Many compo
nents of the TVTS system on PDX, which are very 
similar to those for TFTR, have just been installed, 

In laboratory developments, a fast mechanical 
motion system for the Fourier transform spec
trometer has been tested. Improvements in the 
far-infrared lasers to increase their stability and 
turnability have been made. A prototype of the 
charge exchange analyzer has been provided to 
the Lawrence Berkeley Laboratory (LBL) test 
stand and a calibration ion source is now being set 
up in the PPPL Charge Exchange Laboratory. X-
ray crystal spectrometer studies with a new multi-
wire proportional counter have been successful, 
and detailed studies are being made of collimator 
configurations in the neutron test facility prior to 
final design of the neutron spectrometers. 

The fiscal year closed with a very intensive 
engineering effort to complete the final design of 
the diagnostic systems in order to sustain the fab
rication schedule for full operation of TFTR in 
1982. 

Central Instrumentation, Control 
and Data Acquisition 

During FY80, the major CICADA effort has 
shifted from construction to assembly and opera
tional testing of the various components. Essen
tially all the major components related to con
struction have been procured. Thirteen SEL 32/75 
computers are operating in the CICADA computer 
room (Fig. 57), and installation of the console and 
terminal operating stations in the TFTR control 
room is approximately 50% complete (Fig. 58). 

Figure S'.'. CICADA Computer Room. (804828) 

Figure 58. TFTR Control Room. (804835) 

Clock, CAMAC, and television links have been 
installed in the experimental power building for 
testing of neutral beam, power conversion, and 
diagnostic equipment. The motor/generator 
CICADA interface racks are installed in the motor 
generator control room and the power conversion 
racks are assembled and ready for installation. 

The first eleven tokamak application programs 
for the motor/generator are operational. Diagnos
tic application programmers are now using the 
computer system to support diagnostic develo-
ment. Stand-alone systems configured around a 
microprocessor controlled CAMAC crate have 
been delivered to Transrex and Mound Laborato
ries to be used in two diagnostic experiments. 
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Applied Physics 

The newly formed Applied Physics Division is 
changed with responsibility for those activities, 
formerly within the Experimental and Theoretical 
Divisions, which pertain to the conceptualization, 
design, and operation of future plasma devices. 
Specific areas included are: tokamak modeling; 
materials physics; magnetics; reactor physics; 
data analysis; and special projects. The scope of 
work within the Division encompasses experi
ments on present tokamaks (and in support la
boratories) which are relevant to the design prob
lems of future devices, modeling of operating 
machines, and tokamak model development, as 
well as the direct application of results and 
models to machine design. This integration of 
work on existing devices with machine design has 
proven particularly efficacious. 

Major Activities 
Tokamak Modeiing 

Activities during FY80 included applied theo
retical support of PLTand PDX, and involvement in 
the planning and design of TFTR, INTOR, ETF, 
ZEPHYR, and FED. The major activities are as 
follows: 

PLT 
A multispecies impurity transport code was 

used to assist in the analysis of spectroscopic 
data'. The data for iron showed a very large in
ward shift of the observed charge states, well be
yond that which can be explained by neoclassical 
transport and/or charge exchange recombination 
in these ohmically heated discharges. Substantial 
anomalous convective motion appears to be re
quired in addition to diffusive transport terms. It 
also has become clear that remaining uncertain
ties in atomic rate coefficents and electron tem
perature profiles often make detailed transport 
conclusions difficult to derive from current toka
mak spectroscopic observations. 

TFTR 
Calculations of the expected operating param

eters tor TFTR were performed to assist in plan

ning the machine operation. These included 
"point modeling" with a survey of input power and 
impurity limits, studies of the plasma edge param
eters,2 studies of the effects of both favorable and 
unfavorable confinement scaling in TFTR, and a 
thorough study of ripple effects, current drive, and 
beam heating efficiency as a function of injection 
angle. As an example, Fig. 59 shows the predicted 
heating efficiency for a single beamline in various 
configurations on TFTR. 

Healing Efficiency 

-300 -200 -100 0 100 200 300 

Figure 59. Predicted heating efficiency + (inte
grated plasma heating over inner half plasma volume) -
(total iniectea power) for a beamline as a function of R,„. for 
precompression case TDV308 and full current case TDV318. 
Ripple effects are included. (806778) 

ETF/INTOR/FED 
Support of INTOR, ETF and FED was carried 

out with transport code simulations, divertor sim
ulations, and development of new plasma heating 
schemes. 

An example of the transport simulation results 
in Fig. 603 indicate that the required heating pulse 
and average pressure ratio </3> at ignition in 
INTOR display marked variation over the narro
west possible range of electron energy confine
ment which can reasonably be extrapolated from 
existing experiments. This work has helped stimu
late further investigations of this important issue 
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during the preliminary stages of the FED design. 
An example of one of the other physics issues 
investigated for INTOB shows (Fig. 61)5 that much 
lower helium pumping fractions were required for 
reactor ignition than had previously been ex
pected. An analytic model confirmed this result." 
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Figure 61. Helium fraction vs pumping fraction for long pulse 
scenarios att = 15 sec. (803664) 

any enrichment occurs, which was confirmed by 
a later paper from the JAERI group7. However, the 
enhanced pumping rates present in a divertor6 

lead to sufficient helium exhaust rates for INTOR. 
The calculational results also indicated that the 
pumping speed for pumping ducts which see a 
recycling plasma is enhanced over the normal 
room-temperature vacuum pumping speed. This 
is because the lecycled neutrals are "hot," and 
"cool off" as they move down the pumping tube. 
This enhancement can be as large as a factor of 
30, and is typically ~10. 

One of the major INTOR design efforts in 1980 
centered on the planning of a poloidal divertor 
system. The divertor is to be used to handle the 
heat and particle outflux from the ignited INTOR 
plasma. A calculation was done for the gas trans
port in divertor chambers. A Monte Carlo code, 
DEGAS, was written and a sample particle trajec
tory is given in Fig. 62. The code calculates the 
transport of neutral gas (D, T, DD, DT, TT, He) in a 
fixed plasma. In steady state, all of the helium 
produced by fusion (—.01 nOT/sec) has to be ex
hausted from the vacuum vessel. An early result 
by a Japanese group5 suggested that a divertor 
might selectively pump helium ("helium enrich
ment"). Early results6 indicated that very little, if 

SAMPLE MONTE CAB1.0 
TEST PARTICLE FLIGHT ( D ' T ) 

V?50eV Test Particle Weigrii = 68l»IO 

Plosmo =5% He .47 5% D ,47 5% T 

Figure 62. Sample particle trajectory for a 9 x 10". 250 eV 
plasma. (803443) 
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Advanced Code Development 
Work has continued or; basic code develop

ments 1-1/2-Dtokamaktransport code has been 
upgraded with a fully 2-D neutral gas treatment 
(Seurat). In addition, the code has been docu
mented, and modularized. A neutral beam treat
ment is being installed in the code will be applied 
to PDX and other noncircular tokamaks in 1981. 

Preliminary documentation of BALDUR was 
completed, and a code manual will be published in 
1981. 

Advanced Heating Methods 
One of the more significant problems with 

large tokamaks is the difficulty of heating with 
positive ion neutral beams (E < 150 keV) which do 
not penetrate well. A novel method is to use high 
energy neutral beams of heavy atoms (A s 6) 
formed by producing Lr, C', 0-, etc., accelerat
ing the negative ions to ~ MevVamu, neutralizing 
them with 50-100% efficiency, and injecting them 
into the tokamak where they heat the plasma by 
Coulomb collisions and possibly drive currents.8 

Such beams offer the promise of high reliability, 
low pumping requirements, good plasma penetra
tion, and high efficiency. The expected impurity 
accumulation is less than the helium ash build up. 
The beams are low-Z impurities which would be 
expected to be fully ionized and thus have low 
radiation levels. 

Materials Physics 
TFTR/TFM Impurity Control 

Plasma impurities constitute a formidable bar
rier to realizing the full operating potential of 
TFTR, and are especially deleterious to achieving 
maximum values of the fusion power gain. Fur
thermore, the control of impurities in this device 
will be a particularly difficult problem, owing to the 
large particle and energy fluxes expected in the 
TFM mode. In consideration of this, work conti
nued in FY80 on ways to ameliorate the impurity 
problem.9 

One of the principal activities of the impurity 
control effort was the optimization of the configu
ration for the limiters and other protective armor 
in TFTR. Fig. 63 shows the three structures upon 
which the dominant thermal loads will be incident. 
The axisymmetric bumper limiter" is intended to 
absorb the major plasma heat load as well as 
perpendicular-injection neutral beam heat loads 
due to incomplete ionization of the beam by the 
plasma. This limiter has a coverage of + 60° po-
loidally from the torus midplane and extends 

Figure 63. Diagram of the limiters and protective plates in 
TFTR. The bumper limiter covers the entire toroidal circum
ference. The protective plates are located in areas irradiated 
by the neutral beams. (803696) 

around the entire toroidal circumference. The 
peak heat load10 on these limiters during normal 
high power neutral injection is s 1 kVWcnf owing 
to its large surface area (~20 nr). 

An array of three moveable limiters is located 
in one toroidal position. These actively cooled 
blades have a total surface area of ~1 m2 and, 
consequently, a much higher energy flux (—15 
kW/cm2) than the bumper limiter. They will be used 
in compression scenarios for short times. 

The neutral beam shine-through for tangential 
injection is absorbed by protective plates located 
where required on the outer vessel wall subtend
ing ±30° from the midplane. 

Another major aspect of impurity control work 
has been materials research aimed at finding lay
ered composites with substrates having good 
thermal characteristics (copper or graphite), and 
coatings or claddings which are intended to pro
vide good surface properties (e.g. low sputtering, 
low tritium retention). This research involved 
groups at Argonne National Laboratory" andSan-
dia National Laboratories'2'5 as well as PPPL.'3 

Data indicates that the best coaling system is TiC 
chemically vapor-deposited on graphite. It has a 
lower sputtering yield than pure graphite and can 
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withstand the 1 kW/cm* thermal flux. Among the 
claddings, vanadium explosively bonded to a cop
per substrate would also satisfy theTFTR thermal/ 
surface properties requirements, although eddy 
current forces which occur during plasma disrup
tions are large due to the high electrical conduc
tivity of copper. 

The third major area of the impurity control 
work has been the design of a gettering system to 
reduce recycling and low-Z impurity content. The 
most promising solution is a Zr/A1 alloy bulk get
ter9. It operates in the range of 200-400°C, which 
is compatible with the plasma radiative heat load. 
H/drogenic species can be desorbed by increas
ing the getter temperature to 600-700°C. This fa
cilitates tritium operation of TFTR, since the max
imum amount of tritium allowed in the getter will 
be limited. The getter inversibly pumps active im
purities (C, N, 0) at all temperatures above 200°. 
The fatigue lifetime due to repeated temperature 
cycling has been measured'6 to be equivalent to 
two years of TFTR operation. 

INTOR/ETF/FED Mechanical Divertor 
Several concepts for a mechanical divertor, or 

pumped limiter, have been presented in the last 
few years. A study was made to adapt these de
signs to the INTOR/ETF/FED device with the goal 
of solving the heat load and structural problems 
which were present in most previous concepts. 
The result of the study is a large-area toroidal belt 
limiter, which has channels along each edge to 
allow a fraction (1-10%) of the edge plasma parti
cles to escape behind the limiter where they can 
be neutralized and pumped. The peak heat load is 
— 150 W/cmJ. An elevation view cross section of 
the upper half of the INTOR/ETF/FED vacuum ves
sel, showing the location of the pump limiter, is 
shown in Fig. 64. The results of the study17 indicate 
that the pump limiter is an interesting concept 
which warrants further effort for reactor type de
vices. 

Magnetics 
PDX 

The poloidal magnetic field pattern is the key 
factor which governs the plasma initiation phase. 
To examine the field pattern, a set of transfer func
tions were constructed by individually exciting the 
poloidal power supplies in the absence of plasma 
and measuring the vertical magnetic field with a 
set of flux loops specially introduced on the ma
chine midplane.'8 The experimental results show 
(1) that the circular plasma can build up even in 
relatively strong quadrupole fields, and (2) that in 

R(cm) 
Figure 64. Cross section ot mechanical divertor limiter for 
INTOR. Lines of constant poloidal magnetic flux are shown 
superimposed on the limiter. The support legs are helical and 
form channels parallel to the particle flow direction to in
crease the particle trapping efficiency. (803784) 

noncircular divertor operation, the plasma tends 
to form initially at R = 1.2 m or R = 1.6 m, where 
the field gradient is negative (quadrupole field pat
tern). 

In addition to this work, the magnetic axis (Rm) 
in the PDX was determined by first measuring the 
flux function (#„) produced by the plasma alone, 
and then comparing it with the values computed 
for various Rm from the equilibrium MHD equa
tions". In the experiment tfi0 = tfr^ — </>„, was 
determined by subtracting from the flux (*TOa), 
measured with magnetic flux loops the external 
contributions (#„,) from poloidal field coils and 
eddy currents in their casings and in the vaccum 
vessel determined from the transfer functions and 
coil input current waveforms. The measured mag
netic axis was consistent with other measure
ments, such as behavior of the plasma density 
and the heat deposition in the divertor chamber 
during radial and vertical motion of the plasma. 

Another PDX activity has been the investiga
tion of the stability of elongated plasmas against 
vertical displacement. By holding the plasma at 
various major radius locations20 (R = 1.15-1.60 m) 
the growth rate of the instability was determined 
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and found in good agreement with theoretical pre
dictions. The so-called passive stabilization, pro
vided by currents induced in the divertor coils in 
parallel connection, was found to slow down the 
instability growth sufficiently to make the vertical 
plasma position amenable to external feedback 
for a wide range of the magnetic decay index 
(-2 < n < 0). 

