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Preface 

The Poloidal Divertor Experiment (PDXI 
came into operation this year with first plasma 
on November 29, 1978. Full-scale circular cross 
section experiments began in February, 1979, 
and quickly led to low-q, low-z, iong confine 
ment plasmas. The full design current of 500 kA 
was achieved early in the sprint, The next six 
months were occupied by the installation of 
hardware for divertor experiments. Meanwhile, 
the 6-MW PDX neutral-beam system was in 
fabrication at Oak Ridge National Laboratory 
with installation scheduled for FY80. The 
PDX device, operating with neutral-beam heat 
ing, is expected to provide a definitive test of 
the magnetic poloidal divertor concept, and to 
explore MHD beta limits of plasmas with op 
timally shaped cross sections. 

The Princeton Large Torus IPLT) redirected 
its emphasis from neutral-beam heating to rf 
heating. In the neutral beam area, the principal 
new results related to the viscosity of rotating 
plasmas and the enhancement of thermal trans 
port by field ripple. Fast-wave heating in the 
ion cyclotron r^.-ge of frequencies IICHF) 
was tried with a single half % i antenna at 
moderate input power (typiLdily 350 kW). 
Substantial ion heating (up to 600 eVI was 
found for D-H mixtures. Ultimately, 3 5 MW 
of rf power will be applied. Preparations are 
also being made to explore the lower hybrid 
frequency range on PLT. 

Smaller devices at PPPL carried out a variety 
of investigations on wave phenomena and the 

gas divertor concept. The desirability of steady 
slate operation for tokamaks gives particular 
significance to the newly completed Advanced 
Concept Torus (ACT 1), which wil l undertake 
current-drive experiments. 

Fabrication of the Tokamak Fusion Test 
Reactor (TFTFO proceeded throughout the 
year, with a 1981 target date for initial opera 
tion. A project sponsored by the Electric Power 
Research Institute studied the possibility of 
incorporating a blanket module experiment into 
T--TR. The results were encouraging and work 
will proceed in FY80. 

Design studies for new devices during FY79 
included PPPL contributions to the national 
Engineering Test Facility IETF) and to the 
International Tokamak Reactor ilfvJTQR] ef 
fort. In view of favorable prospects lor imple 
mentation of a tokamak ETF IN TOR reactor 
facility, further design of the short pulse igm 
tion experiment at PPPL I the PlTR) was held n 
abeyance. Design studies for a long pulse, super 
conducting hydrogen device were expected to 
proceed in parallel with the ETF INTOR work. 
In the area of advanced concepts, fabrication 
of a spheromak device (S 11 was undertaken 

Major theoretical investigations of the yea' 
included quantitative assessment of the effect 
of turbulence on confinement, the effect of 
toroidal geometry on drift waves and on bal 
looning modes, and the possible relation be 
tween micromagnetic turbulence and the u anng 
mode 



Princeton Large Torus (PLT) 

The Princeton Large Torus (PLT), shown in 
Fig. 1, began operations in December 1975. The 
initial experiments addressed the ohmic-heating 
regime, at plasma currents ranging up to 650 kA. 
Special emphasis was given to the study of MHD 
stability, plasma confinement scaling, and the 
identification and control of impurities. In 
1977, neutral-beam injection capabilities were 
introduced. In 1978, ion temperatures of 6.5 keV 
were reached by high powered neutral bean, heat
ing. Concurrently, a new experimental program 
of if heating in the ion-cyclotron range of fre
quencies (ICRF) was undertaken. 

MAJOR ACTIVITIES 
Summary 

Preparations began in October 1978 for more 
powerful rf heating at 25 MHz and for operation 

at higher frequencies. New antennas were in
stalled and various diagnostic changes were made. 
During the fall and winter, the four neutral beam 
injectors were sequentially upgraded by the 
installation of new sets of beam-accelerating grids. 
This resulted in somewhat higher beam power 
and considerably reduced impurity evolution 
from the beam-line walls. At the end of January, 
toroidal field coil =6 was accidentally over
heated. Machine downtime was about four 
months. Operations were resumed in June at 
reduced toroidal field. Much of the ICRF work 
could be carried out as planned, because the 
primarily desired resonance field values were 
17 and 25 kG. Principal experimental results of 
FY79 are summarized in the following paragraphs 
and are presented more fully in subsequent 
sections. 

With neutral beam injection in one direction 
(either parallel or anti-parallel to the plasma 

Figure 1. The PLT machine. 



current) toroidal plasma rotation due to the 
injected beam momentum was observed. The 
measured plasma viscosity wasabout 10"4 cm 2/sec, 
much higher than predicted by theory. These 
observations should give some fundamental 
new insights into the anomalous transport 
processes in hot tokamak plasmas. 

Wave heating power in the ion cyclotron range 
of frequencies was increased to - 350 kW ab
sorbed in the plasma. The important minority 
species heating regime was investigated, and a 
theoretical model developed that is consistent 
with the experiments and indicates favorable 
scaling to higher powers. A heating efficiency 
n e ^T , /P r , o f 3 X 1 0 " cm"-' eV/kW was obtained 
for proton minorities in deuterium, and 6 X 1 0 ' ' 
crrT ' eV/kW for 'He minorities. These efficien
cies compare favorably with those obtained with 
neutral beam heating. In the minority-heating 
process, high-energy protons (up to 60 keV) were 
found to be generated and contained, and to 
equilibrate with the deuterium majority. This 
high-energy particle confinement has optimistic 
implications for scaling to higher power in PLT 
and for future rf-heating in larger tokamaks. 

Measurements on neutron energy spectra with 
co and counter neutral deuterium and proton 
beams have confirmed the thermonuclear origin 
of the observed neutron emission. Observation 
of 14-MeV neutrons with a deuterium plasma 
has shown that 1-MeV tri t ium ions have been 
produced and contained for a time of order 
50 ms; these measurements provide the first 
direct evidence for the confinement of ions with 
MeV energies in a tokamak—a requirement for 
ignition in larger machines. 

An improved soft x-ray diagnostic system has 
shown that m = 1 oscillations can persist through 
and after an internal disruption, in contrast to 
the theoretical prediction in which complete 
reconnection and resymmetrization occur during 
the disruption. 

Wavelengths of a number of highly ionized 
atoms of titaniunj, chromium, iron, and nickel 
were measured eiti.sr for the first time or with 
improved accuracy-ar important contribution to 
atomic physics. These iines were then used to 
measure radial profiles of <on temperatures with 
both neutral beam and wave heating. 

Observation of the radial profiles of the line 
intensities of Fe XXV, XXIV , XX I I , and Ti XX 
showed variations ascribable to charge-exchange-

recombination with beam-injected hydrogen 
atoms. It was estimated that this effect reduces 
by a factor of about 5 the acceptable density of 
metal atoms in large tokamaks that rely on 
neutral beam heating. 

Time-resolved measurements were made of 
the KQ. resonance line of heliumlike iron (Fe 
XXV) and its dielectronic satellites. These mea
surements have allowed a detailed comparison 
with theory and have been used to determine the 
central ion and electron temperatures. They 
also have been used to investigate ionization 
equilibrium, and show evidence of nonclassical 
ion transport. 

Measurements on ordinary mode microwave 
absorption near the fundamental electron cyclo
tron frequency were found to be in substantial 
agreement with theory, and were used to deter
mine local electron pressure. The results are 
attractive for electron cyclotron resonance heat
ing IECRH) because they show that the waves 
can be launched from the low-magnetic-field 
side of the torus. 

New diagnostics were developed for PLT to 
measure the energy distribution of hydrogen 
atoms and ions that leave the plasma edge and 
strike the walls and limiters. Ion impact on the 
limiters is important for power and particle 
losses, as well as for impurity generation in 
low-density, ohmically heated plasmas. Sputtering 
of the walls (away from the limiters) by charge-
exchange neutrals is found to introduce 2 x 
10' ' Fe atoms/cm ; sec at discharge initiation, 
but only 2 x 1 0 ' : during the steady state phase. 

PLT Neutral-Beam Injection 
Following the achievement of record plasma 

temperatures in the summer of 1978, new sets of 
ion-beam -.ccelerating grids with tapered aper
tures, based on a Pierce geometry, became avail
able from the ORNL Fusion Energy Division's 
beam development group. The experimental 
program was oriented toward the investigation 
of moderate-temperature physics during this 
upgrading period of November 1978 to Janu
ary 1979. 

An important effect that accompanies uni
directional neutral beam injection is toroidal 
rotation of the target plasma. This rotation was 
measured from the Doppler shifts of ultraviolet 
impurity lines under different beam and target 
plasma conditions. 
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of time behavior, the rotation builds up in 
30-50 ms and then saturates; after the beams are 
shut off, the rotation decays on a similar time 
scale. (The data of Figs. 3 and 4 cannot be com
pared directly, because they were taken under 
somewhat different conditions.) 
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f igurr 2. Racial thstrihution of toroidal plasma velocity 
t)t 100 140 ins .liter liegmning neutral beam injection. 

A radial profile of rotational velocity was ob 
tained from the characteristic locations of the 
emitting ions (Fig. 2). In Fig. 3 measurements 
of The central rotational speed are plotted as a 
(unction of the corresponding beam momentum 
input. The rotational speed increases linearly 
with momentum input up to the maximum vaiue 
of unidirectional beam power achieved. Fig. 4 
shows the central rotational speed plotted as a 
function of the corresponding electron density 
at a constant beam power, i.e., constant momen 
turn input level, both for D° beams into an 
FT plasma and H" beams into a D' plasma. Ac 
cording to simple classical theory, the case with 
D° beams into H' plasma should produce 2.8 
times greater toroidal rotation velocity; the 
observed difference of only 20% can be inter 
preted as indicating better momentum confine
ment for h ° - D' injection than for D° — FT, 
in both cases the momentum transport is clearly 
much faster than expected from theory. In terms 

Figure 3. Cei. tral toroidal rotation velocty vs. net neutral 
bean' momen luni input-

figure 4. Central toroidal rotation velocin' vs. plasma 
density with beam power - 1 MW. 



The damping mechanism of the rotational 
momentum is not understood at the present time. 
Charge exchange with neutral ("thermal") 
hydrogen provides the only known damping 
mechanism that is significant, but it is too small 
by at least a factor of two, even at the lowest 
density, and by a larger factor as n f increases. 
The momentum input from beam ions to the 
target plasma was calculated for a number of 
D" •• H' cases, using the Monte Carlo Beam 
Orbit code developed to analyze neutral beam 
heating experiments. Comparison of the calcu 
lated time evolution and radial distribution of 
toroidal velocity with the measured values gives 
a plasma "viscosity" of order 10 4 cm : /sec, 
much higher than the neoclassical prediction. 
The central momentum confinement time was 
found to be approximately 20 ms, and the vol
ume integrated value was approximately 10 ms. 

High injection power levels with four beams 
( - 2 MW) became available again in March 1979, 
but the toroidal field coil accident prevented 
beam injection experiments until June 1979. 
While the effectiveness of the coil repair was 
being evaluated, operation was restricted to 
toroidal fields of 20-25 kG and there was a 
non-axisymmetric local dip in the field of 2.7% 
peak to-peak on axis (Fig. 5). The lowered field 
values entailed operation at lower plasma current 
for fixed values of q. Calculated local ripple 
contours and regions of enhanced particle trap 
ping are shown in Fig. 5. 

Figure 5. Ripple contours and regions of ripple trapping 
for PL 7 resulting from coil damage of early 1979. 