INTOR 
A preliminary optimization has been made of 

the axisymmetric poloidal divertor configuration 
for the INTOR device'7. Engineering aspects as 
well as physics requirements were included in or
der to assure some self-consistency. Consider
ation was given to; maintainability, simplicity, and 
compactness of both the coils and the divertor 
structure; the shielding of the toroidal field coils 
near the divertor channels; the forces on the to
roidal field coils; the divertor dimensions required 
for energy removal, ash removal and impurity 
control; /8-limits; plasma position control; and 
separatrix control. 

A single-null divertor with an external-coil po
loidal configuration was chosen for INTOR be
cause of better maintainability. These advantages 
are at the expense of a significant increase in 
poloidal field power requirements, and forces on 
the toroidal field coils. 

However, the single-null divertor simplifies the 
configuration and increases the area available for 
neutron shielding. Also, it can ease the problem of 
providing access to divertor chambers for compo
nent removal. Fig. 65 shows a single-null divertor 

" 4 3 4 " 5 6 ~ } 6 
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Figure 65. INTOR single null divertor magnetic field configu
ration lor & = 5.5%.(803829) 

magnetic field configuration for /3 = 5.5%. It is 
possible to provide 0.5 m of inner channel and 2.0 
m of outer channel with this divertor. The plasma 
is mildly D-shaped, which is easier to form with a 
simple coil arrangement in the center core. 

It is important to maintain the magnetic 
separatrix within the divertor channel during 
plasma heating. In the absence of separatrix con
trol, the separatrix line in the divertor chamber will 
shift when the vertical field is adjusted to maintain 
the magnetic axis during the /8-increasing stage. 
In order to improve the separatrix control, two 
pairs of coils located outside the toroidal coil are 
introduced to produce a quadrupole field pattern 
with the null point arranged at the stagnation point 
and the field oriented in the vertical direction. 
From p = 0.24% up to 0 = 5.5%, the coils 
control the separatrix lines well within the tolera
ble limit, even if the coils are located outside the 
toroidal coifs. 

Reactor Physics 
Resistive Toroidal-Field Coils for Tokamak 
Reactors 

One apparently major disadvantage of the to-
kamak is the inherent inaccessibility of the vac
uum vessel and internal PF coils interlocking the 
TF coils, and the difficulty of access to blanket 
modules inboard of the vacuum vessel. This dis
advantage can be eliminated by the use of TF 
(toroidal field) coils that are readily demountable. 
The resulting tokamak reactor is no more inacces
sible than a light-water fission reactor, for exam
ple, where complete accessibility is obtained 
upon removal of the cap of the pressure vessel. 

The requirement that the TF coils be read'iy 
demountable, with minimal reactor downtime and 
minimal impact on TF coil performance, dictates 
that the TF coils be water-cooled resistive coils 
fabricated of copper or aluminum. Resistive coils 
have other important advantages over supercon
ducting coils. They are unaffected by pulsed 
fields, require less shielding against neutron irra
diation, have simple refrigeration systems, and 
can be factory-built and transported (disas
sembled) to the reactor site. 

The TF coils of a tokamak reactor must oper
ate in the steady state. At the values of </?> now 
thought to be achievable in tokamaks (6 to 10%), 
the magnetic field required for satisfactory perfor
mance of tokamak reactors in at least some appli
cations can be sufficiently low so that steady-
state operation of resistive coils is quite feasible. 
In such circumstances the problems of mechani
cal and thermal fatigue are essentially eliminated. 
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Resistive TF coils can be made to operate in 
the steady state by making them sufficiently mas
sive. The massiveness of the coils results in an 
acceptable resistive power dissipation — that is, 
comparable with the sum of power losses in the 
other reactor components (PF coils, blanket cool
ant systems, plasma heating systems, pumps, 
HVAC). 

The optimization of the size of resistive TF coils 
for certain types of tokamak reactors" ~2 has been 
analyzed. An extensive discussion of the reactor 
features that are possible ising such coils is given 
in Ref. 23. 

Fig. 66 shows the variation of resistive dissipa
tion P,es of the TF coils with the peak magnetic field 
B„ at the coil windings (R = R„) for a family of 
rectangular geometries that produces a neutron 
wall loading of 0.5 MW/m-. "-or fixed shape param
eters there is a geometry of minimum P„ at 200 
MW or less. For coil radius a, = 5-61 P,„s is only 
slightly above, and the coil mass considerably be
low, the values at the mininum. 

The stress distriDution m a TORFA-type resis
tive copper coil was determined by means of a 
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Figure 66. Variation ol TF coil pc.ver loss with S„. for a con
stant neutron wall loading of 0.5C MW/rrf. Ft, is the coil major 
radius, ac is the coil minor radius d is the radial build, and R,. 
is the position of maximum field B - 8f/s (at the coil wind
ings). (803027) 

finite element (250 elements) analysis (MSC Nas-
tran). The points of inflection in the upper and rear 
legs of the coil (where the bending stresses are 
minimum) are the areas most suitable for the in
clusion of a joint. For a field at the coil windings of 
7.5 T, the principal and shear stresses in these 
areas are of the order of 33 MPa. These stress 
levels are well within the capabilities of copper. 

The advantages and disadvantages of several 
types of butt and lap joints, together with bolting 
and hydraulic clamping techniques have been ex
amined. Fig. 67 illustrates a TF coil with bolted lap 
joints located at positions of zero bending stress 
on the outbcard legs and finger joints on the in
board side. This joint position allows removal of 
the blanket modules by simple vertical translation 
but requires disassembly of the OH solenoid be
fore its removal. For a TORFA-sized coil, fabrica
ted from 5-cm thick plates and 1-2 m deep, as 
many as 50 fingers would b •<•. 'wed. For both 
the finger and lap joints, the rTKv.etic tensile load 
is transferred by shear pins which also serve as 
current joints". 

A great advantage of purely hydraulic clamp
ing (i.e. without bolts), when used with an external 
shear restraint in the joint area, is that the joint 
can literally be dismantled by simply releasing the 
oil pressure to the hydraulic jacks. 

Finger 
Joint 

20Ploles In Coil 

Figure 67. Demountable resistive toroidal field coil with 
bolted lap joints. (81P0008) 
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TFTR Blanket Module Experiments 

In 1979, the Electric Power Research Institute 
(EPRI) sponsored a Technical Planning Study c.i 
the subject of TFTR Fusion Blanket Experiments. 
The report resulting from that study' recom
mended (1) that an Engineering Test Station (ETS)! 

be implemented for the structural support and 
servicing of blanket modules adjacent to the vac
uum vessel of the TFTR, and (2) that the first blan
ket module be designed for tritium-breeding ex
periments.''- In October 1979, a second EPRI 
sponsored program was initiated at PPPL to carry 
out the above recommendations. 

Major Activities 
Engineering Test Station (ETS) 

The purpose of the ETS is to provide structural 
support and utilities/instrumentation interfaces 
for blanket module experiments located adjacent 
to the vacuum vessel of the Tokamak Fusion Test 
Reactor. As shown in Fig. 68, the ETS is canti-
levered from outside the TFTR igloo shield, so (hat 
it can be readily removed from one bay .ind in
stalled in another. A detailed engineering design 
of the ETS has been completed, and the Final 
Design Review was held in August 1980. 

Lithium Blanket Module 
The major part of the EPRI-sponsored program 

consists of the design, fabrication, and operation 
of a Lithium Blanket Module (LBM), which will con
tain a solid lithium compound for tritium breeding 
upon irradiation by TFTR fusion neutrons. 

The principal goal of the LBM program is the 
development of improved confidence in the de
sign basis of fusion reactor blankets by com
paring the neutron transport and tritium breeding 
performance of lithium-containing blanket mod
ule configurations in a tokamak environment with 
computational predictions, and upgrading the de
sign tools in selected areas to improve agreement 
between prediction and measurement. The LBM 
measurements will provide reference data on 
spatial profiles of neutron fluence and spectrum, 
as well as the profile of tritium breeding in the 
central region of the module. 

Figure 68. Lithium Blanket Module and its interface shield 
plug in retracted position on the Engineering Test Station. 
(803487) 

The LBM program will also afford first time 
operational experience in the design, fabrication, 
remote handling, electromagnetic isolation, in
strumentation, control, and safety aspects of a 
fusion reactor blanket module integrated into a 
tokamak operating with deuterium-tritium fuel. 

Geometric Aspects 
The ETS will hold blanket modules with lateral 

dimensions up to 78 cm x 84 cm, or nearly as 
large as the optimal size for isolated modules as 
determined in studies for the International Toka
mak Reactor (INTOR) project. Preliminary neu
ronics analyses indicate that the tritium breeding 
characteristics of the central region of the LBM 
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will be uninfluenced by neutron backscattering 
into the sides of the LBM, or by leakage of neu
trons from the LBM out the sides. 

Program Phase 
The LBM program will comprise the following 

four phases: 
Phase I: Program definition and design of 

the LBM. 
Phase II: Fabrication of the LBM. 
Phase III: Check-out, installation, and ac

ceptance testing at PPPL. 
Phase IV: Program of experiments and 

analysis. 

The first LBM experiments in Phase IV will 
make use of TFTR D-D neutrons during the period 
preceeding first D-Toperation. 

All four phases of the LBM program will be 
performed by a single industrial subcontractor to 
PPPL. As a result of a competitive procurement, 
the LBM subcontract was awarded to the General 
Atomic Company of San Diego at the end of FY80. 

Fusion Energy Calorimeter 
In a pulsed fusion reactor such as the TFTR. 

the fusion energy production per pulse can be 
monitored by means of an adiabatic total neutron-
absorption calorimeter located just outside the 
vacuum vessel wall. In each fusion pulse the neu
tron moderating region of the calorimeter will ex
perience a temperature rise proportional to the 
absorbed fusion-derived energy. A neutron calori
meter under consideration for the TFTR, in fact, 
represents a primitive first step toward a power-
producing blanket. 

From the points of view of sensitivity, safety, 
ease of handling, and cost, certain oils that are 
pure hydrocarbons appear to be the most suitable 
liquid moderating media, with polyethylene (CH-) 
as a back-up solid candidate. Temperature in
creases, AT, would be measured by thermopiles 
and platinum-resistance thermometers distribu
ted along the major radial axis. 

Power Deposition 
Calculations of the radial profiles of energy 

deposition in CH, are shown in Fig. 69 (ANISN 
code). The input source spectrum and intensity 

were calculated by the DOT code, and include 
ambient gammas an neutrons scattered from 
adjacent TFTR components. Almost half the inci
dent neutron energy deposited near the front face 
is due to sub-14 MeV neutrons. About 10% of the 
total energy deposited at the front face is gamma 
radiation. Ambient gamma rays from the TFTR 
structure incident on other faces can be stopped 
by approximately 6 cm of lead shielding. 

Maximizing the lateral extent of the moderator 
appears to be the optimal method for ensuring 
adequate isolation of the central region from 
boundary effects. The half-width of the moderator 
(-40 cm in each direction) is sufficiently large so 
that scattered low energy neutrons entering the 
sides, either by reflection of neutrons moderated 
in theCH, or from the TFTR ambient, are found to 
have 10% or less effect on the energy deposition 
along the major radial axis. 
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Figure 69. ANISN calculations of energy deposition profiles 
in a polyethylene moderator. 1603649! 
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Advanced Toroidal Facility 

PPPL is carrying out engineering and physics 
scoping studies to determine the technical fea
tures and programmatic objectives of a possible 
new toroidal facility fo be fabricated at Princeton. 
The overall objective of this project is to provide a 
test facility for the advanced concepts that will be 
required to optimize a toroidal fusion reactor. This 
project will parallel and compliment the Fusion 
Engineering Device (FED) Project. 

Since the FED schedule calls for operation at 
the beginning of the 1990's, the permissible level 
of design innovation will be limited by the time 
constraints of the experimental R&D program. 
Some of the most advanced — and theoretically 
promising — approaches to a commercial toka-
mak design will remain to be developed during the 
1980's and early 90's by a program of less costly, 
non-D-T experiments, operating in parallel with the 
FED project. 

In order to provide a credible basis for the in
troduction of major improvements over the FED 
design in a follow-on Commercial Reactor Feasi
bility Demonstration, the prototypical Advanced 
Toroidal Facility (ATF) demonstrations must take 
place at a substantial (eve! of performance. The 
plasma parameters must be reactor-like, as in the 
TFTR; the size must be sufficient to allow multi-
megampere plasma currents: the plasma dura
tion must, at a minimum, approach the 100sec-
ond range, and should preferably approach 
steady state The ATF is therefore envisaged as 
having a plasma of TFTR size, along with super
conducting toroidal-field coils. Since D-T opera
tion is not required for the ATR consumption of 
space for shielding of the superconductor can be 
avoided. The appropriate coil size is therefore 
considerably smaller than for the FED — roughly 
comparable to the toroidal-field coils under devel
opment at the Large Coil Test Facility at OHNL. 

The advanced tokamak program will ultimately 
require a central facility with capabilities for pro
ducing reactor like plasmas in quasi-steady-state. 
During the past several years, a number of studies 
were carried out on the utilization of the physical 
plant of the TFTR project for a follow-on device, 
either of the pulsed-ignition type (ITR) or the long-
pulse superconducting type (SLPX 1. 2 and 3). 

These studies have shown that major savings in 
cost and schedule can be realized by utilizing the 
resources of the TFTR site. An ATF of multi-
megampere capability could be put into operation 
as early as 1987. 

The objectives of the ATF are as follows: 
• Steady State. While steady-state operation 

of the "plasma driver" is not known to be a 
requirement for a commercial reactor, the 
resultant simplifications are clearly impor
tant. In the case of the tokamak, the driving 
of the plasma current has already been 
demonstrated by theoretical analysis and by 
small-scale experiments. Current driving 
needs to be developed towards optimum ef
ficiency, and must be demonstrated in reac
tor-like plasma conditions, where the resis
tive current-decay time is long compared 
with the plasma energy confinement time. 

• Stability. Avoidance of disruptions is of basic 
importance in facilitating the mechanical 
design of a tokamak reactor. Profile control 
by local heating and/or the addition of weak 
stellarator fields could solve this problem, 
while allowing larger plasma currents and 
higher /3's to be reached. 

• Impurity Control. If the benefits of the 
present poloidal divertor system could be 
obtained in simple field geometry — pos
sibly based in part on mechanical, rather 
than magnetic plasma handling — the com
plexity of the tokamak reactor magnetics 
could be reduced substantially. The devel
opment of plasma-physical methods (such 
as the driving of rotary flows or the utiliza
tion of cyclotron-resonance effects) for 
enhancing the diffusion of impurity ions 
from the central plasma could be helpful in 
achieving this goal. 

• Radio-Frequency Methods. The replace
ment of neutral-beam heating by a suitably 
efficient method of radio-frequency heating 
could provide substantial reductions in cost 
and simplifications in reactor shielding de
sign. Application of rf power to the current 
driving problem has such a broad potential 
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for optimizing the tokamak as a reactor, that 
it could be considered a prime objective of 
the ATF. 

• Wall Technology. Many of the first-wall mate
rials problems of a reactor are related to 
nonnuclear phenomena, such as sputtering 
and thermal overload. An extended techno
logical program under reac*or-relevant, but 
nonradioactive, conditions would be a valu
able incidental contribution of the ATF. 

At the present time, the Laboratory is moving 
forward to make a concrete ATF proposal. The 
initiation of ATF experimental operation in FY88 
requires that a preconceptual design should be 
identified during FY81, and that the actual fabrica
tion of the ATF should begin in FY83. 

Density Control. Quasi-steady-state control 
of the plasma density profile is not known to 
present any critical problems, but needs to 
be prototyped at the level of the ATF plasma 
parameters. 
Coils. The use of superconducting coils in 
the ATF is appropriate, both as a conven
ience for quasi-steady-state operation, and 
as a moderate-scale pretest of reactor coil 
technology. Stellarator features could be in
corporated either directly oi in auxiliary 
form into the ATF coil system. 
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Advanced Projects Design and Analysis 

The Advanced Projects Design and Analysis 
Division (APDAD) is a relatively new organization 
that was formed in the spring of 1979. The Divi
sion's role is to support the Laboratory's physics 
program and the national fusion effort by provid
ing planning and evaluation of new and upgraded 
experiments, conceptual and preliminary design 
services, and systems integration services. In ad
dition, APDAD develops and maintains computer 
programs for design and analysis, and performs 
engineering and scientific analyses in specialized 
areas of technology such as radiation, solid and 
fluid mechanics, heat transfer, vacuum and cry
ogenics, superconductivity, magnetics and coil 
design, and remote handling. 

The Division consists of an administrative unit 
and five technical branches, with the latter further 
divided into sections according to specialty. 

Major Activities 
Analysis Branch 

Assigned to this branch are the highly special
ized analysis activities critical to the development 
of the fusion program. It requires a well experi
enced staff capable of using advanced, special
ized equipment and a library of computer pro
grams. Three principal specialties are identified: 
magnetic field analysis; radiation and nucleonics 
analysis; and finite element analysis. 

Magnetic Field Design 
One of the major efforts in the Field Design 

Section was the completion of analytical work for 
all of the magnetic systems in the S-1 (Sphero-
mak) device. This effort included the modeling of 
electrical circuits and their magnetic linkage with 
the passive components, in order to anticipate 
eddy current degradation of the power circuits 
and the effect upon plasma buildup. Progress was 
made in expanding the eddy current codes, and 
the group was called upon to install one of these 
programs at the Max Planck Institute at Garching, 
West Germany. 

A feasibility study was made for a new stellara-
tor that would utilize the PLT toroidal field coil 

system. One of the four windings is illustrated in 
Figure 70; these are the helical windings that oc
cupy the space between the toroidal field coils 
and the vacuum vessel. 

Figure 70. One of the lour windings designed for a new stel-
larator. (804964) 

Effort was continued in converting batch type 
programs into interactive time-sharing codes with 
emphasis on graphic outputs. The upgrading of 
these programs has been given a high priority 
because of the fast response capability of repre
senting coil and flux patterns for analysis and pre
sentation in reports. 

For the Engineering Test Facility (ETF), initial 
studies were undertaken on several ohmic heat
ing and plasma shaping field coil systems, as well 
as on different diverted plasma configurations. 
This work was done in conjunction with the Mas
sachusetts Institute of Technology (MIT) Fusion 
Laboratory. 

In order to help analyze the D-shaped coil 
characteristics, a program was developed which 
generated pure tension coils for various numbers 
and builds of toroidal field coils. This code was 
applied to the ETF coil analysis. 
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Radiation Analysis 
One of the major accomplishments of the ra

diation analysis group in FY80, was the culmina
tion of the TFTR baseline radiation analysis calcu
lations in a comprehensive report." It has about 
150 figures and tables and summarizes the work 
originally released in over a dozen technical mem
oranda. 

Also during FY80, an updated set of cross sec
tions for particle transport calculations and radia
tion analysis was incorporated into the radiation 
analysis system on the IBM 3033. 

Calculations in support of the mechanical de
sign of the shielding for TFTR represented a con
siderable portion of this group's effort. For exam
ple, the igloo needed to achieve the desired 
attenuation levels for TFM was redefined. 

The group also performed calculations to pro
vide data for refining the planned operational sce
narios for TFTR, and assistance was given to 
other groups who wanted help in using the parti
cle transport codes and data for their own appli
cations. 

Finite Element Analsysis 
In a joint undertaking between the Grumman 

Aerospace Corporation and PPPL, a finite ele
ment method (FEM) analysis of the PDX structure 
was completed. The coil support structure and 
coil cases were studied in detail using linear and 
nonlinear analysis. A finite element idealization of 
the structure that was analyzed is shown in Fig. 
71. A new FEM technique called "substructuring" 
was employed in the analysis. 

A large software package that is used in FEM 
analysis, the MSC/NASTRAN version 60.0, was 
purchased, installed, and tested on the general 
purpose computer. FEM data created by Ebascol 
Grumman for TFTR were installed on the general 
purpose computer and rerun using the newly pur
chased NASTRAN. Models representing the TFTR 
toroidal field coil and vacuum vessel are now fully 
operational on the general purpose computer. 

A number of other FEM analyses were com
pleted during FY60. Examples are the toroidal 
field coil substructuring stress analysis for the 
superconducting long pulse experiment (SLPX)2 

and the simulation of the titanium/aluminum get-
tering plates for TFM. 

Mechanical Branch 
Covering a broad spectrum of mechanical 

engineering, this branch is organized into three 
sections: Engineering Mechanics, Mechanical 
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Figure 71. Finite element ideafeation of the PDX tokamak. 
(808110) 

Design, and Mechanical Drafting Services. The 
technical specialties represented cover the me
chanical design aspects of the fusion device 
proper, including coils, vacuum vessel, structure 
and materials. In addition to serving APDAD 
needs, the Mechanical Drafting Services group 
provides drafting for other divisions and maintains 
the backup tracing files (disaster file) for all of 
PPPL. 

During FY80 several Mechanical Branch per
sonnel were engaged in monitoring and guiding 
the engineering effort applied to three TFTR sys
tems: the vacuum vessel and surrounding struc
tures; the coil systems; and diagnostics. 

Structural Dynamic Analysis 
Mechanical Branch personnel have analyzed 

the mechanical dynamic response of TFM de
signs when subjected to forces produced by 
plasma disruptions. When a plasma disrupts, the 



magnetic field caused by the plasma current col
lapses and induces large eddy currents in any 
metallic structure in the immediate vicinity of the 
plasma. The large eddy currents interact with the 
existing toroidal field (TF) and poloidal field (PF) 
and produce large impulsive loads on these metal
lic structures. The typical analysis of this situation 
used to be a static stress calculation of the full 
"superconducting" (flux-preserving) loads. For 
TFM this proves to be overly pessimistic and a 
true dynamic analysis of the mechanical struc
ture must be performed. 

The simultaneous attentuation of the current-
induced loads due to inductive effects, and of the 
mechanical stresses due to inertial effects, has 
allowed the TFM design effort to proceed. The 
surface pumping systems and the bumper limifer 
have been analyzed in this manner. 

Spheromak Structural Analysis 
and Design 

Mechanical Branch engineers contributed to 
the mechanical design of the machine structure 
and vacuum vessel on S-1 (Spheromak), and per
formed a structural analysis of the internal flux 
core and the vacuum vessel. Several FEM com
puter codes available at PPPL were used in these 
analyses. Of special concern was thermal stress 
induced in the Inconel liner of the flux core due to 
eddy current heating during plasma formation. To 
reduce this stress a low modulus urethane has 
been adopted as the potting compound which 
connects the liner to the epoxy glass flux core. 
Design of the external poloidal field coil supports 
has also been accomplished during FY80, and a 
FEM model has been developed to analyze the 
combined magnetic and atmospheric loading on 
the vacuum vessel and coil support structure. 
Preliminary layouts of the experimental area were 
also produced during this period. 

Electrical Branch 
In evaluating the feasibility of new proposals, • 

this branch addresses issues concerning the suit
ability of existing energy storage and conversion 
systems to meet the new need, or selection of the 
best course if new equipment is required. As the 
program advances, ever increasing attention is 
paid to analysis and simulation of electrical and 
control systems. The branch provides unique ca
pabilities in planning and design of specialized 
power systems, large motor generation systems, 
rectifier systems and their control, and electrical 
systems analysis in all these areas. 

During FY80, personnel of the Electrical 
Branch worked primarily in three major areas: the 

TFTR neutral-beam power supply and controls; 
the TFTR pulsed power systems; and electrical 
systems for the ETF. 

TFTR Neutral-Beam Power Supply and 
Controls 

APDAD personnel provided technical manage
ment of subcontracts for the following major 
equipment for TFTR neutral beams: neutral-beam 
power supplies, high voltage switch tubes, and 
sweep magnet power supplies. In addition, they 
provided engineering coordination during con
struction of the neutral-beam test facility and the 
TFTR facility in general. 

In the area of TFTR neutral-beam instrumenta
tion and control APDAD personnel provided de
sign and project engineering for the neutral-beam 
fault detection system, cryogenics control and n. 
strumentation, neutral-beam test cell cor'-c 
room, beamline instrumentation, and CICADA -• 
terface. In fiscal year 1980. contracts /.£-£ 
placed basedon PPPL specifications fo r~ z--.~ •-
age coaxial and triaxial caole ^er~e:z '~z-
throughs, electrical connectors a-c : c—: a-; 
instrumentation cable. An effort c c : " ^ t -=-.•-,• 
luating selected electronic senses 2 " ; ;:-?-•? 
components in a magnetic field 3TJ -=c =::"•=-• 
vironment. 

TFTR Pulsed Power System 
Studies were made of maucea \o:aces 

generated by magnetic fields n the sucsiruc-.̂ -e 
under the TFTR torus, and the effects of ihese 
voltages on the plasma were ahalyzed. 

An analysis was conducted to determine volt
age drops in the ac distribution system that would 
result from pulse loads and fault loads of neutral 
beams in the newly-constructed neutral-beam 
test facility. 

Engineering Test Facility 
An APDAD engineer served as Manager of the 

Electrical Branch of the ETF Design Center loca
ted in Oak Ridge, Tennessee. Included in his re
sponsibilities were the power supplies for super
conducting and normal coils, motor/generator 
sets, ac distribution, plasma control, and diagnos
tics. A view of the preconceptual design of the ETF 
tokamak is shown in Fig. 72; this machine is a 
predecessor to the Fusion Engineering Device 
that is now under design at Oak Ridge. 

APDAD personnel set up an analytical model 
of the ETF vacuum vessel for use in determining 
induced voltages in the structure and consequent 
effects on the plama, on structural forces, and on 
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Figure 72. Engineering Test Faci/ity (predecessor to tne Fusion Engineering Dei/ice), courtesy ot Oak Ridge National Laboratory. 
(81X2063) 

heat loads to the cryogenic coolants. Analytical 
contributions were also made in setting up the 
systems code that was used to assist in optimizing 
system cost and operating parameters. 

Integration Branch 
This branch is responsible for unification of the 

overall design and must ensure that all factors 
driven by considerations of assembly, remote 
handling, diagnostics, experimental access, utili
zation of test cell space, and machine-specific 
auxiliary systems are taken into account. Technol
ogy areas currently represented in this branch 
include vacuum pumping systems and vacuum 
enclosures, vacuum seals, cryogenic refrigera
tion and cryopumping, gettering systems, remote 
handling, and diagnostics. A future area will be 
superconductive coil technology. 

During FY80, the Integration Branch took part 
in planning for TFTR installation, assembly, re
mote handling, and shielding and provided coordi
nation and management of the large effort asso
ciated with engineering of diagnostics for TFTR. 

Figure 73. M-3 full-scale mockup of the TFTR vacuum vessel. 
(804216) 
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Further contributions to the engineering of TFTR 
included monitoring the design and procurement 
of vacuum pumping and cryogenic refrigeration 
equipment, and designing and procuring compo
nents of the neutral beam vacuum enclosures. 

Other activities included the design and con
struction of apparatus to test the TFTR vacuum 
vessel bellows, a critical component of the TFTR 
machine. Strain gauges will be fitted to the bel
lows convolutions in certain locations, and design 
loads will be applied to the bellows by means of 
hydraulic cylinders, while the former are under 
vacuum. Testing will continue until the anticipated 
TFTR lifetime cycles have been surpassed. 

The M3 mock-up, Fig. 73, is a full-scale model 
of about one-fourth the TFTR tokamak. This mock-
up, with a stainless steel vacuum vessel and 
wooden model coils, has proven to be indispens
able in developing assembly procedures and tool
ing. The mock-up vacuum vessel is capable of 
being evacuated to a hard vacuum, so it is possi
ble to run and test the TFTR turbomolecular vac
uum pumps, and test procedures for demounting 
and resealing the vacuum vessel port covers. At 
present, the top section is being modified to ac
commodate the vacuum vessel heating and cool
ing ductwork and part of the radiation shielding. 
As this work Droceeds, components and tooling 
will be fitted in place to ensure that there will be no 
interferences in assembly of the TFTR machine. 