Beam heating experiments performed at the 
lowest densities and highest power in the latter 
part of 1979 failed to achieve the ion heating 
efficiency n^-iT/P ^ 4 x 1 0 ' ' cm ' eV/kW 
observed in similar experiments performed in 
1978. A summary of ion heating for the two 
years is shown in Fig. 6. Electron heating experi
ments with hydrogen beam injection at n,, - 4 x 
10' •' cm ' also showed an efficiency of only 
0.3 eV/kW rather than the 0.5-0.7 eV'kW ob 
served previously. 

While the toroidal field ripple represents an 
easy mechanism to blame for the reduced heating 
efficiencies, no direct proof was obtained that 
this is the case, and a number of other factors 
having to do with different wall conditions and 
the conflicting requirements of the ICRF program 
may well be responsible. 

Figure 6. Peak ion temperature vs. beam power per 
particle including 197S negligible ripr'e cases and 1979 
high '2 7" on a*'sl nnpfc 

ICRF Heating in PLT 

A. MINORITY HEATING REGIME 

Fladio-frequency plasma heating in the ion 
cyclotron range is being studied on PLT for 
the purposes of optimizing heating in various 
possible wave regimes of large tokamaks and 
providing scaling information that will permit 
extrapolation to reactor conditions. During 
FY79, the delivered rf wave power was increased 
substantially (to - 350 kW), with corresponding 
increases in the bulk ion temperature. Extensive 
study of the wave-damping physics and the 
kinetics of the ion heating helped develop a 
theoretical model that is consistent with the 
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experiments and indicates a favorable scaling to 
higher powers in PLT. 

Attention was focused during this period on 
heating a two-ion mixture, where one ion species 
(minority) forms a small percentage of the total 
density. The wave damping rate into this minori ty 
species is observed to be particularly effective 
relative to fundamental majority heating. 

Waves were excited by a half-turn loop fitted 
with an electrostatic shield to reduce edge plasma 
loading of the antenna. The excitation frequency 
was 25 MHz, matching the cyclotron frequency 
for minority hydrogen at BQ = 16.4 kG or for 
1 He at 25 kG on axis. Maximum forward powers 
of 450 kW for 150 ms were developed; with 
80% coupling efficiency, 360 kW was delivered 
to the plasma by a single coil. 

Figure 7. Hydrogen charge exchange spectrum on axis 
with Pfi ^- 350 kvV; o da 3 from perpendicular charge 
exchange analyzer; & data from angle-scanned fast ion 
diagnostic including both perpendicular and parallel ion 
channels. The curve is calculated from Fokker-Planck 
theory with charge exchange. 

B. HYDROGEN MINORITY 

Measurements of the rf-driven proton energy 
distributions with a mass-sensitive charge-
exchange system indicated that virtually all the 
rf power was deposited directly into the hy
drogen. The resulting proton tail was well con
fined, and its equilibration wi th the bulk deuter-
ons and electrons was consistent with Fokker-
Planck theory when the losses due to charge 
exchange were included (Fig. 7). Moreover, the 
proton distribution was observed to be nearly 
isotropic up to 40-60 keV, as shown in Fig. 7; 
the fast-ion diagnostic data include both per
pendicular and parallel ion channels. As a con
sequence of Coulomb coupling to the protons, 
the deuteron temperature increased from 500 
to 1200 eV, and the deuteron distribution was 
observed to be Maxwellian (Fig. 8); the absence 
of a high-energy tail indicates that direct second-
harmonic heating of the deuterium was negligible 
in these experiments. The time evolution of the 
charge-exchange-deduced central deuteron tem
perature shown in Fig. 9 indicates a rise and fall 
consistent with the energy confinement time of 
the ohmic case. Charge exchange, Doppler broad
ening of impurity radiation, and neutron measure
ments are combined to give the deuterium tem
perature profile of Fig. 10 for P,, - 350 kW. 
The heating profile is centrally peaked although 
somewhat broad and is found to be consistent 
w i th the power deposition model based on 
minority-dominated wave damping. 

Figure 8. Deuterium charge exchange spectrum for the 
case shown in Fig. 7. Ne = 2 X 10' ' cm" ' , SA = 17 kG; 
IA ' 300 kA; P.„ = 350 kW. 

A 

^ ^ v 

Figure 9. Time evolution of the central deuteron tem
perature with proton minority for the conditions of 
Fig. 8. 
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C. 3He MINORITY 
The use of a 3 He minority in PLT had a two 

fold advantage for the minority heating process: 
(1) due to the higher charge and mass the ' H e 
was more strongly coupled to the bulk deuterons 
than the hydrogen minority; (2) higher toroidal 
field and consequently higher plasma current 
could be util ized, which led to substantial im
provement in the fast ion confinement. The 
experimental result was that the overall heating 
efficiency was a factor of two higher for the 
3 He case, as indicated by the central ion tem
perature increase as a function of normalized 
power (Fig. 11). 

The degree of confinement of energetic ions 
in PLT was found to play an important role in 
the overall heating efficiency: as the current was 
lowered below a critical level, the peak deuteron 
temperature during the rf pulse decreased 
(Fig. 12), and an increased wall impurity influx 
was observed, presumably due to sputtering 
caused by the loss of fast ions. The bulk ion heat
ing and minority tail production (measurable 
directly in the hydrogen minority case) scaled 
with density, concentration, and rf power in 

close agreement with Fokker-Planck theory and 
indicated a favorable scaling of this regime to 
higher power levels in PLT. 

Fusion Reection Measurements 
The PLT produces two orders of magnitude 

larger fusion reaction rates ( M 0 ! J d(d,n) •'He 
reactions/sec) than any other tokamak and has 
a neutron yield per pulse (^P x 10 1- 1 neutrons/ 
pulse) one order of magnitude beyond that of 
any previous laboratory fusion device. With 
these large reaction rates, neutron diagnostics 
are easier and more informative than on smaller 
devices. 

Figure 10. Radial ion temperature profile for Pri ^ 
350 kW via charge exchange, neutron, and spectroscopic 
measurements. 

Figure 11. Deuteron temperature increase on axis for the 
proton and ' He minority cases versus the normalized 
rl vjave power 

Figure 12. Peak deuteron tempeiature as a function of 
the olasma current yHe minority; Prt = 150 kW; Bp = 
25 kG. 



We have studied the neutral-beam-induced 
fusion reactions that occur with deuterium 
neutral beam injection (D° — D* ). The PLT 
studies of these "beam-target" fusion reactions 
provide a favorable prognosis fo rTFTR, since we 
find that the neutron emission rate, time evolu
tion, radial profile, and energy spectra are con 
sistent with d(d,n) 'He reactions caused by ener
getic injected ions which are confined and slowed 
down in accordance with classical theory (Figs. 
13 and 14). In Fig. 13 the variation over two 
orders of magnitude of the neutron emission 
rate exhibits the expected linear increase with 
beam current and the energy dependence of the 
cross section when the beam voltage is varied; 
in Fig, 14 the emission decreases when the 
density is increased, because the beam penetra
tion and baam slowing-down time decrease. 

': 71 
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Figure 13. Comparison of the experimental neutron 
emission during neutral beam injection with that calcu
lated theoretically. Beams injected parallel Ico) and 
anti-parallel {counter) to the plasma current direction. 

Neutron spectral measurements provide in
formation on the thermonuclear origin of the 
neutrons. A 14,000 lb paraffin + L i , C 0 3 neutron 
coll imator (Fig. 15) accepts neutrons emitted 
1rom the plasma in a direction parallel to the 
plasma current. A nonthermonuclear neutron 
emission due to a directed velocity of the react
ing deuteron pairs shows up as a Doppler shift 
of the neutron energy. We found that wi th 
D° -* D + injection, there was. the Doppiar shift 
(Fig. 16) expected from the beam-target d(d,n) 

' He fusion reactions. With H° — D* injection, 
there was no measurable Doppler shift, as is 
expected with a thermonuclear neutron emission 
originating in a beam-heated Maxwellian plasma. 

Figure 14. Experimental neutron emission rate per 
megawatt of injected beam power as a function of the 
line average density. The shaded regions indicate the 
calculated contributions of beam-beam and beam-target 
reactions. 

Figure 15. PLT neutron collimator. 
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Figure 16. Collimaled 0° — D* neutron spectrum with 
the theoretically calculated spectrum for {aJ 30 keV 
counter injection, and lb) 26 keV co injection. 

The D-D fusion reaction occurs in two equal 
branches, the reaction d(d,n) 'He, producing 
a 2.5 MeV neutron, and the d(d,p)t reaction 
producing a 1 MeV tr i ton. If the tr i ton is con
fined inside the plasma, then it slows down 

through t i e maximum of the D-T cross-section 
with a I —^ nurnup probability (~1%) ir the 
d(t,n)a reaction. On PLT. the 14 MeV D T 
neutron emission level can be - T\, of the 2.5 
MeV neutron level (Fig. 171, indicating that 
these fusion-produced tritons are confined in 
PLT for durations comparable to the tr i ton 
slowing-down times (i.e., ,> 50 ms). Confinement 
of the charged fusion reaction products is a re 
quirement for 'gnition and these PLT 14 MeV 
neutron measurements are the first indication 
that a tokamak can confine MeV ions. 

•J ̂  W^ \ 

Figure 17. Time evolution of The PLT D-D (2.5 MeV} 
neutron emission and the D-T (14 MeV) neutron emission. 

X-Ray Fluctuations and 
Magnetohydrodynamic Instabilities 

Improved X-ray imaging systems were installed 
on PLT in an effort to provide enough views to 
analyze the intricate behavior of the magnetic 
topology during MHD fluctuations. Powerful 
analysis techniques comparable to those used in 
"brain scanning" have been applied in order to 
convert the raw chordally-integrated data to 
local X-ray emissivities. 

A 75-chord system, capable of simultaneously 
measuring the line-integra*?d emissivity in three 
energy bands at 25 spatial positions each, views 
the plasma from the side at one toroidal posi
tion. Two 9-detector arrays image the plasma 
from above at displaced toroidal positions. This 
configuration should allow separation of the 
n = 1, m = 2 and n - 2, m = 3 modes, which are 
theoretically predicted to flatten profiles ad-

9 



jacent to q = 2 and q = 1.5 in their initial stages 
and to enhance the transport between the sur
faces by "braiding" in the stage where they 
"overlap." 

Enhanced spatial resolution in the interior of 
the discharge, coupled wi th increased temporal 
resolution due to neutral-beam-induced plasma 
rotation, has revealed detailed images of the 
evolution of the plasma during internal disrup
tion. In particular, the m = 1 oscillations can 
persist through and after the disruption (Fig. 18). 
This is in contrast to the theoretical prediction, 
in which an m = 1, n = 1 magnetic island over
whelms the central region of the discharge, 
effecting a flattening and consequent symmetri-
zation of tha X-ray emissivity profile. 

'^-'"\/\. V l M ^J": r\-' 

minor external disruptive instability. A t each 
rotation of the mode a reconstruction of the 
local source function is computed, assuming an 
m = 2 poloidal symmetry. Resultant evolutions 
of the emissivities are shown in Fig. 19. The 
progressive growth of a flat region in the vicinity 
of q = 2, followed by a sudden drop in central 
emissivity, and the subsequent slower recovery 
of the profile, are apparent. 

<£-WS 
Figure 78. Signals from X-ray detectors viewing an in
terna/ disruption in the PLT. The X-ray emission along 
chords tangent at the fisted radii exhibits a sinusoidal 
shape prior to the "sawtooth drop" at 503.4 ms; the 
centra/ trace has a dot n,. tan t double frequency com
ponent because it views the maximum emission twice 
pet cycle, whereas external detectors view only motion 
along a gradient. After the disruption, the fluctuating 
emission is localized in a thin helical filament whose tra
jectory is indicated by the line superimposed on the 
data traces. 