Plans have been made to use this mock-up to 
experiment with remote handling procedures. 
These plans include the design and development 
of an in-vessel manipulator capable of removing 
and replacing limiters and protective plates. An 
electrical servo-manipulator arm of the type being 
purchased for the remote handling system is 
shown in Figure 74. Plans are also being made to 

test the feasibility of remotely cutting apart a one-
tenth segment of the TFTR vacuum vessel. This 
will be done to prepare for the possible eventual 
removal of a segment or a tcroidal field coil. 

Figure 74. Servo-manipuiaior arm lor TFTR remote handling 
courtesy of Tele-Operator Systems Corporation. (81X2064) 
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Engineering 

The Engineering Division is composed of two 
branches, two separate sections, and Division Ad
ministration. 

Power Branch 
The AC Power Section, the Rectifier Section, 

and the Neutral Beam Power Section handle the 
functional responsibilities of this branch. 

The branch provides the ac and dc power and 
energy engineering services for the Laboratory 
and associated devices. Such services include 
the design, fabrication, and installation of high-en
ergy electrical storage systems, the maintenance 
of adequate line power for the Laboratory, and 
high-voltage direct current power for the neutral-
beam sources used in experimental programs. 

Diagnostics Branch 
Five sections are included in this branch: Elec

tronics, Instrumentation, Diagnostics Projects, 
Electro Optics, and Mechanical Engineering, A 
large variety of electronics and electro optic cir
cuitry is provided. Other services encompass the 
design and fabrication of special microwave and 
laser devices for plasma diagnostics, the me
chanical engineering required for placement of 
diagnostic equipment, construction of machine 
supporting structures, power radio-frequency (rf) 
accessories, and the maintenance of Laboratory 
deionized water systems. The Diagnostics Proj
ects Section, added to the branch in FY80, is re
sponsible for systems engineering required for 
the diagnostics devices to be used on the TFTR. 

Controls Section 
and Radio-Frequency Section 

There are two sections which are not asso
ciated with either of the two main branches of the 
Engineering Division: The Controls Section and 
the Radio-Frequency Section. The Controls Sec
tion has responsibilities involving device and re
lated supervisory and annunciation controls. It is 
heavily engaged in computer aspects of such con
trols pertaining to automatic protection of experi
mental machine equipment and personnel. The 

Radio-Frequency Section is responsible for the 
design, construction, and installation of high-
power rf generators and neutral-beam vacuum 
tube modulators. 

Power Branch 
AC Power Section 

The reliability of the Laboratory's distribution 
system (4.16 kVand above) was improved by addi
tions and the inauguration of infrared tests. 

Only four high temperature points were found, 
and considering the size and age of the system, 
this fact was very encouraging. The test results 
aided greatly in executing repairs and replace
ments. 

New positive acting relays replaced existing 
units in the tripping circuits of 18 circuit breakers, 
decreasing possible trip failures due to relay mal
functions. 

Metal oxide surge arresters were added at the 
secondary of a 30 MVA transformer serving high 
and variable pulsed loads. 

A study of the control and protective system 
relative to the power ci rcuit breakers was initiated 
late in the year. Preliminary results indicate the 
desirability of incorporating modern circuits and 
components (redundant trip coils, etc.) into the 
existing system. 

Although there has been no accident involving 
existing transformers and capacitors containing 
PCB, procedures were implemented to continue 
this record and dispose of the material in the 
safest manner. 

At the end of FY80, good progress was evi
denced on the integration of the TFTR power sys
tem into the existing one. Test procedures were 
being written in preparation for acceptance of the 
numerous components and subsystems. 

Rectifier Section 
A series of changes were made to the SF 

power supply used on both PLTand PDX in order 
to upgrade it for more reliable operation under 
existing load conditions, and to increase the cur
rent available for future operations. 
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The thyristor gating circuits were redesigned 
to eliminate periodic adjustments of the balancing 
circuits, the effect being to minimize automati
cally the 60,120, and 350 cycle ripple at the sup
ply output. The master gate drive boards were 
redesigned to eliminate misfires of the power thy
ristor gates. Metal Oxide Varistors added set volt
age limits on the thyristors. 

New higher voltage and higher current thyris
tors were installed in both rectifier and crowbar 
circuits. (Fig. 75). Thirty-six of these units are used 
in the rectifier and crowbar circuits and a max
imum of 15 kA is available. 

Figure 75. New SF thyristors mounted as one rectifier arm. 
(806906) 

A new power transformer, in the process of 
procurement at the end of the year, will result in 
increasing the SF peak power output from 37.5 
MVAto72MVA. 

Good progress was made on an extensive up
grading of the ohmic heating rectifier system. This 
equipment is in constant use by either PDX or PLT, 
and is probably the most important single ma
chine accessory at the laboratory. 

Installation of part of a new and improved local 
control system was completed and fabrication of 
a local control timer was under way at year's end. 

A prototype circuit for a new ignitron hard firing 
system was tested successfully, and long lead 
time components were on order. 

Safety aspects of the OH system were im
proved to meet the latest PPL regulations. 

The poloidal coil and toroidal coil power sup
plies for the Proto S-1 were completed and oper
ated in the machine successfully. During Septem
ber the pinch coil supply was completed and 
successfully tested with a dummy load. 

Circuit analyses were made for Spheromak 
coil system power supplies and were adapted to 
changing requirements as pre-Spheromak experi
ments were being run. The plan is to power the EF 
coils with two MG sets, while the other two coil 
systems are to employ three capacitor bank dis
charge supplies. 

Capacitor and ignitron manufacturers were 
visited, after which a capacitor specification was 
generated and bid invitations were sent out. The 
successful bidder was Aerovox with a new high 
density, high stress, 80 % reversible voltage capa
citor. D-size ignitrons were chosen, as it was de
termined that they would provide better perfor
mance and system flexibility at less cosl than 
would the larger E-size tubes. 

Neutral Beam Power Section 
The completion and installation of power sup

plies and controls for the PDX 6 MW neutral beam 
installation was accomplished. Two beamlines 
were connected to the machine and operated. 
These I ines have been operated at 4 MW, portend
ing meeting or bettering the projected goal of 6 
MW with all four beamlines installed. 

This section participated in the apparatus 
"tuning" leading to the achievement of 80 million 
°C plasma temperature during the fiscal year 

Diagnostics Branch 
Electronics Section 

The electronics for the TFTR voltage, 
diamagnetic, and Rogowski loops were designed 
and prototypes fabricated. An important feature 
of the loop voltage unit is the use of four subchan
nels to provide data at separate spans of the am
plitude range. One of the four is to measure high 
disruption voltages, the other three to provide the 
amplitude spans for normal data. 

The PDX Radial Field Amplifier and the appur
tenances required for satisfactory operation into 
the PDX DF coil system were installed and oper
ated. The amplifier is used as the output device for 
a plasma vertical position feedback system. 
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Specifications include an output current of 1,000 
amperes peak from dc to 16 Hz and a peak poten
tial ol 100 volts from 16 Hz to 1 kHz into a load of 1 
mH and 10 mil. 

The feedback error signal applied to the ampli
fier input stage is derived from a number of volt
age pickup loops placed at suitable locations 
around the machine. These loop signals are pro
cessed and summed in an electronic controller to 
produce the amplifier input signal. The output 
power amplifier stage utilizes 4,320 power tran
sistors in a modified quasi-complementary circuit 
to produce the required output. Direct coupling is 
used throughout. Both local and remote control 
are used, as the amplifier is located one story 
below the machine and two stories below the ma
chine control room. 

In order to prevent damage to the amplifier 
from possible high disruption voltage appearing at 
the DF coils, a set of two thyristors across the 
amplifier output line and two from line to ground 
are incorporated, (Figure 76) Thyristor firing is ac
complished by four-layer switching diodes such 
that a positive or negative potential above 400 
volts will cause thyristor conduction into 40 mfl 
loads for energy dissipation. 

Figure 76. Protective thyristor assembly, PDX radial Held am
plifier. (801909) 

64 

At tr.e end of FY80, design was well under way 
on a system to control TFTR gas injection, and to 
monitor and display gas pressure. This system is 
CICADA controlled and monitored. A microcom
puter is employed to provide extremely flexible 
control of gas flow before and during the machine 
pulse. Modes available will include steady and 
pulsed flow, both with or without feedback, and 
the capability of preprogrammed flow options that 
permit arbitrary flows during a machine event. 

Preamplifiers for use with silicon surface bar
rier type x-ray detector arrays on PDX were de
signed; built and installed. Twenty amplifier cards 
plus a circuit card used for checking calibration 
are contained in each amplifier module. Each am
plifier card is equipped with an auto-zero loop to 
correct for detector dark current, and a calibra
tion driver, both actuated from the timer. 

A large number of electronic units for various 
diagnostics applications on TFTR were designed 
and fabricated by this section. In addition, the 
number of previously designed operational units 
on existing machines was expanded to meet in
creased experimental requirements. 

Instrumentation Section 
The prototype of a gridded ion chamber x-ray 

detector to be used on TFTR (Fig. 77) was de
signed and fabricated. This detector type was 
chosen because of its greater immunity to radia
tion damage compared to that of the silicon sur
face barrier detector. The prototype was tested on 
the PDX machine and was found to perform with 
sufficient speed (thought to be a questionable pa
rameter for the chamber detector) for the applica
tion. 

Figure 77. Disassembled gridded ion chamber prototype for 
TFTR. (804939) 



A multichannel interferometer1 was completed 
and installed on the PDX machine. Operating at 
140 GHz and comprising 10 channels, this system 
has several features made necessary by the 
physical and electrical characteristics involved in 
the PDX application. 

Space considerations, and the fact that the 
plasma paths are unequal due to vacuum vessel 
and divertor coil construction, made it imperative 
to depart from the normal interferometer design 
and fabrication practices. For PDX, the two signal 
sources (one for each five channels) and asso
ciated electronics are separated from the power 
splitters and other appurtenances for transmis
sion and reception. 

The system has been used successfully on 
PDX to obtain data on plasma density profiles. 

Two similar feedback control systems for ICRF 
high power generators operating at 25 MHz and 
42 MHz were designed and installed for use on 
PLT Each system serves to aid in producing an 
output rf pulse shape that is reasonably close to 
that selected by the user in spite of plasma load 
variations encountered during the pulse. 

Additional section activities for the year in
cluded: completion, test, and calibration of a two-
channel, 75-115 GHz receiver for PDX electron 
temperature measurements; installation of a 147 
GHz - 170 GHz radiometer for PLT; development 
progress on a 1 -mm interferometer for TFTR; and 
a large amount of engineering design work done 
to improve diagnostics on the active experimental 
machines. 

Diagnostics Projects Section 

While budget limitations kept the manpower 
level low for this section, significant progress was 
made in moving a number of diagnostics from 
concepts to the preliminary design stages. The 
more important details of this work are described 
as follows. 

• Electron Beam — The design approach was 
revised, cutting estimated cost in half, 

• RogowskifDiamagnetic Loops — Varous 
methods of coil mandrel fabrication were 
investigated, and a search was conducted 
for nigh temperature and radiation resistant 
wire and insulating materials. 

• Neutron Collimator — The effects of plasma 
viewing requirements on various collimator 
positioning techniques were studied. 

• Microwave Interferometer — A system 
specification defining performance parame
ters, local and automatic control functions, 
and CICADA interface was written, 

• Plasma TV — The periscope design was re
viewed and a tradeoff study initiated to im
prove access capability. 

• X-Ray Imaging System — Mass storage 
concepts were reviewed, including the FM 
magnetic tape method developed by Scien
tific Applications, Inc. 

• Neutron Activation System — The design 
approach was revised, greatly simplifying ir
radiation site configuration and improving 
the remote maintenance capability. 

• Epithermal Neutron — A system electrical 
definition was produced, and a specification 
for a multi-decade counting amplifier was 
written. 

• Neutron Test Laboratory — Specifications 
were developed and vendors were eval
uated for a "stand-alone" computer system 
to be used in the neutron test facility. 

• Grounding — The conceptual approach and 
specification of the power and grounding 
system for all diagnostic electrical racks 
and modules used in the TFTR facility was 
gene>ated. 

• Radiation Studies — A test program for 
evaluation of mass memory storage devices 
under radiation conditions expected in the 
facility basement and data acquisition areas 
was set up and coordinated. 

Electro Optics Section 

An improved bolometer system for the TFTR 
array was developed to measure radiated power 
from the plasma. Unlike the units used previously 
on PLT and PDX, the new unit employs a 3.5 mi
cron thick platinum film resistoi. The Pt film ab
sorbs the radiation, changing its temperature and 
resistance as a result. This device will not incure 
damage from the neutron and gamma ray en
vironment associated with TFTR. 

The section, in coordination with the Diagnos
tics Projects Section, engaged in engineering de
sign, estimating, testing, and evaluating compo
nents and systems to be used on the TFTR. 
Included were: components for Thomson Scatter
ing; CCD's; plasma TV periscope; a microproces
sor controlled CCD Camera; and the Video Data 
Acquisition System. 

Mechanical Engineering Section 
Four new ICRF antennae (load coils) complete 

with machinable glass ceramic covers, Faraday 
shields, high-voltage vacuum feedthroughs, and 
coaxial transmission line sections, were de
signed, fabricated, and installed for use on PLT 
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An optical system (Fig. 78) incorporating a vari
able speed fast rotating mirror in a helium atmo
sphere, combined with a monochromator, was 
completed for PLT during the fiscal year. It allows 
repeated scanning of selected spectral lines in 
the visible and near ultra-violet range of a toka-
mak discharge. 

Figure 78. Scanning optical system for PLT. (803057) 

Another device completed during the year was 
a scanning bolometer assembly for the PLT. The 
assembly consists of a small anodized aluminum 
plate on which a set of three thermally and electri
cally isolated bolometers are mounted. The as
sembly can be moved linearly and angularly. 

Other devices completed during the year were 
ICRF antenna probes for PLT and a window 
changer for TFTR. Mechanical design and fabri
cation of assemblies for the PDX microwave scat
tering system and an x-ray wave detector for that 
machine were also completed. 

Piping, valves, and controls necessary for run
ning confinement system (C.S.) deionized water 
through the system's two 1825-ton chillers in 
parallel or series were completed early in the year. 

Controls Section 
Remote and local controls provided for various 

PDX diagnostics were improved or completed, ex
tensively documented, and maintained. Among 
them were controls for limiters, the x-ray pulse-
height analyzer, bolometer, monochrometer, fast 
probe, Thomson Scattering, and C02 laser scat
tering experiments. Controls for the FIDE fast ion 
diagnostic experiment were being installed at the 
end of the year. Preliminary engineering for the 
C02 laser fluctuation experiment (Bell Labs/PDX) 
was completed and most associated equipment 
had been ordered, also by the end of the year. 

PDX getter controls were tested. In order to 
simplify PDX operations, these controls were aug-
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mented with individual regulators, feedback con
trolling getter power rather than current. 

PDX and PLT machine operating controls were 
maintained and upgraded as required. PLT lower 
hybrid controls were installed. A large number of 
various controls and protective feature modifica

tions were required to accommodate PDX coil cir
cuit changes, including those for the Radial Field 
Amplifier. 

An area interlock system was installed to re
strict access to the 4th floor and crane ladders in 
PDX and PLT areas during high current plasma 
operations. 

A CAMAC based coolant flow monitoring sys
tem for thermal protection of the PLT TF, OH, and 
SF coils was installed. This system, using a local 
LSI11 microcomputer for remote intelligence, 
along with a 4K mailbox memory to facilitate com
munication with data acquisition computers, re
quired significant software development as well 
as electronic design and fabrication. 

A control system was designed, fabricated, 
and successfully operated for the mechanical full-
scale mock-up of the TFTR neutron activation 
diagnostic. 

RF Section 
During the fiscal year the PLT ICRF program 

was followed in accomplishing the upgrading of 
the 25 MHz generator for operation at longer 
pulse durations, the modification of one 2.5-MW, 
55-MHz generator to operate at 42 MHz, and com
pletion of the second 2.5-MW module with its 
transmission and coupling system. (Fig. 79) 

Engineering design, construction, and testing 
accomplished for the PLT lower hybrid experi
ment scheduled for FY81 was another of the sec-



tion's activities. The object of the experiment is to 
demonstrate the viability of lower hybrid plasma 
heating with 1.2 MWof 800 MHz rf power. 

One of the serious problems encountered in 
this heating method is that of the required high 
power density and consequent high electric field 
occurring inside the waveguide, especially with 
mismatched load. The problem becomes even 
more formidable when extremely long pulse oper

ation is used. A test stand was set up in order to 
gain experience with and condition the guides to 
allow a 200 kW, 100 msec rf pulse to pass through 
each guide in vacuum without arcing (prior to op
eration into PLT). During the test stand operations 
a processing and conditioning procedure was es
tablished to eliminate the gas breakdown prob
lem. 

In short, it was found that vacuum baking the 
guides at 325°C (higher temperature causes 
guide warping) for 8 hours increased the power 
handling capability to 150 kW per guide, window 
arcing being the remaining limitation. The use of 
an rf conditioning (seasoning) process, in which rf 
is run through the guides at gradually increasing 
power levels was found to complete the solution 
to the problem. The test stand operations resulted 
in successful tests of all the major rf components 
of the system at the maximum power required, 
and the confidence in successful operation on 
PLT has been greatly enhanced. 

REFERENCE 
1. R. Bitzer, etal., PDX Multichannel Interferome

ter, PPPL-1714 (October 1980) 37pp. 
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Fabrication, Operations and Maintenance 

The Fabrication, Operation and Maintenance 
(FOM) Division was created in the closing days of 
fiscal year 1979 to provide PPPL with the services 
indicated. Elements of the previous Machine De
sign and Fabrication Division were incorporated 
in the new organization. FOM is made up of five 
branches, one independent section, a quality con
trol function and a special projects group. 

The five branches are Administrative, Coil Sys
tems, Energy Systems, Installation and Mainte
nance, and Vacuum and Cryogenic Systems. Ac
tivity of the five branches are largely self 
explanatory. General descriptions are included in 
the following branch reports. The Engineering 
Services section reports directly to the Division 
Head and provides skilled technicians that work 
for the various branches on request. This section 
is also available to all groups at PPPL. 

Quality Control (QC) consists of a group of five 
people organized to oversee the TFTR coil shop. 
They report directly to the FOM division head and 
are audited by the TFTR quality assurance group. 
The QC group was occupied one hundred percent 
on TFTR coils during FY80. 

Special Projects is a group established in FY80 
to support FOM as well as any other requests for 
design and/or execution of unusual engineering 
efforts. During FY80 the two major problems that 
it addressed were special supports for some PDX 
bus work and development of a "bow coil". The 
latter is a demountable type of "D" coil that could 
be helpful in future research machines and fusion 
reactors. 

Major Activities 
Coil Branch 

During the year, the branch not only completed 
the major pieces of tooling required for the TFTR 
large coil program, but also wound and as
sembled most of the coils for the lower four 
stacks. By year's end, two of the four stacks were 
completed and awaiting potting; the third was 
completely wound; the fourth was 40% complete 
in the winding stage. 

Fig. 80 shows the winding of Stack 8 coil (the 
coil diameter is 26 ft). A Stack 7 coil is seen in 

storage on the winding spider. Fig. 81 shows the 
ground wrapping area with Stack 6 in the final 
stages. Fig. 82 shows a Stack 7 coil suspended on 
insulating slings ready for turn-to-turn electrical 
test. The coil casting oven (without the roof) and a 
trial set-up of the Stack 6 mold is shown in Fig. 83 
The epoxy mixing tanks (the maximum batch mix 
is 200 gal) are in the foreground. 

Figure 80 Winding station #2 — TFTR Large Coil Program. 
(804478) 

Figure 81. Ground wrap area — TFTR Large Coil Program. 
(804474) 
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The majority of the branch's other efforts have 
been in support of the Spheromak Program. Two 
1/8-scale flux cores have been built for the Proto-
S-1 Device. Figure 84 shows the completed flux 
core toroid and Figure 85 shows the coil installed 
in the device. The Proto-S-1 device has been suc
cessfully operating to provide backup data for the 
full-scale S-1. 

The design of the EF coil systems and the flux 
core for the S-1 have been 80% completed. De
sign of tooling for in-house fabrication of the EF 
coils has been started. 

A shunt system has been designed and is un
der construction for the PLT Alternate groups of 
three TF coils will be shunted to provide a TF field 
ripple as high as 6.2%. 

Figure 82. Turn-to-turn test setup — TFTR Large Coil Pro
gram. (804345) 

Figure 83. Oven and epoxy tanks — TFTR Large Coil Pro
gram. (804473) 

Figure 84. Proto S-1 flux core. (806883) 

Figure 85. Installation of the Proto S-1 flux core. (806884! 

Energy Systems Branch 
The Energy Branch was established during 

FY80 with the activation ot the MG Operations 
Section which is the first of four operations sec
tions. All MG operators and maintenance person
nel were transferred from the Engineering Ser
vices Section to the MG Operations Section. The 
primary function of the section is to provide opera
tions and maintenance, both preventive and cor
rective, and to minimize downtime of the experi
mental machines due to possible failures of their 
power supplies. Additionally, it provides techni
cian support for new installations or modifications 
instigated by the AC Power Section of the Engi
neering Division, as well as a continuing program 
for updating the existing MG system. Anticipating 
the increased activities attributable to the immi
nent start up of the TFTR power supplies, the per
sonnel of the maintenance group was very nearly 
doubled during FY80. 

69 



Figu'e 86. Signal patch panel for new 8-channel recorders. 
(804904) 

Among major activities in this branch during 
the year was the acquisition of the four 8-channel, 
pressurized ink recorders which were installed to 
replace antiquated instruments on the MG duplex 
board. The recorders were installed with inspec
tion designed patch panels which greatly in
crease their versatility and usefulness as a 
diagnostic and trouble-shooting tool (Fig. 86). A 
new dc circuit breaker tester was also installed to 
maintain and calibrate the high-speed circuit 
breakers (Fig. 87). The tester is air-cooled and 
supplied by a 480-volt, three-phase, 100-A pulse 
to a short-circuited breaker. This permits load-
testing and calibration of spare breakers without 
any interference with existing operations. Finally, 
a 1.0-MVA power supply was provided for tests of 
the TFTR helium refrigeration unit. 

Figure 87. New dc circuit breaker tester (30.000 amps dc). 
(804908) 

In addition, the section continued to supply 
daily operation of the MG sets, the EF/SF and OH 
rectifiers, and the chilled deionized water sys
tems in support of regular PLT PDX and H-1 ma
chine operations. At the same time, both the oper-
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ator and maintenance groups began training in 
support subsystems that will be required for the 
start up of the TFTR MG sets. 

Additional tasks undertaken during the fiscal 
year include: 

Installed sump pumps in cable vaults in the 138 
kV yard 
Installed lightning arresters ontheXQT-1 trans
former 
Installed flexible connectors on XQT-2, XST-1 
and XST-2 transformers 
Replaced insulators on VD-6, Sub-1 in 26-kV 
switchyard 
Installed vacuum contactors in Q6 switch 
house 
Grounded reactor pads in 138-kV switchyard 
Installed 4 kV metal-clad switch and primary 
power for LHRH 
Ran cable and hookup for TFTR power systems 
annunciator on Panel 18F in MG control room 
Hi-potted and meggered all new high-voltage 
installations before they were energized 
Made high-voltage terminations on pole trans
formers for neutral-beam power supply 
Cleaned tubes on both chiller condensers 
Altered design of voltage-divider mounts in 
high-speed breakers to eliminate continuing 
maintenance problem 
Obtained correct bearings for liquid rheostat 
electrolyte pumps and installed automatic 
greasers on these pumps and on all motor and 
generator blower systems 
Replaced selenium rectifiers with silicon recti
fiers in the dc power supplies of the liquid 
rheostat controls 
Updated the control logic for the Hi-Tower con
trol valve to minimize the possibiliy of cooling 
tower basin overflow in the event of power fail
ure 
Repaired the rocking-arm voltage regulator for 
the dynamic breaking MG set 
Improved high-speed breaker test procedure to 
include checking of integrity of tripping coils 
Prepared initia1 sketch for plans to provide of
fice space for the Energy Systems Branch. 

Installation and Maintenance 
Branch 

During FY80 the main effort of the l&M Branch 
has been the design and fabrication support of 
TFTR related projects. Included in this category 
were the continuing construction of the TFTR 



mockups, the neutral beam calorimeters, the neu
tral beam support systems, the neutral beam test 
cell and the TFTR shielding. The Materials Testing 
Laboratory (MTL) was also heavily involved in the 
instrumentation and testing of TFTR components 
as well as planning for the TFTR power tests. 

In November 1979, the Division accepted re
sponsibility for the TFTR vacuum vessel mock-up. 
In an accelerated program, basic repairs were 
made to the vacuum vessel and the balance of the 
mockup was fabricated. The basic mock-up was 
completed by April 1980 and included the vacuum 
vessel, the inner support structure (ISS), the TF 
coils, and the lintels and columns. In subsequent 
months the PF coils and the umbrella structure 
were added (Figure 88). 

During the year several activities took place in 
conjunction with mock-up development. These in
cluded trials of the remote cutter unit received 
from Grumman Aerospace Corporation for part
ing the TFTR vacuum vessel; fabrication, testing 
and redesign of the voltage loop and the neutron 
activation monitor for the diagnostics group; fabri
cation of the neutral beam duct mock-up to be 
used in handling trials; broken bolt removal andair 
drill trials to gain technical^ information for the 
TFTR maintenance programs; preparation for 
metal seal installation trials; and preparation for 
the fatigue testing of a vacuum vessel bellows. 

Figure 88. The TFTR M-3 mock-up. (808022) 

The machine shops were chosen to fabricate 
the neutral beam calorimeter mechanisms for the 
TFTR, and work started in January 1980. Two of 
the four units were completed late in the fiscal 
year, and the two remaining units are expected 
during the first half of FY81. The fabrication of the 
copper components was awarded to High Vac
uum Equipment Corporation of Hingham, Mass., 
in February 1980. The first three units were re
ceived late in FY80, and the fourth unit was re

ceived in October 1980. The instrumentation and 
assembly of the calorimeters was initiated late in 
FY80 and is expected to be completed by May 
1981. 

The fabrication of the TFTR neutral beam sup
port systems was completed by Eagle Machine 
and Tool Company Incorporated of New York, with 
the final unit being delivered in March 1980 (Fig
ure 89). Two units have been installed under the 
neutral beam vacuum enclosures. 

Figure 89. Delivery of neutral-team support system. 
(804154) 

Design layouts of the shielding structure and 
support structure for the TFTR neutral beam test 
cell were completed, and detailed designs are 
now in progress. The shielding structure consists 
of precast, post-tensioned concrete wall, roof and 
longitudinal beam elements, which enclose the 
neutral beam device and provide shielding 
against neutrons generated by the ion sources. 
The shielding structure utilizes 24-inch-thick con
crete and is designed so that internal framing sup
port members are not required. The support 
structure consists of individual pedestals for the 
vacuum enclosure and target tank. Structural 
framework supports the forward bellows, transi
tion duct and substitute absolute valve under the 
combined action of static, pressure and seismic 
loads. This work is scheduled to be completed by 
April 1981. 

In March 1980, the l&M Branch took over the 
responsibility for the coordination of the mechani
cal design of the TFTR radiation shielding. Despite 
funding and manpower problems, a scoping study 
of the work requirements was completed together 
with a set of conceptual designs for the igloo 
shielding. In addition, several costing studies 
were produced. 

During FY80, a total of 115 jobs were per
formed by the Materials Testing Laboratory (MTL). 
Among the long-term jobs were: 

• Preparation for TFTR power tests 
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• Instrumentation of TFTR NB calorimeter 
• PDX strain gage instrumentation upgrade 
• Preparation for TFTR vacuum vessel bel

lows test 
Approximately 25% of all work performed, 

was done directly for TFTR, approximately 60% 
for the coil shop, 10% for PDX and the remaining 
5% for the vacuum shop. 