A computerized tomographic reconstruction 
technique, based on decomposition of the fluc
tuations into poloidal harmonics, has been 
applied to one-dimensional projection data of a 

Figure 19. Reconstructed X-ray emission profiles in a 
cross-section at fixed toroidal angle throughout a minor 
disruptive instability- The previously symmetric profile 
develops an elliptical shapr. with the polarization of the 
ellipse reversing at roughly hp.f the minor radius of the 
plasma; the mirroring of the ellipses about the q - 2 
radius results in a flat region, corresponding to the m = 2 
island. The extent oi the leveling increases into the dis
ruption at 178.5 ms, after which the profile relaxes to a 
symmetric, peaked equilibrium by 183 ms. 
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Atomic Physics and 
Plasma Spectroscopy 

During 1979, our previous programs of quanti 
tative radiation measurements were extended 
and further developed, with special emphasis 
on establishing localized measurements in the 
high-temperature interior of the plasma. Such 
measurements are likely to be of special interest 
in future high temperature plasma diagnostics. 
Some highlights are listed below, with more 
details in the references. 

Wavelengths of a number of highly ionized 
atoms of titanium, chromium, iron, and nickel. 
with ionization potentials in the 1 2 keV range, 
either were measured for the first time, oi the 
previously determined wavelengths were im 
proved. These spectral lines fall into two cate 
gories: the electric dipole or allowed resonance 
lines, and the forbidden (magnetic dipole ot 
spin-change intercombination) lines. The former 
accoun; for most of the radiated power, and 
are also of particular interest for absolute ion 
density measurements. The latter, because of 
their relatively long wavelengths, have special 
advantages for single shot spatially and spec 
trally resolved measurements of ion tempera 
tures and motions, local density fluctuations, 
etc. When a sufficient number of such wave 
lengths, belonging to a variety of ions with 
ionization potentials E. T,., is established, it 
wil l be possible, in principle, to construct a 
spectrometer that will give, e.g., T (r,t) in a 
single discharge. 

The newly-established spectral lines were used 
for determination of radial profiles of ior. tern 
peratures with both neutral beam and ICRf 
heating. Compared to neutron and charge 
exchange neutral hydrogen temperature mea 
surements, the spectroscopic T, measurements are 
not sensitive to minor deviations from Max 
wellian distributions, and measurements at 
locations other than the maximum are possible 
(Fig. 10). Similarly, the evolution of the toroidal 
rotation during unbalanced neutral beam injec 
tion was determined from Doppler shifts of vari 
ous ion lines, as in Fig. 2. Such measurements 
are still in their infancy, both From the point of 
view of instrument development and the state 
of knowledge of the appropriate atomic param 
eters, as evidenced by the substantial gaps in the 
profiles. 

During foui beam high power neutral injec 
tion experiments in 1978. a large increase in the 
lithiumlike iFe XXIVI and berylliumlike (Fe 
XXI I I ) iron ladiation was observed This radia 
Hon did not appear to be caused primarily by 
increase of ion concentiation and was tentatively 
ascnbed to depression of ionization state - from 
heliumlike non by means of charge exchange 
recombination with beam injected hydrogen 
atoms Tins int-,i()ietj l ion has been substantially 
confirmed bv simultaneous observation of Fe 
XXV. XXIV, XXII and Ti XX .on radiation 
(Fig 20) including particularly the behavioi ol 

Figure 20 Beha-.ioi ol -.anous uon :On i-nes {lunug 
highpO's/er neutral bean; heating, fesoite increasing TL,<0j 
the hehumlike Fe XXV light drop:, whereas 'he lithium 
Uke Fe XXIV and Ti XX light increases by a large- factor. 
The boronhke Fe XXU \vhicb has an ionization potential 
intermediate between Fe XXIV and Ti XXI increases 
only moderately Fhis behavior is ascribed primarily to 
shift of ionization levels from heliumlike to lithium 
like states by charge exchann 'combination. 
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rCK:IJ: uiu' i l i ;^ of the ions (e.g., Fe XXI I and 
7 i XX i ol similar ionization potential and ioniza 
lion rdtus. and aiso comparison of neutral beam 
ant! ICRF healing. However, it has become 
evident thai the charge-exchange recombination 
does nol explain everything, and some plasma 
dynamic effects must be involved. 

The recombination phenomenon is likely to be 
important in large tokamaks relying on neutral 
beam heating, because the probable density of 
neutral hydrogen atoms wil l prevent the atoms 
with 2 20 30 from reaching the relatively 
radiationless heliumlike state. The acceptable 
density of such atoms in the discharge is there 
fore reducer! by a substantial lactoi I 5). 

Bragg Curved Crystal 
Spectrometer —X-Ray Spectroscopy 

The X ray line radiation from highly ionized 
htavy impurity ions (Ti, Cr, l\li, Fe) can be used 
to measure plasma parameters in the inner core of 
tokamak discharge. Time resolved measurements 
of the (Is 2p) K 0 resonance line of heliumlike 
iron iFt XXV) and its dielectronic satellites, 
which aie due to transitions of the type 1s_n^ 

ls2pm with n •• 2, have been performed on PLT 
with a high resolution 'A/AA 15000atA- 1.85 A) 
Bragg curved crystal spectrometer. The observed 
spectra have permitted a detailed comparison 
witn theory and were successfully used to mea
sure central ion and electron temperature and to 
investin^te the ionization equilibrium. 

A ~al spect.um is shown in Fig. 21. It 
contain ,iie resonance line of heliumlike iron 
1 vvi as well as the resonance line of lithiumlike 
iron (qj and various satellites of the heliumlike 
charge state. Gabriel's notation (A. H Gabriel, 
Monthly Notices of the Royal Astronomical 
Society, 160 (1972) 99) has been used for line 
identification. The width of the spectral lines 
is determined by Doppler broadening and can be 
used for ion temperature measurements. The 
intensities of the resonance lines w and q are 
proportional to the abundances of Fe XXV 
and Fe XXIV, and are therefore a direct mea 
sure of the charge state distribution The reson 
ance line w is especially important for diagnosing 
the process of charge exchange recombination 
of Fe XXV during the injection of neutral hy 
drogen beams In ohmically heated discharges 
the intensity ratio I u / 1 ^ determines the de

viation of the relative abu.idance n F t l ( X u , / 
n i i -x>. ' . from coronal equilibrium. This devia
tion is due to transport of Fe XXV out of the 
central core and can be used to measure the 
particle diffusion coefficient. The satellite line j 
originates from dielectronic recombination of 
heliumlike iron with electrons of 4.649 keV. 
The line w is collisionally excited by electrons 
with energies above 6-7 keV. The intensity ratio 
! - l ^ can be used to obtain the electron tern 
perature. 

yJtaii 
Figure 21- Dielectronic. satellite spectrrm of Fe XXV as 
recorded from PL T tor a central electron temperature of 
1 65 keV Gabriel's notation is used for line identifica
tion. The resonance line of Fe XXV at 1.85 A is indicated 
by w. 

Typical results are shown in Figs. 22 and 23. 
Fig. 22 presents the ion temperature results 
derived from Doppler broadening measurements 
( I -) of the resonance line w, and for compari
son those obtained from the neutral charge 
exchange diagnostics (A) for a PLT discharge 
with auxiliary neutral beam heating. Figs. 23a 
and b show the intensities of lines j and q rela
tive to that of the resonance line w as a func
tion of the central electron temperature mea
sured by Thomson scattering. The data have 
been obtained from ohmically heated PLT dis
charges. The relative intensity of the dielectronic 
satellite j is found in good agreement with the 
theoretical predictions demonstrating that this 
line ratio can be used as an independent elec
tron temperature diagnostic. On the other hand, 
the intensity ratio of the lithiumlike and helium
like resonance lines, shown in Fig. 23b, deivates 
appreciably from the theoretical predictions for 
coronal equilibrium. These deviations are ascribed 
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to transport of Fe XXV. More recent measure 
men:; have shown that these deviations depend 
strongly on the plasma density in agreement 
with theoretical expectations. 

Figure 22 Comparison of ion ten.flerature results from 
Ooppler broadening measurements ( 7 ••) with ihose 
obtained Iron) charge exchange diagnostics iSi. The data 
were obtained from a simultaneous observation of a 
deuterium plasma witli auxiliary heating fjy injection 
of a i rj MW hydrogen beam The dashed lines repre 
sent the time resolution of 50ms for the spectral data. 

Phenomena at the Plasma Edge 

Experiments were performed to measure 
the energy distribution of hydrogen atoms and 
ions which leave the plasma edge and strike 
the walls and limiters of P L . . The aims of these 
measurements were to ascertain what impurity 
generation mechanisms were important and 
whether ion outflux or charge exchange neutral 
outflux was the more important energy and 
particle loss mechanism. To perform these ex 
periments new diagnostics were developed. 

To measure the energy of ions as they impact 
on surfaces in the plasma edge we extended the 
work of Erents et al. (S. K. Erents et al., Journal 
of Physics D, 11 (1978), 227) and Staudenmaier 
et al. IG. Staudenmaier et al., Nuclear Fusion 
20 (1980) 96) on surface probes to include 
effects r f broad energy distributions and non 
zero Larmor radii. These experiments rely on 
interpreting the depth distributions, lateral 
spreading behind an aperture, and trapping be 
havior of deuterons implanted in carbon and 

Figure 23 Line intensities relative to the intensity ot 
resonance l,ne of fe XXV. as a function ot tfie electron 
temperature T,. 

(al Experimental results for the dtelecdomc satellite > 
and theoretical predictions 

(hi Relative intensify of the resonance line of Fe XXIV 
and predictions for coronal equilibrium by Jordon 
and Summers. The theoretica' results differ due to 
the assumptions made with regard to the lonuatian 
and recombination rates 
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U i i i j r i s L a b o r a t o r y ca l ib ra t ions o ! the 
o l i -ne:qei ic D ' i m p l a n t e d in Si were 
Ca 'cu la l ions of t rapp tng behavior and 
^ v e a d i n g were p e r f o r m e d for m o n o 

ri jr*H- , ind 'Vlaxwel lu n enerqy d i s t r i bu t i ons , 
r .o. '>\ i l !y and w i t h cos " d i s t r i b u t i o n 

* ' •asu'ements m low dens i t y , o h m i c a l l y heated 
t ' L l :;'SChjr(it'S | ) ( ,n i ! to a high f lux of 100 5 0 0 
>A ions • , i i |Mc t i n i | on the ' ion d r i f t ' side of the 
i ' -olK' Tn,> ' e l ec t i on d i d t ' side of the .nrobe 
i'. '. i)i: ' i i i:r,cf'l about h j ! f the dux at had the ir.edn 
er-eiqv pei p a ' d c i e These1 ene'qies are higher 
than t'-os-/ dc te i m ined by D o p p l e ' b roadenmq, 
hut ei|iJol to those de te rm ined by charge ex 
change Of the Several exp lana t ions p roposed 
to- tne d isc repancy , none has been p roven . 