As in previous years, the MTL maintained and 
loaned equipment, primarily recorders and signal 
conditioning systems, to all groups at PPPL. Main
tenance of equipment has been facilitated by the 
addition of a senior level technician with extensive 
experience in the maintenance of electronic 
equipment. 

The l&M Branch has provided resident engi
neers for the PDX and the TFTR devices. A con
tinuing work load includes the coordination of the 
PLT/PDX trouble reporting system, the issuing of 
operational status reports, and the preoperational 
power testing and checkout of various auxiliary 
systems and equipment. 

The analysis and design of the Engineering 
Test Station (ETS) was also performed by the l&M 
Branch. This device was designed to remotely lo
cate and provide structural support for various 
blanket module experiments adjacent to the TFTR 
vacuum vessel. The project was funded by the 
Electric Power Research Institute (EPRI). 

During FY80 the operations of the model shop 
were assigned to the l&M Branch. A model of the 
Engineering Test Station and two Vw-scale models 
of the TFTR device were produced. Work has 
started on a model of the TFTR tritium systems 
which will be completed in FY81. 

Vacuum and Cryogenic Branch 
The Vacuum Section continued its responsibil

ity for the design, fabrication, and installation of 
vacuum and cryogenic systems. It also remains 
responsible for initial start-up checkout of such 
systems, in addition to providing general support 
for maintaining and upgrading operating Labora
tory systems. 

An engineering staff does design work and a 
group of approximately fifty technicians fabricate 
and install vacuum system components. 

The major effort during FY80 has been the as
sembly and testing of neutral beam systems. The 
PDX neutral beams were tested and repaired prior 
to installation, Two of the PDX neutral beams were 
installed during FY80. A much larger effort has 
been the TFTR neutral beam assembly, which be
gan in October 1979. At that time, planning, de
sign and ordering of assembly fixtures, stands, 
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cryo test facilities and tools was already in pro-

Figure90. TFTR neutral beam vacuum enclosure #7 arriving 
at PPPL (804164) 

Figure 91. Cryo-module assembly area in operation. (804483) 

During the first few months of 1980 the hard
ware and components for the neutral beam as
sembly began to arrive. The large assembly 
stands, the cryo test tank and a liquid nitrogen 



Figure 92. TFTR neutral beam bendmg magnet during final 
assembly. (804485) 
transfer line were assembled and installed. In 
April the first two bending magnets arrived from 
Lawrence Berkeley Laboratory. In May the vac
uum enclosure #1 arrived (Fig. 90). At that time, 
essentially all of the major component fabrication 
was in progress either in PPPL facilities or with 
outside venders (Figs. 91 and 92). 

During July two of the vacuum enclosures 
were in-house and mounted on their support 
structures for alignment and orientation (Fig. 93). 
The magnets were in the process of being in
stalled and optically aligned. The assembly of 
cryo-modules continued and module #1 was 
ready for full testing at cryogenic temperatures 
under vacuum (Fig. 94). 

Figure 93. TFTR neutral beam vacuum enclosure 02 being 
unloaded. (804487) 

Work on the first calorimeter progressed rap
idly and on schedule. By the end of September the 
first cryo-array, consisting of eight cryo-modules, 
was completed and ready for mounting on the 
vacuum enclosure lid. Except for the instrumenta
tion connection, calorimeter assembly #1 was es
sentially completed. 

Other projects actively supported by the Vac
uum and Cryogenics Branch include TFTR vac
uum seals, the TFTR diagnostic neutral beam, the 
S-1 vacuum system, and technician support for 
machine diagnostics. 

Engineering Services Section 
This section provides tradesmen for ail 

branches of FOW and any requesting experimen
tal activities at PPPL. Trades available include car
penters, electricians, metal smiths, plumbers, 
welders, millwrights and general technician ser
vice. 

Service by this group in FY80 was concentra
ted in support of TFTR projects. Expansion of the 
coil winding capability for large coils made possi
ble winding of Stacks 8 and 9 on the "small" 
winder. In addition, a full crew of technicians was 
supplied to the Coil Branch, enabling TFTR coil 
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fabrication to go on three shifts. Technicians were 
also provided to support the Vacuum and Cry
ogenic Branch in their work on the TFTR neutral 
beam assemblies. A small but continuous effort 
was also supplied on both the M-2 and M-3 TFTR 
mock-ups. This included updating to follow design 
changes and development of assembly and re
mote handling techniques. 

In other areas of PPPL, Engineering Services 
provided operating support to PLT and PDX and 
assisted with the installation of neutral beams on 
PDX. The Proto S-1, a spheromak device, was 
built and put into operation during FY80. Engi
neering Services technicians provided a large 
portion of the manpower for the fabrication of 
Proto S-1. 
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Projects Office 

During FY80, the Projects Office was es
tablished in the Technology Department. This of
fice is a division-level office reporting directly to 
the Head of the Technology Department. The pri
mary responsibility of this office is to assure 
uniform management of PPPL projects in the 
range of 1-50 million dollar total estimated cost. 
This includes proposal preparation, cost and 
schedule, definition of the scope of work, techni
cal interface control, design review, quality assur
ance and safety review. 

The first project to come under the purview of 
the Projects Office was the ORNL/PPPL PDX 6-
Megawatt Neutral Beam Project, undertaken 
jointly by PPPL and Oak Ridge National Labora
tory (ORNL). The technical scope provides for the 
fabrication and installation of four beamlines on 
PDX. Each line will be capable of injecting 1.5 
megawatts of 50 keV neutrals. Pulse length will 
exceed 300 msec. The existing PLT power sup
plies will be upgraded to provide the 50 keVenergy 
and made transferable between PLTand PDX. 

The Oak Ridge National Laboratory (ORNL) 
has responsibility for the development, produc
tion and qualification of the 1,5 megawatt sources 
(Fig. 95). They also provide the calorimeters and 
their enclosures, as well as doing the bulk of the 
beamline mechanical design. PPPL has responsi
bility for the power systems, system integration, 
beamline manufacture, installation and overall 
project management. 

The ORNL/PPPL PDX 6-Hegawatt Neutral 
Beam Project was started in April of 1978 and was 
originally scheduled for completion in December 
of 1979. Project total estimated cost is $12.2 mil
lion. During fiscal year 1980, all power systems 
for this project were completed, the four 
beamlines were completed, and six sources were 
fully qualified. The six sources include four pro
duction sources, one spare and the prototype. 

Development of the PDX ion source by ORNL 
is an outstanding success, achieving 2 MWand 53 
keV for 100 msec and 1.5 MW and 50 keV for 500 
msec. 

Two beamlines were installed on PDX by June 
1980 and operated to full power (Fig. 96). Installa-

Figurs95. Fifty-keV, 1.5 megawatt neutral beam ion source. 
(808104) 

tion of the remaining two beamlines was deferred 
to the first quarter of fiscal year 1981 to facilitate 
PDX experimental operations. Actual costs for 
this project will not exceed the total estimated 
cost. 

In June 1980, the Projects Office was asked to 
accept responsibility for the PDX Electron Cyclo
tron Heating Project. Two gyrotron oscillators will 
be used to provide 400 kWof 60 GHz heating to 
the PDX plasma. The project was defined during 
fiscal year 1980, a management plan was pre
pared and area preparation was undertaken. Ac
tual fabrication and installation will take place in 
fiscal years 1981 and 1982. 
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Figure96. Firstoffour 1.5 megawatt beaml/nes in place on PDX. (804153) 
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Computers 

During FY80 the two laboratory staffs support
ing the Data Acquisition System (DAS) and the 
PPPL Computer Center, consisting of the User 
Service Center (USC) and the General Purpose 
Computer (GPC), were combined to form the Com
puter Division of the Technology Department. 

The Computer Division is responsible for the 
planning, implementation, and maintenance ser
vices for these three systems. The Division is 
divided into four groups: an Applications Program
ming Section provides the scientific programming 
support for PLT, PDX, and TFTR data analysis; the 
Systems Programming Section develops operat
ing system enhancements and maintains the 
software for these systems; an Operations Sec
tion schedules the operators in the two computer 
rooms housing the DAS and the USC-GPC com
puters; and a Hardware and Special Projects Sec
tion is responsible for the Laboratory's data com
munications facilities and for data acquisition. 

Major Activities 
Data Acquisition System 

During FY80, the DAS has continued to pro
vide an increasing range of services to the PLT 
and the PDX experiments. The number of diagnos
tics and the volume of data recorded on PDX has 
increased approximately 50% during FY80. Cur
rently 1.4 million bytes of data from 34 diagnostics 
are being stored for each PDX pulse. Some major 
accomplishments this year include: the comple
tion of a new display system that allows the auto
matic plotting and hard copying of a series of dis
plays in the control room; the conversion of the 
CAMAC system to a commercial fiber-optic link 
which increases reliability and noise immunity; 
and the introduction of support for an arbitrary 
waveform generator. The arbitrary waveform gen
erator produces the reference voltage waveforms 
needed to produce and control the plasma dis
charge. The computer support allows exact re
cording of these waveforms for subsequent re
play, and also allows interactive programs to be 
used to modify the waveforms. 

Increased use was made of a facility called the 
archive database rjuring FY80. This database col
lects machine parameters, some reduced physi
cal results (e.g., plasma current and density), and 
operator comments. Reports generated from this 
database are used to review earlier work to de
velop more detailed data analyses. 

User Service Center 
The terminal system that was develope: ;ng-

nally for the USC and the GPC has been ext'.rdea 
considerably to include the DAS KL-10 ^d me 
DAS VAX 11/780. Both the dial-up 1200 r . j d ser
vice and the many terminals at C-Sile. eluding 
those in the LOB, can select entry to a-y one oi 
the four computer systems. 

A File Transfer Facility (FTS) has tee" devel
oped that allows text files to be transmitted be
tween the USC. the GPC and the Pr nceton Uni
versity's IBM 3033. This has greatly improved the 
access of various groups throughout the labora
tory to accounting system files. 

General Purpose Computer 
The General Purpose Computer will be decom

missioned sometime in FY81. Plans to accommo
date the users of the system on other Laboratory 
computers, the University computer, or the Na
tional Magnetic Fusion Ene gy Computer Center 
in Livermore. are under de- elopment. 

TFTR Support 
A separate group w thin the Applications Sec

tion has been formed -o work on the development 
of the TFTR diagnost.c software. This iroLp has 
been writing user requirement docun.jnts and 
software functional specifications. They have de
signed and developed a CICADA applications pro
gram in support of the TFTR Charge Exchange 
Calibration Lab ?nd they are converting the PDX 
X-Ray Imaging diagnostic to the CICADA system. 
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Administration 

Fiscal Year 1980 was very active for the Labo
ratory administration. The Administration Depart
ment continued to experience rapid growth in 
both activity and in physical plant. At September 
30. 1980. the physical plant space had grown to 
802.780 gross square feet (GSF), an increase of 
37 °; over the preceding fiscal year. 

Government University 
Owned (GSF) Owned (GSF) 

A Site 43.982 158.298 
B Site 0 73,500 
C Site 527,000 0 
Total 802,780 GSF 

Tne total Laboratory staff increased 15% by 
:-e e-id o f CY80. while the Administration Depart-
~e~:s staff grew by 11%. The composition of 
" L a: Seotemoer 30. '.980 was as follows: 

Faculty A 
PhyS'CiStS 110 
Engineers 226 
Technicians 524 
Others 348 

Total 1,212 

Personnel 
The major thrust of the Personnel Of'ice pro

gram in FY80 centered around the complete rede
sign of salary administration and the continued 
heavy volume of recruiting and selection activi
ties. 

Within the area of salary administration, the 
Personnel office redesigned The classification 
structure (Ranks) and salary ranges of the Engi
neering and Scientific Staff, Administrative Staff, 
Research Staff (structure only) and the Material 
Control and Transportation Staff. The implementa
tion of the new classification systems for the Lab
oratory and Shop Staff and the Office Staff is 
planned for FY81. 

Additionally, the office developed a competi
tive salary policy. Effective with the FY82 salary 

review cycle, all merit increases will be adminis
tered on 1 October rather than July. The Compen
sation Section of Personnel established job evalu
ation committees for the purpose of evaluating 
the job level of existing staff and new positions. 

In the area of recruiting and selection, Person
nel continued an extensive hiring program. Ap
proximately 300 employees were hired during the 
fiscal year. Several new programs were under
taken, designed to generate a greater applicant 
flow. These included: college recruiting; a new 
advertising campaign; attendance at professional 
career and minority placement workshops; and 
open house recruiting sessions. 

Additionally, the Personnel Office developed, 
in draft form, a Personnel Practices Manual. 

A Training and Development Manager joined 
the Laboratory and has initiated several technical 
training programs, supervisory development 
workshops and performance appraisal seminars. 

Plant 
Fiscal Year 1980 was a significant year for the 

Plant Engineering Division. The new Laboratory 
Office Building (LOR), occupied in December 
1979, was the first in a series of TFTR-related 
facilities which will become operational during the 
early 1980s. In June of 1980, a new central chiller 
plant and its cooling tower were placed in service, 
providing chilled water through a new distribution 
system to the LOB and to other TFTR-related 
spaces. 

In the area of plant maintenance, the Labora
tory averaged approximately 25 work requests 
per day, or 6,250 work requests for the year. The 
planning and scheduling process was stream
lined to identify high priority work. 

Security has also been in a state of transition. 
A new card access system was initiated to pro
vide better security for high-risk areas. 

The transportation services section initiated a 
fuel conservation program, and has organized a 
Driver Energy Conservation Awareness Training 
Program (DECAT). Through the conservation pro
gram and with excellent cooperation from the 
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Laboratory staff, we were able to achieve an 1 8 % 
reduction in fuel consumption over the past two 
years. The anticipated introduction of gasohol to 
the fuel inventory, and a new dispensing and moni
toring system, will help us to maintain this re
duced level of consumption. On August 18,1980, 
the DECATwas initiated. This program will teach 
drivers to operate vehicles in a more fuel efficient 
manner, resulting in better gas mileage, lower 
maintenance costs, and reduced accident rates. 

Energy conservation, in general, is becoming 
an ever-increasing factor in the operation of the 
Laboratory. During FY80 more than one-third of 
our janitorial crew was shifted to daylight hours to 
reduce the need for lights at night. Boilers were 
shut off during evening and weekend hours in the 
spring and fall. This resulted in a signif icant sav
ings. Fuel oil consumption at C-Site alone was 
reduced from 446,000 gallons in 1974 to 342,000 
gallons in 1979. At the same time, the building 
area at C-Site has increased f rom approximately 
328,000 gross square feet (GSF) to a current total 
of approximately 527,000 GSR Through the first 
10 months of calendar year 1980, the Laboratory 
realized a 3 0 % reduction in fuel consumption at 
C-Site, as compared to the same 10 months in 
1975, while building area increased 61 % over the 
same period. Compared to old consumption i ates, 
this reflects a saving of over $425,000 per year on 
C-Site fuel alone. A concerted effort by the Plant 
Engineering staff was required to achieve these 
savings while trying to minimize discomfort to em
ployees, who have had to work with temperature 
settings of 65°F during last winter and 78°F this 
summer. 

Facilities Construction 

During FY80 several facility addition and im
provement projects were undertaken by the Labo
ratory in support of the ongoing experimental 

1. Maintenance Building Addit ion 
6,000 GSF 

2. Laboratory Office Building 
95,600 GSF 

3. Neutral Beam Power Supply Yard & Rectifier 
Test Stand 

4. Substations 18 & 19 

5. Component Assembly & Storage Building 
15,000 GSF 

6. "C"-Site Sitework & Roadway Improvements 

7. General Facility Modifications 

% work. Construction of the TFTR Experimental 
/vo Complex progressed rapidly. Major milestones 
to were achieved during the summer with the com-
ni- plstion of the new Motor/Generator Building and 
re- installation of the motor/generator sets was be-
30, gun; the test cell roof beams were put in place and 
ch installation of the removable west wall of the test 
snt cell was begun at the end of the summer. Power 
>er yards and power supplies were installed for test-
s. ing and development of the PDX and TFTR neutral 
n g beams, and an assembly and storage building for 
he TFTR components was completed at C-Site. 
of The 95,600 GSF Laboratory and Office Build-
to ing for TFTR and DOE staff was completely occu-
ire pied by June, installation of the TFTR Control 
he Room equipment is underway In addition, about 
JV- $500,000 was spent on general facility modif ica-
as tion of existing space at A, B and C-Sites (see 
00 Table V). 
n 9 Presently under construction is a much 

needed expansion of the Laboratory's Research 
[ a l Library, and an addition containing shops, labora-

s t tories, and off ices for the research staff (see Table 
l f y VI). In the planning stages are a number of facil ity 
a * improvement projects, as well as several new 
' n buildings to house the Laboratory's new experi-

h e mental programs, and other activit ies related to 
! S ' its expanding role in the nation's fusion effort (see 
D n Table VII). 
,nt 
se Emergency Services 
71-
r e A full-time Manager of tmergency Services 

] i s was appointed in July, 1980. This new position has 
the responsibility of the fire fighting unit, first aid 
squad and heavy rescue team. A comprehensive 
evaluation of the unit's equipment, direction, man
agement and personnel has now been completed, 

n- The unit is part icipating in a training program de-
'O- signed to expand the knowledge, conf idence and 
al expertise of all specialt ies. 

$595,500 Page Funds 6-80 

$5,820,000 Page Funds 6-80 

FY80 Operating Funds 9-80 

1978 GPP Funds 9-80 

$451,000 1979 GPP Funds 6-80 

$100,000 1978 GPP Funds 9-80 

$500,000 1980 Operating Funds 9-80 

TABLE V 
COMPLETED PROJECTS 
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TABLE VI 
PROJECTS UNDER CONSTRUCTION 

1. Laboratory Building, North Addition $477,0001979 GPP Funds 3-81 
4,200 GSF 

2. Library Addition $485,0001980 GPP Funds 3-81 
2,800 GSF 

3. TFTR Experimental Complex Pace Funds 82 

TABLE VII 
PROJECTS IN PLANNING 

1. LOB First Floor Offices $70,0001980 GPP Funds 3-81 
4,200 

2. Emergency Vehicle Building $196,6001978 GPP Funds 6-81 
2,000 GSF 

3. "C"-Site Perimeter Road & Drainage $75,0001980 GPP Funds 6-81 
Improvements 

4. Maintenance Building Office Addition $260,000 1980 GPP Funds 1-82 
2,500 GSF 

5. Experimental Research Wing Fhase I $600,000 1981 GPP Funds 3-82 
5,500 GSF 

6. Experimental Research Wing Phase II $1,000,000 1982 GPP Funds 3-83 
11,520 GSF 

7. MG Building Office Addition $275,000 GPP Funds 
2,500 GSF 

8. 1 -F Clean Room Addition $275,000 GPP Funds 
2,500 GSF 

9. Chilled Water System Improvement & $420,000 3-82 
Central Plant Chiller Installation 

Rules and regulations have been designed and 
implemented to facilitate the future establishment 
of a full time Emergency Services Group. Addi
tionally, procedures have been instituted for 
sci,oduled operations checks on all emergency 
vehicles and equipment. 

The recent acquisition of a used 1,000 gallon 
per minute (gpm) fire pump has increased our 
response equipment to six vehicles. Currently, 
Emergency Services' vehicles consist of two 
1,000 gpm fire pumpers, one ambulance, one 
heavy rescue truck and two chemical trucks. 

With the cooperation of the Princeton Univer
sity Security Office, an "Emergency Evacuation 
and Response Plan" is being developed. This plan 
will provide for fast and safe employee exits dur
ing any emergency situation that may develop 
within any structure at PPPL. 

Accounting and Financial Control 
During FY80, budget control methods were 

changed. The major revision was to control 
spending at the subprogram tevei The revisions 
also required substantive changes in the proce
dures used for recording financial transactions 

and in methods of projecting costs and expenses 
to year-end. 

In order to meet these requirements, new sys
tems and procedures were designed and imple
mented as follows: 

• A method of projecting payroll costs to im
prove usefulness of financial reports in pro
jecting operating costs to year-end includ
ing a subsystem for projecting the cost of 
employees to be hired to fill authorized posi
tions. 

• A method of charging-out the cost of sub
contract employees as Tech Center Labor 
when employed by the Tech Shops as sup
plemental work force. 

• Automating the allocation of the scientific 
support cost centers at month-end, thereby 
bringing the data into the financial records a 
month sooner. 

• Monitoring internal commitments of Tech 
Center Labor. 

• Monitoring and controlling the delivery of 
materials under purchase orders and the 
costing of subcontracts to avoid cost over
runs. 
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As a result of these changes in accounting 
methods and procedures, PPPL completed the 
four DOE Annual Operating Budgets (which to
taled over $50 million) within the prescribed limits 

and with minimum underspending in each subpro
gram. A budget breakdown can be seen in Table 
VIII. 

PROJECT 
Operating (B/O) 
CLOSED CONFINEMENT: 
PLT Fabrication 

Operations (inc. ST) 
Coil Test 
Neut. Beam Pwr. Supp. 
Test Stand 
ICRF 

PDX Fabrication 
Operations 
N.B. 

ATC 
rM-1 
H-1 
Other 
TFTR Diagnostics & Research 

DEVELOPMENT & 
TECHNOLOGY: 
H-1 
Reactor Studies 
Two Component Torus 
Advanced Tokamak Studies 
Other 
Fusion Systems Engineering 

RESEARCH: 
Theory 
Basic Experiments 
User Service Center 

RZACTOR PROJECTS: 
TFTR R&D 

Research 
Operations 

TOTAL 

Equipment (B/A) 
Capital Equipment Not 

Related to Construction 

Construction (B/A) 
TFTR 
General Plant Projects 
PDX Neutral Beams 

TABLE VIII 
PPPL FINANCIAL SUMMARY($K) 

1976/76A 1977 1978 1979 1980 

27,634 23,073 23,883 22,887 28,623 
1,771 0 0 0 0 
8,060 7,304 8,082 6,891 8.564 
615 314 0 0 0 

2,228 1,289 0 0 0 
468 296 0 0 0 
72 1,035 1,022 1,165 595 

9,361 8,547 4,528 746 53 
2,664 3,608 8,258 10,989 10.067 

0 0 894 2,805 1,539 
1,560 0 0 0 0 
83-' 0 0 0 0 
0 666" 522 291 205 
0 14" 577 0 0 
0 0 0 0 7,600 

4,079 599 114 358 360 
838 0a 0 0 0 
427 456 0 0 0 

2,814 0 0 0 0 
0 120 114 0 0 
0 23c 0 0 304-
0 0 0 358 56 

3,788 3,005 3,170 3,903 4.758 
2,530 2,008 2,378 2,459 2,438 
1,000 668 638 1,161 2.010 
258 329 154 283 310 

1,325 10,556 13,080 19,406 16,400 
1,325 9,991 11,820 16.360 4,744 

0 241 640 975 4,885 
0 324 620 2,071 6.771 

36,826 37,233 40,247 46,554 50,141 

3,277 5,190 5,140 4,230 6,930 

,500 75,000 71,000 38,844 21,468 
950 1,455 1,350 1,250 1,000 
0 0 0 0 1,100 

a) H-1 moved from Development and Technology in 1977. 
b) People Injection Coil. 

c) EPR RF Heating. 
d) Fusion Reactor Material. 
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Management Information Systems 
The MIS Branch experienced significant 

growth in the application areas served with data 
processing services, including the addition of an 
automated system for tracking purchase orders, 
dn interactive terminal interface for allocation of 
period costs, a microfiche reporting system, and 
the introduction of a stockroom cataloging sys
tem, 

These software extensions were coupled with 
additional hardware extensions. The number of 
terminal networks doubled from three to six, and 
the number of interactive terminals on the net
works increased proportionately. 

Significantly, all systems in place were main
tained and kept functional during this period of 
expansion, and interfaces required for integration 
of old system with new ones were kept intact. 

Procurement 
During the year, 11,948 procurement actions 

with a total value of $26.4 million occurred. This 
represented an increase of 17.8% in procure
ment actions over FY79 and a 32.6% increase in 
procurement dollars. These figures break down 
between purchasing and subcontracts as shown 
in Table IX. 

In December 1979, a decision to implement 
the Procurement Automatic Data System (PADS) 
was reached. Purchase order data entry com
menced in February, receiving report entry began 
in May, and requisition entry — formerly per
formed by Accounting — began in August. Cur
rently, PADS report capability includes listing pur
chase orders in day sequence, summarizing 
purchase orders by source and type of business, 
producing receiving histories, identifying overdue 
purchase orders and other refinements. 

In April, DOE required Public Law 95-507 re
porting of the Laboratory. The Laboratory now 
submits a subcontract plan to DOE identifying 
both the estimated procurement dollars for the 
fiscal year and percentage goals of these dollars 
that will be awarded to either small business or 
small disadvantaged business. In addition to the 
subcontract plan, PL 95-507 also requires that all 
procurement actions in excess of $100,000 be 

advertised in Commerce Busmess 0a/7y. As a re
sult of these requirements, more formal records 
of transactions by size and type of business are 
now maintained. 

Material Control 
Substantial gains were made by the Material 

Control Branch this past year toward improving 
supply support to the Laboratory. The number of 
items carried in the storerooms was increased 
from 13,000 to 15,500 and a free goods area was 
established for use by customers. A van was ob
tained to expedite priority requirements and stock 
transfers, and a walk-in refrigerator was pur
chased for storage of shelf-life items. Additional 
stockroom space was acquired, but with the con
tinuing growth of the Laboratory, space was a 
limiting factor in providing premium customer 
support. The Belle Meade storage area continued 
to grow from 10,000 sq. ft. in 1978 to 30,000 sq. ft. 
in FY80. 

The stockroom inventory level exceeded 
$800,000, while process spares and capital equip
ment inventories rose to $8.5 and $40.0 million 
respectively. Storeroom sales increased from 
$655,000 in 1979 to $1.0 million in 1980. More 
than 51,000 stock withdrawals were processed. 
Eleven stock catalogs were published and distri
buted, with four additional catalogs due for com
pletion. 

Computer systems plans were changed from a 
general purpose computer to an IBM system 
which will allow for an integrated material man
agement system, interfaced with Procurement 
and Accounting. Significant additional work is re
quired to implement this information system, but 
the systems and operational changes planned by 
Material Control for the coming year will result in 
greater customer support throughout the Labora
tory. 

Health and Safety 
The Health and Safety Branch continued its 

support of TFTR functions: review of blueprints 
and specifications; design review of coils, struc
ture and the vacuum vessel; Safety Analysis Re
port (SAR); coordinating environmental moni
toring systems; assisting in radiation damage 

TABLE IX 
Summary of FY80 Procurement 

Section Actions %lnc. Dollars %lnc. 
Purchasing 11,394 17.8 $13,102,405 56.8 
Subcontracts 554 17.4 13,287,518 15.0 
Total 11,948 17.8 $26,389,923 32.6 
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assessment programs; surveying equipment at 
vendors' plants; and providing DOE assistance on 
TFTR construction safety. 

In February 1979, a dispensary was opened 
for PPPL employees. To date the dispensary has 
been staffed with a full-time nurse and with the 
expectation of employing a medical doctor in 
FY81 or FY82. In the past year numerous minor 
medical services have been provided: blood pres
sure checks; referrals for medical diagnosis; and 
coordination of workmen's compensation. 

Health and Safety training efforts have con
tinued in FY80. All new employees now receive a 
safety orientation. Employees receive training in 
oxygen deficiency prevention and eiectrical 
safety. Advance basic radiation safety training 
was given to select groups and training in crane/ 
forklift safety and chemical handling continues. 