"Pit rad i i i 1 dependence of the f lux and energy 
to tin.' ion s'dt' of the p robe , ( i e t e rmmed <rom 
n a p p i n g b e h a v i o i . is s h o w n m Fig. 24 The d e p t h 
piu- ' i ie and iaterai b roaden ing data aie in agree 
• ren t vvith the t rapp ing data. E x t r a p o l a t i n g to the 
i im i l e r pos i t i on anri assuming p c l o i d a l s y m m e t r y 
we Calculate that ion b o m b a r d m e n t of the l i im te i 
causes power and p a ' t i c l e losses of 50 kvV and 
8 X 10 D ' ions sec. We also ca lcu late that 
i m p u r i t y genera t ion by ion spu t te r ing releases 
1.6 X 10 ' ' Fe atoms sec and 1.2 X 10 ' ' ca rbon 
a toms sec f r o m the stainless steel and ca rbon 
l inn ters . Thus ion impac t on the l im i te rs is i m 
p o r t a n t for p o w e r and par t i c le losses as we l l as 
i m p u r i t y genera t ion m low dens i t y , ohnvca l l y 
heated plasmas. 

A low energy neut ra l detector system ( L E N S ) , 
based on the t ime of flight principle, was de 
signed to detect neutral particles, in the energy 
range 20 to 100C eV, which leave the plasma. 
Over lap w i t h the energy range accessible t c 
s t r i pp ing cel l d iagnost ics a l l owed cross cal ibra 
l ions to be made Abso lu te agreement w i t h i n 
a factor o ' 3 for E 5 0 0 eV was f o u n d be tween 
the L E N S and the s t r ipp ing cel l de tec to r ad jacent 
to it 

Fo i 'ow dens i ty ' n 1 4 X 1 0 : ' c m I. 
oh"- ;Cci . ; \ heated d e u t e r i u m plasmas, the energy 
d i s t r i b u t i o n o ' the r' j rge exchange o u t ' l u x 
iF i g ? ' j i shows n i t ia l peak ing at energies be low 

80c '000 

Figu 
ilEri 

re 25 The differential fhix emission function dl 
'. I plotted dl t 40. WO. and 200 ms 

Figure 24. Radial dependence ol the temperature and 
flux ol ions hitting the ion side of the probe. The outside 
iimiter was at 45 cm and the hottont limiter was at 
40 cm. 

100 eV. As the discharge evolves, the average 
neutral energy increases to a value of E - 2 0 0 eV 
and remains there during the flat top, steady state 
port ion of the discharge. For the steady state 
port ion of these discharges the central ion tem
perature was in the range 5 0 0 - 1 0 0 0 eV. This 
indicates that most of the charge exchange out-
flux originates in the colder outer region of the 
plasma. The totai outf lux of particles in the 
energy ranges 28 •' E • 1000 eV and 2 0 0 ' E < 
1 0 0 0 eV is shown in Fig. 26 . One again sees 
that the particles wi th E • 2 0 0 eV represent more 
of the particle outflux than those wi th E > 2 0 0 
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Figure 26. June evolution ol the ihix plotted with 10 n>s 
resolution lor two energy windows. 7", , M / . 800 eV 
h~„ - 12X10'' c/>:~ '. anil lp - 450 kA lor shot -24581 
shown 

eV A str king difference in intensity is evident 
between o ^charge initiation and steady state. At 
initiation, the neutral outf lux, assuming cos n 
emissivity of the plasma, is typically 3 X 1 0 ! ' 
D" cm • sec" ' . This falls by a factor of 30 in 
400 ms. From these fluxes and published energy 
dependent sputtering yields (J. Bohdansky 
et al., Symposium on Fusion Technology Per 
gamon Press, New York, 1979, 80I we calculate 
that sputtering of the wall (away from the lini 
iter) by charge exchange neutrals introduces 
2 X 10' * F e c m " ; sec ' at discharge initiation, 
but only 2 X 1 0 ' : Fe cm : sec ' during steady 
state. During steady state, the total power and 
particle outflux by neutrals is - 1 kW and 2 X 
10 ' " D° sec ' . Thus during the steady state 
portion of low density ohmically heated dis 
charges, charge exchange away from the limiter 
is a negligible cause af particle and power loss 
or impurity generation. 

In addition to these studies of D' and D" 
outflow, a major effort was made to install and 
diagnose glow discharge cleaning in PLT. 

Electron Cyclotron Wave Studies 
The lecent development of powerful mil 

limeter sources (i.e. gyrotrons) has stimulated 
interest in wave absorption near the electron 
cyclotron frequency, f c „ , since an understanding 
ol the absorption piocess car, describe the proper 
conditions for efficient application of electron 
cyclotron resonance heating (ECRH) in toka 
maks. Fo ECR heating o! tokamaks, the attrac 
live feature of ^he on ina iy mode near the funria 
mental election c y c l o o n frequency is that the 
wave can be launched from the low magnetic 
field side of the torus During FY79 direct mea 
surements were made of the ordinary mode 
wave absorption near the fundamental electron 
cyclotron frequency o w r the midplane of a hot 
tokamak plasma. 

Since in tokainaks S R ' , the absorbing 
cyclotron layer can bi jlacec! at the desired R 
or r bv choosing the appropriate central magr.etic 
held level BIR I for the fixed transmitter fre 
quency, f 71 GHr. Laser Thomson scattering 
measurements give both the density, n, (r|, and 
temperature, T„ (r), profiles. Thus by changing 
BIR ) we can measure the optical depth r (or 
absorptivity) as a function of r, or equivalently, 
a: a function of pairs of values of n, and T, . 
In Table I we summarize ordinary mode absorp 
tron results for two different experimental runs. 
The theoretical values of the optical depth. 
T.. , have been obtained by use of measured values 
c' •-., ;r-H T„. The nur^beis In Tjbie i die the 
mean values followed by the standard deviation 
in the measured values of density, temperature, 
and r, ,,, for four successive reproducible plasma 
discharges It is apparent from Table I that 
there is good agreement between theory and 
experiment for values of 7 In the range 0.1 -^ - ^ 2 

For low values of n,.If... f,. - f), one finds 
7 : n„T, . Thus the f . ordinary mode propaga
tion studies could be used to determine the 
local electron pressure, and therefore either 
n, or T, if one of the quantities is measured 
separately. 



TABLE I. A COMPARISON OF THE MEASURED EXPERIMENTAL VALUES OF THF: OPTICAL DEPTH, 
exp WITH THE CORRESPONDING THEORETICALLY CALCULATED VALUES, T,„ ' FOR THE 
PROPAGATION OF ORDINARY MODE 71 GHz MICROWAVES. THE DAT,* *ERE COLLECTED OVER 
TWO SEPARATE EXPERIMENTAL RUNS LISTED SEPARATELY IN THIS TABLE. 

T.(r) (eV) n,(r)(10 ' ' cm ') 

O.OS 
1 • ' - " 

T « x p 

160 • 88 0384 

' ' cm ') 

O.OS 0 05 • 0.03 0 

293 -171 0.716 0.246 0.21 • 0.16 0.09 : 0.03 

240- 14 0.7 0.14 0.14 • 0.04 0.11 -• 0 

647 • 35 1.09 0.11 0.57 • 0.06 0.38 : 0.05 

900 • 115 1.32 0.087 0.98 • C. 16 0.876 - 0.06 

270 • 57 1.30 - 0 0.29 -- 0.06 0.3 -- 0.028 

416 • 186 0.Q6 0.23 0.35 :. 0.18 0.3' i 0.07 

760 • 57 2.59 * 0.4 1 1.43 i 0.13 1.49 -0.15 

850 • 70 2.7 t 0.42 1.65 : 0.30 1.89 ± 0.0 

F 
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Poloidal Divertor Experiment (PDX) 

PDX is a large tokamak device equipped for 
poloidal divertor and field-shaping experiments. 
The goals are: 

• Development and determination of the 
effectiveness of poloidal d iver tor . mag
netic limiters, and other techniques for 
controlling impurities in large, high tern 
perature, collisionless tokamak plasmas; in 
particular, development of a shielding 
divertor for use with long-pulse reactors. 

• Determination of the confinement scaling 
as a function of collisionality for the range 
of parameters from present-day plasmas to 
those of reactor like plasmas; use of di 
vertors to control the effective Z and of 
neutral beam heating to control the plasma 
temperature. 

• Ootirmzation of the plasma cross section 
under conditions of relatively " f l a t " cur
rent distributions which are produced in 
conjunction with effective divertor control 

of the density of neutral species and im 
purities. 

• Determination of the maximum beta for a 
stable plasma confined in a tokamak under 
nearly optimum conditions of impurity 
control and cross-section shaping. 

• Development of plasma refueling tech 
niques that are compatible with impurity 
control in reactor-like plasmas 

MAJOR ACTIVITIES 
Summaiy 

Fabrication o ' the Poloidai Divertor Expen 
ment was brought to a conclusion this year, 
and the first pink-glow discharges were made on 
November 29, 1978. This was followed by two 
months of power tests ar.d diagnostic installa
tion. Full scale circular cross section plasma 
operations started early in February, 1979. 
Extensive glow discharge cleaning, feedback con 

Figure 27. The PDX machine. 17 



trol of plasma position and current, and the use 
ol titanium limners and gettering allowed PDX to 
produce low q (q - 3), low Z (Z — 2), and 
lonq confinement time l r E - i 35 msl plasmas 
after only two months of operation. (See Fig. 28.) 

Early in Apri l , 1979, PDX physics experi 
ments were suspended. The next six months were 
spent in preparations for divertor operation. 
Throughout this time neutral beam fabrication 
proceeded at the Oak Ridge National Labora 
tory with a target of installation in FY80. 

Fabrication 

Power testing, wh;oh began late in September, 
1978, proceeded throughout the first quarter. 
The program included testing individual PF 
coils, followed by combined PF tests, individual 
TF and system tests, and combined TF and PF 
systems tests. Early in December, the TF sys
tem was tested to full power. 

The installation of all major mechanical com
ponents was completed by November 21 , 1978. 
This included raising of the center shaft into 
position and assembly together with the end 
caps and the upper and lower thrust hubs. Final 
details of the vacuum system, bus, water, and 
hydraulic systems were completed as the op 

portumty offered, before or after the initial 
experimental operations. 

Final fabrication cost was S25,445,200. 

Discharge Cleaning 
Conventional low power Taylor-type discharge 

cleaning was initially applied for only 16 hours 
due to difficulties with discharge initiation at 
low fields in the presence of stray fields produced 
by induced currents in the divertor-coil vacuum 
jackets. This problem was solved by reconnect
ing poloidal coils to passively cancel the error 
fields and allow discharges to be started at steady-
state 3 kG toroidal fields. Intensive conditioning 
was undertaken with a dc glow discharge in which 
H : at a pressure of 3 X 10 " 2 torr flowed through 
the vacuum chamber at 10 torr-t/sec. One or two 
anodes located on the midplane provided a dis 
charge current of 2-4 amps at 400-500 volts. 

Impurity production was monitored with a 
differentially pumped residual gas analyzer and 
by in situ surface analysis. Impurities produced 
were mainly C H a , C ; H 4 , and CO. The initial gas 
phase removal rate of 1.5 X 10 ' " molecules/sec 
decreased inversely with time for 120 hours with 
a total removal of 15 gm or 120 monolayers of 
carbon. (See Fig. 29) Surface removal rate of 

•* Base ^ ' e s s . 

• i 

S.hr j ige ' . tor. rq 

D i s c h 
0 os f ra D vf 

Figure 28. Progress toward operation at design rating of 500 kA. 
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carbon and oxygen at the surface analysis sta
tion was 6 X 10 " ' atoms cm : sec ' . 

Initial glow discharge cleaning was accom 
panied by frequent arcing, but this gradually 
decreased along with the impurity level and the 
discharge occupied an increasing portion of the 
vacuum vessel. The improving cleanliness of the 
tokamak discharges was indicated by the dimin 

V**** 

S" 

Figure 29. Vacuum vessel cleanup by glow ducharne. 

ishing intensity of the soft x rays. The low level 
of oxygen and carbon 1Z„„ _i 2.0) after a short 
period of operation, despite the large surface 
area exposed to the plasma, is attributed iargely 
to the efficiency of glow discharge cleaning. 

Gettering, Feedback Control, 
and Diagnostics 

Internal vacuum vessel components that were 
exposed to the plasma (such as iimiters, pro 
tective plates, and microwave horns) were fabri 
cated from 99.9% pure titanium. Modest titanium 
gettering was done using one 3 gm/hr evaporator 
in the divertor burial chamber. 

The vertical field power supply was feedback 
controlled by use of an internal saddle coil de 
tector and held the radia! plasma position to 
* 2 3 mm during the plasma current flattop The 
vertical position of the plasma was also held to 
± 2-3 mm. In addition, the ohmic heating power 
supply was feedback-controlled during the plasma 

Figure 30 Ion wnpeiauire rlewnmnaT'un Iron-, charge 
exchange neutrals 

flattop, whicn allowed the plasma current to be 
held constant to - 3". during a pulse and from 
pulse to pulse. 

Diagnostics included magnetic measurements 
of I,-,, R,. ,in * ( 2, " B... a three channel 2 mm 
and 1 channel 119 p interferometer for n, , a 
four radial channel soft x ray system for T, (r) 
and impurity measurements, microwave radia 
tion measurements of T. (r), hard x ray measure 
merits of energetic electrons, visible and vacuum 
ultraviolet measurement of impurities, charge 
exchange and neutron production measurements 
of ion temperature, bolometric measurements of 
radiation profiles, and surface analysis measure 
merits of the "plasma-wall" interaction. 

Circular Plasma Results 
Typical plasma parameters for a circular deu 

terium plasma discharge with titanium gettering 
were: V i = 1.2 V, l „ = 360 kA, n„ = 2 X 1 0 " 
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cm T.. (0) 1.2 keV. T.(0) = 0.58 keV, Z. v i . 
2.2. 7, ^ 3 0 m s . a n d q L - 3.2. 

In the absence of a completed Thomson 
Scattering System, density and temperature 
profiles were based on microwave interferometer 
measurements and soft x ray pulse height analy 
sis. Charge exchange analysis gave the central 
tc.-i temperature (see r ig. 30), and the profile 
was estimated from a 'ransport calculation. 
Energy confinement times tended to improve 
with density (see Fig. 31) and fall in the same 
range as those measured on PLT under similar 
conditions. Thp soft x-ray spectrum indicates 
the presence o1 CI. T i , and Cr impurities. (See 
Fig. 32.) Z. was determined f ; om the enhance 
ment of the soft x-ray continuum 3rd was in 
the range of 2 to 3.2 for this discharge. No evi
dence for spatial peaking cr accumulation in time 
was _found outside the relatively large error bars 
of AZ. — -0.5. Vacuum ultraviolet measure 
merits yielded estimates of oxygen and carbon 
impurity concentrations early in time and both 
UV and x rays give Ti densities in th_e middle 
of the pulse. The contributions__tp Z as indi
cated by UV spectroscopy were AZ,(C) ^ 0.25, 
AZ..IO) ^ 1, and- iZ . IT i ) _ 1. 

Figure 31. Preliminary energy confinement data for 
circular discharges 

Runaway electrons, observed by hard x ray 
and neutron detectors, on occasion reached ener-
gies greater than 8 fvleV and caused photoneutron 
production at the titanium limiters - 10" n/sec 
Residual activation from Ti to nuclear reactions 
was observed predominantly on the outside 
limiter. The PDX runaway levels and photo

neutron flux were considerably lower than those 
seen during the PLT shakedown. 

Power radiated by the plasma was measured 
with a scanning bolometer at a position 100' 
azimuthally away from the limiter; for a typical 
case it was 240 kW out of a total of 430 kVV. 
Spectroscopic estimates of the power radiated 

• » * , 

'**<. • 

* W 

"*&** 

**&> 

â 
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Figure 32. Soft x-ray spectra. 
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by the measured impurities gave P R (C) ^ 5-20 
kW, P R (0) - 70 kW, and P R (Ti) - 150-190 kW, 
giving a total power radiated of 225-290 kW 
(neglecting CI radiation), in good agreement 
with the bolometric measurement. Surface 
physics measurements of impurities deposited on 
probes gave roughly the same ratio of 0 , Ti 
and CI as the vacuum UV and soft x-ray mea
surements. The radial distribution of power 
radiated from the discharge was essentially flat, 
but with an - 5 0 % peak at r = a/2 (T e ^ 6 0 0 e V ) 
and a second peak near the plasma surface. 

PDX was routinely run at qy. = 3.1; it may also 
be run at q t = 2.4 ( l B = 520 kA) by use of a cur
rent waveform that increases in time from an 
initial value corresponding to qy, - 3.5 to a final 
value of q t = 2.4. (See Fig. 33.) 

• ^ - r ' — / •• 
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'•:. ' '• ' • " e r 
' vi - •-

Figure 33. 500 kA discharge lq = 2.4). 

PDX Neutral-Beam Fabrication 
Neutral-beam heating of PDX plasmas will be 

necessary for operation in reactor-like regimes 
where the effectiveness of poloidal divertors 
can be tested and meaningful cross-section shap

ing experiments can establish MHD beta limits. 
The PDX 6-megawatt, 50 keV system is being 
fabricated ai a joint project of Oak Ridge IMa 
tion- ; ' laboratory and Princeton. Four main 
bean- •••nes will be installed for injection neatly 
perpendicular to the magnetic axis of the PDX 
plasma. The sources are modeled after the PLT 
60-ampere injectors, hut wil l be upgraded to 
100 amperes. At low electron densities of 
2 X 1 0 ' 1 cm"- 1 , the ion temperature is projected 
to reach 10 keV, while at high densities, near 
10 1 4 cm •*, the beta is maximized at - 5% with 
ion temperatures of 3 keV. 

As of September 30, 1979, installation of the 
first beamline is scheduled to begin at the end 
of the calendar year. 

PDX Modification 
PDX Modification is a general upgrade of the 

PDX facility proposed for implementation in 
successive steps during the period 1980-82. 

The high beta capability of PDX is extended 
into the 6-3 percent range by acquisition of a 
15 kA EF power supply. The total auxiliary 
heating capability is extended to 10 MW by the 
transfer of the 45 MHz ICRF system from PLT to 
to PDX. The neutron shield provides personnel 
shielding during deuterium injection exneriments 
in which 1 0 , ? neutrons/pulse are pro;, x d . The 
neutral beam long pulse upgrade extends the 
neutral beam line energy-handling capability 
and provides for the construction of neutral 
beam sources that wil l inject - 4 MW for 2-3 
seconds. 

The divertor long pulse hardware activity w i l 1 

upgrade the energy collection system to absorb 
- 5-fold increase in energy per pulse. A divertor 
system under investigation is the gaseous neutral
izes 

The results obtained from these upgraded 
systems will provide design data for ETF and 
INTOR. 
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Smaller Devices 

Supplementing the iarge-tokamak research 
programs at the Princeton Plasma Physics Labora
tory is experimental work carried out on a family 
of flexible smaller devices - the lineai machines 
L-3, QED-1, Q-1 and H-1, and the new small 
torus. ACT 1. These devices all produce steady-
state magnetically confined plasmas and lend 
themselves to precision measurements of plasma-
physics phenomena. In addition, their smaller 
size permits modification at minimum cost, giv
ing PPPL several highly versatile test-beds for 
advanced ideas in toroidal magnetic fusion. Note
worthy this year has been the experimental 
confirmation on QED-1 of the gaseous divertor 
collectoi concept. Showing that outf low of 
plasma can successfully plug the back streaming 
of neutral atoms from a gas collector, this ex
periment opens the way for the replacement of 
the ultra-high heat dissipation metal collector 
plate in a reactor divertor by an undamage-
able cloud of low-pressure neutral gas. 

Manufacture of the new small machine, Ad
vanced Concepts Torus-1 (ACT-1) was completed 
this yesr and the device has already seen a few 
months of preliminary operation. A 100-kW, 
200-MHz rf source (on loan from MIT) is being 
readied for use with ACT-1. to test the concept 
of steady-state current drive for tokamaks by 
radiofrequency means. 

Other work from this group of smaller devices 
also pertained to radiofiequency applications of 
controlled fusion. Linear and nonlinear effects 

associated with rf plasma heating at the lower-
hybrid frequency were studied both on the H-1 
and the L-3 machines and whistler-wave propaga
tion was diagnosed in precise detail on QED-1. 
The Q-1 machine achieved quantitativ" experi
mental confirmation of the toroia fusion-
relevant, impurity-driver drift-wave instability. 

MAJOR ACTIVITIES 
The ACT-1 /L-3 Program 
ACT-1 CONSTRUCTION 

ACT-1 (Advanced Concepts Torus-1) is a 
steady state toroidal device buil t primarily for 
studies of radiofrequency heating and current 
generation. The machine produces a toroidal 
plasma with minor and major diameters of 
20 cm and 118 cm respectively. It consists of 
26 sets of toroidal field coils and 26 identical 
toroidal-section chambers with large ports of
fering broad access to the plasma. The chambers 
are made of aluminum with water cooling capable 
of handling 50 kW steady-state heat load. The 
vacuum system uses Vi ton seals, turbomolecular 
pumps, and titanium gettering. A 600-kW motor-
generator set provides steady-state power to the 
water-cooled field coils which can produce 
5.6 kG magnetic field on axis. ACT-1 was de
signed in FY78, and the construction was com
pleted in August 1979. The first plasma was 
produced on August 9, 1979. The machine is 
shown in Fig. 34. 

Figure 34. General view of the Advanced Concepts Torus (ACT-1). The 100-kW rf transmitter may be seen at 
right rear. 
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During late FY79 ACT-1 operated typically 
wi th a simple zero-transform toroidal magnetic 
field, with plasma equilibrium maintained by 
veitical plasma current flowing to the limiter 
to prevent electric field buildup due to gradi
e n t s dr i f t . Plasma could be •-"•'viiicpcl hy doc 
tron cyclotron resonance heating and also by a 
tungsten-filament source. This latter method 
creates a relatively uniform low-noise plasma with 

frequency, it was possible to muke interfere 
grams for this component as well. 

<2X 1 0 n cm" lOeV a n d T } £ 1 eV. 

RF CURRENT GENERATION IN ACT-1 
The absence of Ohmic current makes ACT-1 

an ideal test-bed for rf current generation studies. 
A 100-kW transmitter (150-200 MHz) on loan 
to PPL from the Alcator group at M.I.T. wil l be 
used to launch unidirectional lower-hybrid 
waves to impart momentum to the plasma elec
trons. A 100-kW dc power supply has been con
structed for this transmitter and a 90 -phased 
power divider, together with a water-cooled 
electrostatic antenna, has been built for high-
power steady-state operation. !n addition to the 
ring antF..na, a dielectric-filled waveguide has 
been designed. This experiment will come into 
operation in FY80. 