The statistics on lost work day cases (LWC) 
and lost work days (LWD) has shown a significant 
improvement from 1975 to 1979. If this trend con
tinues PPL will reach or be below the DOE aver
age in the near future. In 1975 our LWC = 3.5 and 
LWD = 37 exceeded the DOE average of 
LWC= 1.1 and = 18(these figures are normalized 
to 200,000 hours/year or 100 employees). In 1979 
PPPL had reduced its accident frequency with the 
result that the Laboratory's that LWC = 1.4 and 
LWC = 18 were closer to the DOE average of 
LWC = \ 0and LWD = 16. 

Library 
The objectives of the Plasma Physics Library 

during FY80 were to continue planning for the 
library extension and to finish our recataloging 
programs. Work was started on the addition to the 
library June 12,1980. It is anticipated the library 
will be ready for occupancy by January 1981. 

During this year all monographs and journals 
were transferred from the defunct Princeton-
Pennsylvania Accelerator Library and have been 
completely recataloged. Additionally, the journals 
and books were recataloged into the Library of 
Congress schedule; and the Fusion Power Library 
merger with the Plasma Physics Library wili 
completed next fall. 

The library's holdings grew by 857 volumes, 
the largest increase in any one year. A primary 
reason for the large growth is the transfer from 
Princeton University's Firestone Library of 270 
older monographs and journals. Not only has this 
substantial transfer increased the holdings, it has 
also improved the general overall quality of the 
collection. 

The journal collection was strengthened this 
year by the transfer of 121 bound volumes to the 
Plasma Physics Library. With the addition of thir
teen new titles, the library now receives 134 jour
nals, including gifts. Thirty journals are routed 
from other libraries for staff use. 

The library has been in a recataloging project 
with the Firestone Library whereby the complete 
journal collection was cataloged and records 
were brought up to date. When the expanded li
brary is reopened, the complete collection of jour
nals will be made available, thereby substantially 
increasing our total journal collection. 

Information Services 
During FY80, media interest in magnetic fu

sion energy reached an all-time high as evidenced 
by the number of requests for information, tele
phone interviews and Laboratory visits from print 
and broadcast journalists. Laboratory visits were 
arranged and hosted for representatives of CBS 
News, The New York Times, the Washington Post. 
U.S. News and World Report, as well as for local 
news media. Toward the end of FY80. the Informa
tion Services Branch provided.assistance to sev
eral feature magazines preparing articles on mag 
netic fusion energy. Included among these were 
National Geographic, Discover. Smithsonian 
Magazine and New Jersey Monthly. 

As in previous years, Information Services ar
ranged Laboratory tours and speaking engage
ments for technical societies: industrial, educa
tional and public interest groups The 
Laboratory's brochures and information bulletins 
were updated to communicate recent experimen
tal results on PLTand PDX and progress on the 
construction of TFTR. 

In the area of employee information, the PPL 
Hotline was introduced as a means of rapidly 
communicating timely information Laboratory-
wide. A General Writer was added to the Informa
tion Services Branch and given primary responsi
bility for the writing, editing and production of 
employee publications. 

Trie need for photographies, illustrations and 
printing services increased during FY80 in pro
portion to Laboratory growth and the number of 
technical illustrations generated monthly during 
FY80 increased an average 30% over the pre
vious year. 

The Printing Services Section experienced a 
similar increase in demand with the total number 
of printing/duplicating impressions 20% over the 
FY79 level. 
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Graduate Education: Plasma Physics 

Fostered by the physical proximity between 
PPPL and the academic departments on the main 
campus of Princeton University, a program of 
graduate studies in plasma physics has been pur
sued since 1959. Table X lists courses in the de
partment. Seventy-nine physicists have now re
ceived doctoral degrees in this field. Many key 
positions for plasma research and technology in 
academic, industrial, and government institutions 
are today held by Princeton graduates. The teach
ing faculty for the plasma physics program, in 
Princeton's Department of Astrophysical Sci
ences, currently numbers nineteen members (lis
ted in Table XI) who offer a variety of courses to 
thirty-nine graduate students now in residence. In 
addition, many PPPL staff members serve as advi
sors to graduate students who thereby receive 
training at the forefront of plasma research. The 
benefits of the program are many: to the Univer
sity, PPPL represents an international center of 
excellence in a branch of scientific research 
which has large potential for social benefit; to 
PPPL, the teaching opportunities offer constant 
challenge and stimulation; for the plasma re

search community, the program is a key source of 
highly qualified young scientists and future 
leaders. 

There is a strong interaction between PPPL 
and the group of graduate students in the plasma 
physics program in the Department of Astrophysi
cal Sciences at Princeton. Most of these students 
hold Assistantships in Research at PPPL, through 
which they participate in the on-going experimen
tal and theoretical research. First-year students 
this past year were found working with the various 
experimental groups, including the PLT PDX, 
ACT-1, Q-1, QED, L-3, H-1, and Proto S-1 groups. 
Second-year students assisted a number of mem
bers of the Theoretical Division. In addition, PPPL 
physicists shared their expertise each week with 
the students at a student-run, two-hour, Tuesday 
afternoon seminar. The students are, of course, 
regular attendees at the Laboratory's own semi
nars and colloquia. All of this experience provides 
a natural transition to doctoral thesis research 
which, again, is carried out in collaboration'with 
PPPL staff members. Twenty students in the De
partment are now engaged in their thesis proj-

TABLEX 
PLASMA PHYSICS COURSES OFFERED AND INSTRUCTORS 

Fall 1979 
AS551 General Plasma Physics I 

AS553 Plasma Waves and Instabilities 
AS556 Advanced Plasma Dynamics 

AS558 Seminar in Plasma Physics 

AS552 

AS554 

AS557 

AS558 
AS561 

Spring 1980 
General Plasma Physics II 

Irreversible Processes in Plasma 

Advanced Mathematical Methods in 
Astrophysical Sciences 

Seminar in Plasma Physics 
Special Topics in Magnetic Confinement 

S. von Goeler and 
TH.Stix 
F.W. Perkins, Jr. 
R.L. Dewarand 
G. Rewoldt 
C.R. Oberman 

R.M. Kulsrudand 
S. Yoshikawa 
J.A. Krommes and 
C.R. Oberman 
M.D. Kruskal 

C.R. Oberman 
H.RFurthand 
RH. Rutherford 



ects, the numbers evenly split between experi
mental and theoretical topics. A list of thesis 
projects completed this fiscal year under the 
plasma physics program at Princeton is given in 
Table XII. 

The academic work in the plasma physics pro
gram is broadly based in modern physics. The 
study of plasma physics requires the folding to
gether of knowledge from electricity and magne
tism, atomic physics, hydrodynamics, statistical 
mechanics and kinetic theory, and applied mathe
matics, together with diagnostic and data-han

dling methods from state-of-the-art laboratory 
physics. Techniques from many disciplines within 
theoretical and experimental physics find immedi
ate application in plasma research and, by the 
same token, experience with plasmas can be 
transferred back to other areas in physics. But 
equally important — plasma physics is itself a 
large field, a young field, and a challenging field 
where success in research will have enormous 
impact on reaching a satisfactory long-range so
lution of the world's energy problems. 

TABLE XI 
ASTROPHYSICAL SCIENCES/PLASMA PHYSICS FACULTY 

FACULTY MEMBERS 

Thomas H. Stix 

Robert L. Dewar 
Edward A. Frieman 
Harold R Furth 
Melvin B. Gottlieb 
Raymond C.Grimm 
Predhiman K. Kaw 
John A. Krommes 
Martin D. Kruskal 
Russell M. Kulsrud 
Carl R. Oberman 
Hideo Okuda 
Francis W. Perkins, Jr. 
Gregory Rewoldt 
Marshall N. Rosenbluth 
Paul H. Rutherford 
William H.Tang 
Schweichard E. von Goeler 
Shoichi Yoshikawa 

TITLE 

ProfessorofAstrophysical Sciences and Associate Director. PPPL. 
for Academic Affairs 
Research Physicist and Lecturer with rank of Professor 
Professor of Astrophysical Sciences 
ProfessorofAstrophysical Sciences 
Professor of Astrophysical Sciences 
Senior Research Physicist and Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 
Research Physicist and Lecturer with rank of Associate Professor 
Professor of Mathematics and Astrophysical Sciences 
Senior Research Physicist and Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 
Research Staff and Lecturer in Astrophysical Sciences 
Visiting Lecturer with rank of Professor 
Senior Research Physicist and Lecturer wilh rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 

TABLE XII 
RECIPIENTS OF PH.D DEGREES 

Robert J. Kleva 
Thesis: 

Advisors: 
Employment: 

Richard Marchand 
Thesis: 

Advisor: 
Employment: 

January 1980 
Aspects of the Statistical Theory of Stochastic Magnetic Fields: 
Test Particle Transport and Turbulent Collisionless Tearing Mode 
John A. Krommes and Carl R. Oberman 
University of Maryland 

October 1979 
Two-Dimensional Eigenmode Analysis of the Trapped Ion Instability 
William M. Tang 
University of Maryland 
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Roger D. McWilliams 

James Randall Wilson 

August 1980 
Thesis: Current Generation and Damping of 

Finite Amplitude Lower Hybrid Waves 
Advisor: Robert W. Motley 

Employment: Department of Physics 
University of California, Irvine 

September 1980 
Thesis: Ponderomotive Force Effects on Resonance Cones and 

Slow-Wave Coupling Above the Lower-Hybrid Frequency 
Advisor: King-Lap Wong 

Employment: Princeton Plasma Physics Laboratory 
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Graduate Education: 
Fusion Reactor Technology 

In December 1972, a program in Fusion Reac
tor Technology was formally established in the De
partment of Chemical Engineering of Princeton 
University's School of Engineering and Applied 
Science, in collaboration with the Princeton 
Plasma Physics Laboratory. This program was 
built upon a long association between the Depart
ment and the Laboratory dating back to 1955 
when Professor E.F. Johnson undertook 
pioneering work in molten salt blankets for tritium 
generation. 

TABLE XIII 
NUMBER OF THESES 

Molten Salts 7 
Fast Neutrons 5 
Radiolysis & Synfuels 3 
Advanced Fuels, Plasma Heating, 

Use of Waste Heat 3 
Chemical Engineering Miscellany 3 
Hydrogen Permeation of Metals 2 
Tritium Recovery 1 

The twenty-four master's theses and doctoral 
dissertation subjects treated during this pro
gram's history are categorized in Table XIII, the 
Engineering School Faculty in Table XIV and the 
courses offered in Table XV. In addition to these 
courses, graduate students are encouraged to 
take courses taught in the Astrophysical Sciences 
Department listed in Table X in the previous chap
ter. 

Students graduating this year and students in 
residence with thesis topics are summarized in 
Table XVI. Support of graduate students in this 
program has been a continuing problem; so we 
are very pleased to nave the opportunity to assist 

the Oak Ridge Associated Universities in begin
ning the Magnetic Fusion Energy Technology Fel
lowship Program. 

Department Curriculum 
In addition to the graduate education program, 

the Chemical Engineering Department offers a 
strong undergraduate curriculum to stimulate in
terest in fusion. A minicourse on fusion is included 
in Engineering 101. a divisional course of the 
School of Engineering and Applied Science. Engi
neering 101 is primarily for A.B.students tosatisfy 
their science requirement, but is frequently selec
ted by entering freshman engineering students. 
Junior and Senior independent work is also spon
sored in fusion in keeping with Princeton's tradi
tion of undergraduate thesis work. The two 400-
series courses are suitable for both 
upperclassmen and graduate students and are 
often elected by graduate students in this and 
other departments. 

Chemical Engineering 417 welcomes each 
year a few members of the professional engi
neering staff of the Laboratory as auditors. These 
people are specialists seeking a broader under
standing of aspects of the laboratory work that 
differ from their own. To date, about 20% of the 
engineering staff have participated. This arrange
ment provides a unique opportunity for students 
to associate with working professionals in the 
topic of the course. To reinforce this opportunity, a 
key feature of the course is a machine design 
project. The class is divided into two teams for a 
competition. The professional staff members are 
divided into three groups, two sets of consultants 
for the teams and a selection board to evaluate 
the final designs. Oral presentations before the 
board are a fairly realistic preview of the real 
world's contract selection procedures. 
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TABLE XIV 
ENGINEERING FACULTY 

Faculty Title 

Robert C. Axtmann 
Ernest F. Johnson 
Robert G.Mills 

Professor of Chemical Engineering 
Professor of Chemical Engineering 
Head, Engineering Program, Princeton Plasma Physics Laboratory 
and Lecturer with Rank of Professor 

TABLE XV 
CHEMICAL ENGINEERING COURSES RELATING TO THE FUSION TECHNOLOGY PROGRAM 

Course Number 
351,352 
451,452 
417 
418 
550 

Title 
Junior Independent Work 
Senior Independent Work 
Introduction to Fusion Power 
Nuclear Engineering 
Fusion Reactor Technology 

Faculty 
Staff 
Staff 
R.G. Mills 
R.C. Axtmann 
R.G. Mills, Staff 

TABLE XVI 
GRADUATE STUDENTS 

Student Thesis Topic Degree Advisor Status 
John D. Wright Economic Utilization of 

Thermal Waste from 
Fusion Power Generation 

M.S.E. E.F Johnson Granted (1979) 

Loris Rossi Use of Molten Salts for 
Fission-Fusion Hybrid 
Reactor System 

Ph.D. E.F Johnson Granted (1980) 

Robert E. Buxbaum Recovery of Tritium from 
Liquid Lithium using 
Yttrium 

Ph.D. E.F Johnson Imminent 

Charles H. Davis, Jr. Fueling of Fusion Reactors R.G. Mills (On leave of 
absence) 

Kun Jai Lee Alpha Heating Deposition Ph.D. R.G. Mills Imminent 
Hsing H. Tseng Molten Fluoride Blankets Ph.D. E.F.Johnson 3rd Year 
Mutlaq H. 
Al-Morished Vacuum Wall Ph.D. E.F Johnson 2nd Year 
Peter C. Bertone (Entering Student) Ph.D. R.G.Mills 1st Year 

Thozhur M. 
Kasturirangan (Entering Student) Ph.D. R.C. Axtmann 1st Year 
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