PONDEROMOTIVE-FORCE 
EXPERIMENTS IN L-3 

It has long been recogni?ed that lower-hybrid 
wave energy propagates along localized resonance-
cone trajectories. However, at high power levels 
the strong localized electric fields of the wave 
can modify the plasma density through the 
ponderomotive force, which leads in turn to 
an alteration of the resonance-cone trajectory. 
This behavior was investigated experimentally 
in the linear L-3 device arid the results are in 
good agreement with theory as shown in Fig. 35. 
When the high-power, lower-hybrid driver, is 
modulated, the resulting density oscillation 
couples to electrostatic ion cyclotron waves 
{or = oj^i + k2 c5

2 '. The frequency of the lat
ter is determined by the modulating frequency. 
The wavelengths of the propagating electro
static ion-cyclotron waves were measured at 
various frequencies and the wave dispersion 
was verified for plasmas with several ion-species 
(He + , IMe*, A r + , K r ) . Moreover, with a non-
sinusoidal shape for the modulation envelope 
and, in the detection apparatus, a notch filter 
set at the second harmonic of the modulation 

Non Linear Theory 5 : . 4 

! • • • ! 1 ' 1 

Ring 5 I cm 

5 6 

Figure 35. Resonance cone modification by ponderomo-
live effects, (a) Location of tlie peak electric field in 
the r-z plane for linear (S E~ /8irnT ^ 0.021 and non
linear (S ' E2 MnnT - 0.4) power levels, (b) Axial loca
tion of the peak electric field vs. S. 
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PLASMA HEATING WITH A WIDE 
K||-SPECTRUM WAVEGUIDE SYSTEM 
OPERATING IN THE ION CYCLOTRON 
RANGE OF FREQUENCIES. 

Ion Bernstein waves launched from an ex
ternal waveguide rf coupler operating in its 
TE,, , mode may offer an attractive means for 
heating a reactor plasma. The proposed system 
would operate in the ion cyclotron range of 
frequencies, i.e., 50-200 MHz, and the waveguide 
aperture of 15-50 cm width and 100-300 cm 
height, would be quite compatible with reactor 
si2es. (Fig. 36) Large waveguide openings help to 
minimize voltage breakdown problems and it is 
anticipated that the rf power ( ^ 1 0 0 megawatts) 
could be provided with present-day-technology 
and at relatively low cost. 

IQ.j-2 w/&0-\3 

Hif}h-Densi1y 
ION Bernstein 

Wove 

Absorption 
Layer 

Figure 36 Launching scheme for a toroidal plasma, 
shc.ving absorption layer at ^ - 2ilT-

In a reactor plasma, the 'on Bernstein wave 
may be expected to transform into a high-density 
ion Bernstein wave. Fig. 37. This high-density 
mode is no longer rigorously an electrostatic 
wave but instead satisfies E||/Ei < ' K||/Kj_ « 1. 
Electron Landau damping is thus greatly re
duced - by as much as several orders of magni
tude - compared to the original ion Bernstein 
wave. Because of this reduced damping, an ex
ternally launched ion Bernstein wave wi th 
n|| < 6 is expected to penetrate to and deposit 
most of its wave power in the core of even a 
reactor plasma. A relatively large window in 
n|| implies only mild technical constraints on the 
design of the waveguide array. 

Figure 37. n kL C/LC as a function of ne for u^ = 
1.8 nD and ̂  - 1.412D, n-\ ' 3. 

The H-1 Program 
A NEW LOWER-HYBRID 
WAVE LAUNCHER 

A major advantage associated with plasma heat
ing by lower-hybrid radiofrequency means is the 
ability to launch the heating wave from a wave
guide array. Linear wave studies on the H-1 device 
have led this year to the invention of a new type 
of waveguide gril l, one in which the periodic 
boundary conditions necessary for generating a 
slow plasma wave are enforced not by electrically 
phasing rf power in adjacent waveguides but by 
providing passive reflecting elements on each 
side of the active elements, as shown in Fig. 38. 

Ceram ic 
Sea! — i 

i 

Figure 38. Top view of wave guide grill showing fixed 
grill structures. The single arrows indicate channels of 
active rf power flow; the double arrows, two-way flow 
in the passive elements. Spacing of the active and passive 
channels enhances the spectrum at the desired wavelength 
parallel to the magnetic field. 

24 



!n th is g r i l l t he wave length paral le l to the f ie ld 
is de te rm ined by the spacing between e lements 
Spacing of shor ted passive e lements is designed 
to enhance the spec t rum at the desired wave 
length . 

This concep t was f irst tested w i t h a s imple 
2 e lement array wh i ch ver i f ied that such a system 
can be tuned for l ow re f lec t i v i t y and enhance; ! 
rad ia t i on in to the resonance cone. The more 
advanced systems unde i s tudy on H I m i m m i / e 
the mechanica l and e lect r ica l p rob lems associ 
ated w i t h phased waveguide an ays such as m i l l 
t ip le t ransmiss ion feed l ines, c u s t o m bu i l t ce iamic 
w i n d o w s , and crosstalk be tween guide e lements. 
For lower h y b r i d heat ing o f latge to o idal sys 
terns, these new gr i l ls w i l l o f f e ' substant ia! 
r educ t i on in cost and c o m p l e x i t y 

PLASMA CONVECTION INDUCED 
BY RF HEATING 

Studies on H 1 of non i inea i ef fects associated 
w i t h lower h y b r i d hea l ing have led to an under 
s tand ing of the increase in the re f lec t i v i t y o f 

wavegu ide an ays at modera te power levels 
I 80 IV cm- i. Probe measurements near the 
rnout f i oi a t w i n waveguide show that A i i h i n 

20 /ji after rf i n i t i a t i on the plasma near the 
m o u t h of the waveguide is ver t ica l ly d is tor t ' - - ; 
The plasma above tm midp lan i - d r i f t s in to m i 
gu ide, wh i l e that he iow the m idp iane moves 
away i F i g . 39J . This d isp lacement A as found 
to be part of a uor tex m o t i o n of piasn a w i t h us 
center a few m i l l ime te rs out rle the m o u t h of 
the guide IF ig . 401 Probe measurements sh,A\ 
that the vor tex is .-iriven by an e'ectr ic <-eid set 
uo by a s y m m e p . c hea l ing o ; th-a e lect rons. 

A j . - : . : • . -

Figure 39 Cross sertinn o' Vie /;/as-".a surij.e *, r. re 
out waveguide. d): ,v*th .\a*egu'de oosit'0"ed :c fgd: 
as m Fig. 40, hut no >f '(..' 5 a-SeL dUe> '< '.s Uirne-; i;." 
Id} 20 user after rf is turned on 

T h e vor tex r o t a t i o n leads to a modera te in 
crease in re f l ec t i v i t y f r o m - 5 to 1 2 o at 1 kW 
The basic reason (or this change is that the plasma 
be low the m idp lane pul ls away f r o m the guide 

by r j mn- d i m i n i s h i n g the ef fec t ive wavegu ide 
Cross sect ion foi e f f i c ien t coup l i ng of s ;ov. 
A-avi.'S 

The QED-1/Q-1 Program 

EXPERIMENTAL SIMULATION OF A GAS 
OIVERTOR-COLLECTOH (QED-11 

pressure's 0 ! t o n An f - e neut ra gas nressute 
P. , in the co i l ec to ' c'-a'-'-iter s inceaset ! • h\ 
increasing the gas feed rale a t lo this ;:l a-vue' 
a c r i t i ca l value is rr.-cl.e-d at w h i c h the pluggmci 
e f fec t o' the plasma breaks d o w n and the to la i 
gas pressure, p , . in the plasma chamhei rises 
sharp ly . The pressure ra t io P. P, just before the 
cr i t i ca l po in t is t w o orders magn i tude greater 
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•i-.a'i t'-.e value o< this ra t io which obtains when, 
,is t'-L- feed rate s ncreaserl. plasma plugging 
" j> , i j 'o l - •"! d r i t t " ' ^ iq 411 

\ 

-1 I I ._ . 

figure 41 Neutral gas pressure Pj in plasma chamber 
an.-.' Pj n collector chaniher versus argon teethr.g rate 
mto toilette chamber As the argon feed rjte is >n 
creased to 20 xo'r i sec, the plugging breaks rlovrn rjue to 
high back pressure of Ar IP^f with respect to the plasma 
[pressure 

The phenomenon of gas plugging appears to 
arise from the ionization of the divertor neutrals 
by plasma electrons, which greatly increases the 
viscous drag due to the plasma flow. To study 
viscous drag, a modest amount of krypton was 
bled into the plasma, midway along the tube. 
Small holes in the tube wall allowed spectroscopic 
observation of the plasma at positions evenly 
spaced upstream and downstream from the gas 
inlet. Fig. 42 shows the spatial distribution of 
a spectral line of the Kr ' ion, at each of three 
values of T e . Clearly seen in the higher T.. plots 
is the downstream shift due to drag of the Kr" 
ions by the flowing plasma. 
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I iguiv 42 intensity ot Kr it 14846 6 \i lute as a turn, 
tion ot a>ial tltstauce The three curves to. • . Al corres 
po"vf to different plasma temperatures in the range 
Ob to 2 eV. sjith 7r T^ # T/tA Plasma flow is from 
left to right 

WHISTLER WAVES IN A COLUSIONAL 
PLASMA COLUMN (QED-1) 

The study ol wh.stler waves in the QED 
device In 5 X 10'-' cm \ B - 200 G and 
T. between 0.4 and 1.5 eV) has continued. There 
is excellent agreement between experiment and 
fluid theory for both dispersion and spatial 
damping at the lowest electron temperatures, 
as can be seen in Figs. 43 (a) and (b). As T,, 
is increased from 0.4 to 1.5 eV, however, there 
appears a growing discrepancy between the 
observed damping and that computed for clas 
sical values of the electron ion collision fre 
quency. The discrepancy, visible in Fig. 43 (c), 
probably arises from the increase in plasma tur 
bulence which occurs as T„ is increased. 
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IMPURITY-DRIVEN DRIFT W A V E t h " potass ium K <HM sium .CS> yro of oppos i te 
Sign 'negat ive and pos i t ive, respectively I just 

Theore t ica l studies have p red ic ted the exist inside the a p e i u n e The d r i f t '.vave in n __ 1 5 . 1 
ence of i m p u r i t y d r iven d r i f t wave instabi l i t ies is obseived in this region w h e n the i m p u n t y 
dr iven by the free energy of the densi ty gradi I rac t ion in n. '. exceeds 10 The wave p ropa 
ents of the ma in and i m p u r i t y ions, leading to qates oppos i te to the K d iamagnet ic d r i f t d irec 
anomalous d i f f us i on of b o t h species. Such an Hon w i t h az 'muthd i mode numbers h o r n m - 1 
ins tab i l i t y has been i den t i f i ed and s tud ied on the to m 10 
Q 1 mach ine . I m p u r i t y (ces iuml ions are in The exper imenta l dependence of ,...• and -, 
|ected (paral lel to B) t h rough an annular mesh on n, n , and magnet ic f ie ld agrees qua l i t a t i ve l y 
covered aper ture in to a potass ium plasma (see w i t h the results of a l inear k ine t i c t heo ry in slab 
Fig. 44) so tha t the radial dens i ty gradients of geomet ry This theory has been ex tended i n t o a 
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iHin :ocai analysis which accounts for 
j structure of the mode and the locali 
i' trie enpur Hies 

the Cs ions are pulsed m for a finite 
n< t i e " the linear growth rate and non 
i v r v a v m -an l)c observed It is found 

that the mode which persists in the steady-state 
is preceded hy two faster growing modes which 
decay back tc the noise level as the steady-state 
wave grows. Apparently, wave energy is being 
transferred among the modes and the expected 
frequency sum rule for such a process is observed. 
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vMesh 
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Tokamak Fusion Test Reactor (TFTR) 

The Tokamak Fusion Test Reactor (TFTR), 
shown in the artist's rendition in Fig. 45, is 
scheduled to begin operation in the latter part 
of 1981. The TFTR is the first magnetic confine
ment device capable of demonstrating the fusion 
of deuterium and tr i t ium at reactor-level power 
densities. 

Figure 45. Artist's view of TFTR. 

On the path to producing fusion energy under 
reactor-like conditions, the TFTR experimental 
program wil l realize many experimental goals 
that will impact the overall fusion program. The 
TFTR experimental program is being laid out to 
provide information necessary for the planning 
of next-generation reactor experiments (i.e., 
ETF). 

TFTR wil l demonstrate the capability of 
handling plasmas under reactor plasma condi
tions. This wil l include the test of advanced 
(imiter systems with the potential for avoiding 
the need for complicated divertors on future 
machines. In addition, TFTR will experience 
plasma current disruptions with a severity com
parable to those in reactors. Methods to avoid 
these disruptions and systems to withstand the 
disruptions will be tested during the initial 
TFTR experimental program. The next stage in 
the experimental program wil l be devoted to the 
detailed study of plasma stability and transport 
in a regime not accessible in present devices 
(i.e., at mean values of electron temperature 
about 5-10 times higher). These studies will 
help to define the details and hopefully confirm 
the general features of our projections for toka
mak operation at near-ignition conditions. 

The high-powered neutral injection capa
bil ity of TFTR will facilitate the study of a rew 

regime of plasms heating. These studies will 
focus on aspects of beam heating of potential 
benefit or detriment to the next stage of fusion 
research devices. These studies wil l include in
jection-induced • plasma rotation, beam-driven 
currents and heating-induced impurity contami
nation. 

TFTR represents an essential link between the 
present hydrogen machines and the first engi
neering test reactor, not only in its capability to 
produce fusion powe', but as importantly in its 
capability to produce and study plasmas at 
near ignition conditions. 

MAJOR ACTIVITIES 
The technical design activity was essentially 

completed in FY79. The construction efforts 
progressed satisfactorily. 

The Tokamak Flexibil ity Modification (TFIV1) 
project was initiated as a scaled-down version of 
the Tokamak Improvement Project (TIP). Tests 
were started at Lawrence Berkeley Laboratory 
(LBL) which indicated that at least one-second 
operation is feasible. 

In TFTR Research and Development, major 
prototypes such as the Neutral Beam Power 
Supply and the Ohmic Heating Interrupter were 
completed. The M-3 mock-up was delivered by 
Grumman Aircraft Corporation. 

The Neutral Beam program made important 
advances in FY79. Prototype components such 
as the power supply and the absolute valve were 
fabricated and are undergoing tests. The proto 
type beam line v JS completed by LBL. 

Construction 
In FY79 the TFTR site construction by 

Terminal Construction Corporation, under con 
tract to the Princeton Office of the DOE, pro
gressed from the excavation stage to the comple
tion of almost all the underground work in the 
Experimental Complex. Substantial progress was 
made towards closing in the Motor Generator 
Building, the Cooling Towers and Pump House, 
the Maintenance and Uti l i ty Building, and the 
Field Coil Power Conversion Building. 

Figure 46 shows the completed structures 
of the Pump House and Cooling Towers in the 
right foreground, and behind them the Motor 
Generator Building. Closure of these buildings 
is important for schedules, since it will permit 
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v.- . v i u r ol 1979 1980. Foi example, by the 
i-r'! u' F v 79. the installation of the two Motor 
u-.'neraior units manufactured by General Elec 
t"C Company and being assembled by Belding 
Coi[jorat!on, was already 12% complete. 

To the left of the Motor Generator Building 
is the structure of the two-story ' t. shaped 
Field Coil Power Conversion Building. 

To the left background, the Test Cell area is 
shown with most of the steel in place for the 
Trade level floor. Concrete for this floor has 
already been cast in some sections to the left. 

To the right of the Test Cell the concrete floor 
of the Neutral Beam Power Conversion Building 
may be seen. Beneath this floor is a large base 

mpnt which wiH serve as the Pump Room for the 
Tokamak Cooling Water Systems. 

At the end of FY7g_ construction of the 
Experimental Complex had reached 50% com 
pletio". 

Figure 47 shows the Office and Laboratory 
Building with the auditorium in the front center. 
This building is part of the TFTR Project, and 
is being built by J. F. O'Healy Construction 
Corporation under contract to the Princeton 
Office of the Department of Energy. The East 
Wing (upper left) has a basement which wil l 
house the TFTR Control and Data Acquisition 
Computer Rooms, and will be connecter! to the 
Experimental Complex by a tunnel. The com 
puters will be put in place by October of FY80. 
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Figure 47- Aerial view of the Office and Latioralory Budding. September 1979 

Remote Handling 
The M3 mockup, which is a full size replica 

of a section of TFTR (Figs. 48-50), was designed 
and manufactured by Grumman Aerospace Cor
poration ^nd delivered to Princeton at the end of 
FY79. Some additional machining work has yet 
to be done on the stainless steel vacuum vessel 
before assembly can be completed 

This mockup wil l be used for checking the 
feasibility of initial assembly procedures, and for 
developing remote handling techniques. Through 
out FY80, diagnostics, metallic vacuum vessel 
seals, actuators, adjustable limiters, and other 
components wil l be fitted and tested so that any-
operational difficulties can be corrected. 

Remote maintenance techniques, essential 
when TFTR becomes radioactive during tr i t ium 
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operation, are being developed in parallel with 
the assembly procedures. Priority is being given 
to the remote handling equipment which can be 
used for initial hands-on assembly. Two servo 
operated manipulating arms are on ordei for 
attachment to a mobile in-vesse! vehicle. They 
wil l be used to repair, replace, or modify com 
ponents wi th in the vacuum vessel. A large bridge 
mounted manipulator fitted to an overhead crane 
is necessary for passing the in vessel manipulator 

and the servo operated arms through the access 
part in the vacuum vessel. 

In FY79 work was started at Idaho National 
Engineering Laboratory on a remote welder. 
It is expected to be finished in FY80. 

Neutral Beam Development 
Activities in the Neutral Beam Line and Neu

tral Beam Power Supply centered around proto-
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Figure 50. PF coils in position on M-3 Mockup 

type completion and the start up of production 
units. The prototype beamline was completed 
by Lawrence Berkeley Laboratory during the 
summer and intensive testing was performed for 
three months. McDonnell Douglas Corp., an 
industrial subcontractor, completed the proto 
type neutral beam ion source. This source, a 
c i t ical part of the plasma heating system, is 
one of three per neutral beam injector. The 
completion of this prototype marks an important 
milestone in the overall development of the 
heating system. 

The prototype absolute valve, used for the 
isolation of the torus vacuum system from the 
neutral beam injector system, was fabricated 
by Leybold-Heraeus and is leady for final as 
sembly and testing. In September, the first 
support structure for the neutral beam vacuum 
enclosure was delivered to Princeton. 

Procurement of Neutral Beam Power Sup 
plies (IMBPS) from Transrex has progressed to 
the point where the prototype is now under 
going acceptance tests. These acceptance tests 
should be complete during the first quarter of 
FY80. 

The development program with RCA for the 
HV Switch Tube was completed at the end of 
FY79. Production of these tubes has started 
and three tubes have already been shipped to 
Aydin, a subcontractor to Transrex, to be in 
stalled in the Modulator Regulator subsystem 
of the NBPS, In addition, two tubes have been 
supplied to the LLL HV testing stand. 

The Ion Source protection equipment devel 
opinent program is continuing with Argonne 
National Laboratory. A prototype design has 
been completed and constructed. 

The HV Transmission Line development 
program is continuing into FY80. A sample line 
has been constructed and successfully held off 
test voltages of up to 275 kV and has passed 
the "worst cases" thermal tests. 

A temporary Neutral Beam Test Facility, to 
accommodate the delivery of the prototype 
NBPS as well as the first NB ion source, is being 
established. The facility should be complete at 
the beginning of next year, in time to install 
the power system and begin dummy load testing. 

Research and Development 
To accomplish the wide variety of research 

and development efforts associated with the 
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design and construction of TFTR, the Princeton 
Plasma Physics Laboratory has established both 
an in house R&D program and a contractual 
program with a number of highly specialized 
technology corporations and national labora 
tones. 

Accomplishments during this period include: 
design and fabrication of a prototype neutral 
beam power supply ITransrex); design and 
fabrication of a prototype ohmic heating inter 
rupter (Westinghouse); and fabrication and test 
ing of the prototype inner support structure 
(Rockwell). Westinghouse also completed the 
R&D sample program for Toroidal Field Coil 
production. 

Other R&D this fiscal year included selection 
of the silver coated Cefilac Helicoflex seal for the 
large number of circular and non circular vacuum 
ports on the TFTR vacuum vessel; successful 
welding ol the vacuum vessel bellows, and sue 
cessfu! brazing of large diameter (39 inches) 
ceramic insulating rings to metallic elements 
which can be weldea into vacuum ducts. 

The TFTR R&D program will continue at a 
lower funding level in FY80 with the major 
efforts concentrated on neutral beam compo 
ncnt development and remote handling and 
maintenance. 

TFTR Experimental Research 
The TFTR experimental research effort sup

ports the fabrication, testing, and eventual 
operation of the TFTR. The development of 
the CICADA control system in general, and 
plasma position control in particular, are ongoing 
segments of the experimental research program. 
The TFTR Flexibil ity Modification (TFM) 
Project was approved during the past year. Re
sults from transport modeling studies of the 
TFM discharges were used to support the pro
posal and to prov ie the basis for the system 
requirements. 

To realize the full operating potential of 
TFM, it is necessary to control plasma impuri
ties as well as the recycling of deuterium and 
tr i t ium. These problems are particularly diff i
cult, however, due to the large particle and 
energy fluxes which wil l be incident upon ma
terial surfaces in the TFM mode. Consequently, 
an extensive impurity control R & D program has 
been initiated within the TFM project. One phase 

of this program is the selection and testing of 
materials for possible use as limiters or protec
tive olates. Small samples are subjected to simu 
lated and actual tokamak plasma bombardment 
to determine bulk thermal response, surface 
properties, and hydrogenic retention charac 
teristics. Ir addition, a full size limiter has been 
fabricated for testing in PDX and is shown in 
Fig. 51. The material, TiC coated POCO graphite, 
has exhibited favorable behavior in the sample 
tests. The limiter, which is approximately 25 cm 
long, will be inserted into the PDX discharge 
by an actuator mechanism as shown. 

The other major aspect of the impurity con 
trol program is the development of a surface 
pumping system compatible with the limita
tions on stored tr i t ium. Ti sublimation getlering 
has been effective in a number of other tokamaks. 
Work is underway at the Sar.dia Laboratories in 
Livermore, California to determine the decompo
sition characteristics for hydrogenic species which 
have been pumped by Ti films. Fig. 52 shows 
the measured decomposition at 250''C of a 
1000A Ti f i lm fully loaded with deuterium. The 
rate is initially very high at large deuterium con 
centrations, then falls to a plateau level and 
finally approaches zero at zero deuterium con 
centration. From these data, it has been con 
eluded that tr i t ium can be removed from Ti 
films at 250''C in reasonable times. 

Central Instrumentation, Control, 
and Data Acquisition (CICADA) 

During the past year CICADA took delivery of 
all thirteen SEL computers and successfully 
demonstrated control and monitoring applica
tions. Three prototype operating consoles were 
active and three CAMAC links. 

A test system comprised of a SEL computer 
and a CAMAC link was installed on the PLT x-
ray experiment and is performing satisfactorily. 
It is used on-line during runs to collect, process, 
and display experimental data. 

A stand-alone, microprocessor-controlled CA
MAC test station was supplied to Transrex for 
testing the neutral beam power supply; another 
stand-alone system, to the Mound Facility for 
testing the tr i t ium gas system. Clock and timing 
system hardware was provided to both Lawrence 
Berkeley Laboratory and General Atomic. 
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At the end of September, the computer man
ufacturer's new MPX/networking operating sys
tem was installed in our computers. Effort is 

Figure 51. TFTFt'TFM test limiter for experiments in 
PDX. The materia/ is TiC coated POCO graphite and it 
will be inserted into the PDX discharge to determine 
the effects of plasma bombardment. 
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Figure 52. Measured decomposition rate of a deuterided 
908 A Ti film at 250'C as a function of the deuterium 
concentration. 

now directed toward integrating the PPL soft
ware into this system 

Flexibility Modification 
The TFM (TFTR Flexibility Modification) Pro

ject is a scaled down version of the original T.I.P. 
(TFTR Improvement Project). The main 
emphasis is still on making improvements to 
TFTR to permit extended plasma performance. 
At present the scope includes adding a fourth 
neutral beam to the tokamak, with all beams 
having approximately 1.5 sec pulse length, im
proving the capability of the vacuum vessel to 
withstand higher plasma loads, and increasing 
the maximum beta. 

Development tests were initiated at LBL to 
provide information on the long-pulse capabilities 
of the TFTR ion sources, and initial results indi
cate that at least one second operation is feasible. 

Development was initiated on new materials 
for protective surfaces to be installed in the 
vacuum vessel. 

Engineering work was concentrated on the de
sign of a gettering system to control plasma densi 
ty and impurity influx. Experiments on a num
ber of tokamaks have demonstrated that such 
gettering over an appreciable surface area ( • 10%) 
of the vacuum vessel is an effective method of 
meeting both of these objectives. The prelim
inary design of two candidate surface pumping 
systems that provide the gettering function was 
completed. One system uses the proved (PLT, 
ISXI concept of t itanium sublimation gettering, 
while the other system uses zirconium/aluminum 
gettering, to be tested in a plasma environment 
within PDX next year. 

Work was started on determining the plasma 
disruption loads in the TFTR-TFM system. Ex
perience on the Princeton Large Torus (PLT) and 
Poloidal Divertor Experiment (PDX) has shown 
that loads induced on conducting elements within 
the vacuum vessel during plasma disruption can 
be large enough to cause major failures. Since 
there are many such elements in TFM, including 
the protective plates and surface pumping panels, 
computer programs have been developed to de
termine eddy currents induced in conducting 
elements located within the vacuum vessel and 
for the determination of loads arising from these 
currents interacting with local magnetic fields. 
These programs can be used to determine simi
lar loadings in other reactors. 
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Diagnostics S500K) for the following TFTR components: 

Significant progress was made this year on a 
wide variety of diagnostics in readiness for entry 
into the predominantly fabrication period of 
TFTR diagnostics. The understanding of the 
effects of the radiation environment, the selec 
tion and evaluation of detectors and the develop 
ment of new diagnostic techniques have all pro
gressed satisfactorily. Lateness of definition of 
protective plates in the TFTR vacuum vessel, 
shortages of manpower and diff iculty in placing 
contracts in the second half of the year have all 
contributed to some delays relative to the 
schedules. 

During the year a neutron source foi calibra
tion and carrying out noise measurements in 
diagnostic components was commissioned, and 
radiation studies were also done at the medical 
reactor at Brookhaven. A thin platinum bolom
eter was developed and has been shown to be 
relatively insensitive to radiation and will short
ly be tested on PLT. The tr i t ium sensitivity of 
channel electron multipliers and radiation sensi
t ivity of windows and ' 0 ' ring materials for 
vacuum gate valves have also been studied. 

Concurrent with these problems introduced by 
the TFTR radiation environment, development of 
a 1-mm interferometer, a far-ir.frared CH,OH in
terferometer (the prototype operated successful
ly on PDX), a CO. laser forward scattering sys 
tern for ion temperature measurement and ad
vanced charge exchange systems have been car 
ried out to cater to the larger size of the TFTR 
plasma. Interfacing these and many other diag
nostics, evolving from their PLT and PDX pre
decessors, to the TFTR tokamak with its special 
bakeout, remote handling, radiation shielding 
and tr i t ium containment requirements has con
tinued through the year. A good start of the 
integration of the diagnostics with the CICADA 
computer system has been made by installing 
one of the TFTR computers for the operation 
of the PLT X-ray wave system. All these pro 
grams wi l l move forward, together with a much 
larger effort on definkion and fabrication of the 
diagnostic instrument- to be used on TFTR. 

Procurement 
Fiscal year 1979 sav. the successful negotiation 

and placement of major subcontracts (over 

TF coil case assembly 
Tr i t ium cleanup systems 
PF coils under 12 ft. 
TF coil case ancillary structural compon

ents - plate 
Metal enclosed dc equipment 
Capacitor charge and discharge system 
Vacuum vessel inboard/outboard supports 
Power diode assemblies 
NB vacuum enclosures 

Additional funding for accelerating delivery 
schedules of certain major components has been 
successfully applied to the following subcon
tracts: 

TF coils assembly and installation in TF 
case - Westinghouse Electric Corp. 

PF coils under 12 f t in diameter - Brown 
Boveri Corp. 

TF coil case assemblies - Allis-Chalmers 

A decision as to what methods will be utilized 
in accelerating delivery of the vacuum vessel 
(supplied by Chicago Bridge and Iron Co.) wil l be 
reached by mid December, 1979. 

The successful placement of the following 
major procurement (over S500K) is nearing com
pletion and should be accomplished early in 
FY80: 

Cryogenic piping system 
H/C system piping/vacuum system foreline 

P'Ping 
Non tr i t ium gas delivery system 

Delivery to the TFTR site of the following 
major components took place during FY79: 

13.8 kV switchgear 
13.8 kV mainleads 
Machine area cooling water tanks 
Energy conversion system transformers 

(partial) 
Energy storage capacitor bank (partial) 
DC reactors (partial) 
2500 MVA circuit breakers 
MG flywheel set 
Master-Slave manipulator 
13.8 KV current limiting reactors 
Component cooling water chiller 
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TFTR Blanket Module Experiments* 

The utilization of fusion energy based on the 
D-T ;ycle requires that the reacting plasma be 
surrounded by a blanket to capture the fusion 
neutrons. The captured neutrons breed tr i t ium 
from lithium in order to replenish the burned 
fuel, while the heat deposited by the thermalizing 
neutrons can be converted to electricity. In 
1979 the Electric Power Research Institute 
(EPRI) sponsored a study under PPPL direc 
tion to assess the feasibility of applying blanket 
modules to the TFTR in order to conduct 
engineering-oriented fusion blanket experiments. 
This investigation included an analysis of the 
engineering data that could be obtained to aid 
in the design of future fusion reactor blankets, 
as well as the operational experience that would 
be gained for the first time in important areas of 
fusion blanket systems. Conceptual designs were 
carried out for an Engineering Test Station in 
tended to provide modular blanket capability, 
and for a blanket module that would be used 
for tr i t ium breeding experiments. 

MAJOR ACTIVITIES 
Objectives and Engineering 
Benefits of TFTR Blanket Module 
Experiments 

Table II lists the areas where important ex 
periments can be carried out using TFTR fusion 
neutrons. In the base of a trit ium breeding 
blanket, the information to be obtained includes 
integral neutronics data and tr i t ium breeding 
rate profiles, using the TFTR toroidal neutron 
source and spectrum, as well as power deposition 
profiles (although blanket heating will normally 
be exceedingly small). 

Of all the intense neutron generators that 
will be available in the 1980s, only the TFTR 
provides the following features: (1) a geometri 
cally extended D-T fusion neutron source; 12) a 
neutron spectrum (including backscattered 
neutrons) that is characteristic of a practical 
toroidal fusion reactor; (3) sufficient test volume 
for a representative reactor blanket module. 

In addition to obtaining specific engineering 
data, operational experience would be gained 
for the first time in certain important areas of 
blanket technology: ( I I fabrication of breed 

'Sponsored by EPRI Contract TPS 79-705. 

ing elements; (2) blanket dosimetry and titer 
mometry in a fusion reactor environment; (3) 
electromagnetic isolation of the blanket modules 
from the tokamak plasma; (4) remote handling 
cf blanket modules; (5) neutron shielding effects. 

TFTR Engineering Test Station 

The basic requirement of the Engineering fest 
Station (ETS) is to provide structural suppo.t am: 
utilities/instrumentation interfaces for blanket 
module experiments adjacent to the TFT P 
vacuum vessel. The ETS would be located in one 
bay of the TFTR, between adjacent toroidal field 
coils. 

The ETS would support blanket modules with 
dimensions up to 78 cm in width, 85 cm in 
height, and 100 cm in depth, and with a weight 
up to 4000 kg. Access to electricity, water, an, 
gas. and pneumatic rabbit tubes will be made by 
means of a shield plug mounted on the same 
pallet as the blanket module. Fig. 53 depicts J 
blanket module installed on the ETS. 

Global Tritium Breeding Ratio 
A toroidal fusion leactor cannot exhibit a 

global TBR (Tritium Breeding Ratio) as large as 
the ideal TBR because of incomplete blanket 
coverage. For a given distribution of blanket 
modules, uncertainties (in addition to nuclear 
cross section uncertainties) in predicting the 
global TBR at-so horn difficulties in 11) modeling 
a heterogeneous blanket with finite width and 
height, (2) modeling the nec'.'on source geom
etry, and (3) determining the • eutron flux and 
spectrum incident on a specific blanket legion, 
taking into account neutron baefcscattering 
around the torus, degradation, and absorption. 
For a given total fusion-neutron production rate, 
the uncertainty in breeding rate in a local blanket 
region is estimated to be about ' 4 0 V 

The fusion-neutron source geometry in the 
TFTR as well as the fusion neutron flux in 
cident on representative regions around the 
torus will be measured. This information together 
with the integral neutronics data and direct 
measurements of trit ium generation in a blanket 
module would form sets of reference data used to 
calibrate design codes for toroidal reactors. The 
result is expected to be a significant reduction in 
the uncertainty in estimating the minimum 
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TABLE II. POTENTIAL FUSION BLANKET EXPERIMENTS ON THE TFTR 

TRITIUM BREEDING 

• Relate measured tr i t ium production and neutron transport to fusion neutron source 
characteristics and reactor geometry. 

CHEMICAL FUELS 

• Determine neutronics characteristics, power deposition profiles, and activation levels 
in relevant assemblies. 

HOT BLANKET EXPERIMENTS 

• Obtain engineering data on spatial power deposition, temperature transients, and 
thermal cycling. 

BLANKET INSTRUMENTATION 

• Obtain operational experience with practical neutron and gamma ray dosimetry 
and thermometry for fusion reactor blankets. 

ELECTROMAGNETIC INTERACTIONS 

• Verify techniques for electromagnetic isolation of blanket modules from the pulsed tokar.iak 
fields. 

SHIELDING 

• Obtain data on neutron shielding with special duct configurations. 

RADIATION DAMAGE 

• Compare radiatirn damage to organic insulators with results from other irradiation programs. 
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Figure 53 Elevation view of tlie TF TR showing a blanket module installed on the Engineering Test Station 

blanket coverage and required distribution of 
breeding modules for obtaining trit ium self 
sufficiency in future fusion reactors 

Lithium Blanket Module 
There are a great many conceivable types of 

blankets for tr i t ium breeding, and it is neces 
sary to establish a priority ranking among them 
in scoping the TFTR fusion blanket program. 
In the 1979 conceptual design carried out with 
the Babcock & Wilcox Lynchburg Research Cen 
ter, a gas-cooled, Z i r c l o y clad, lithium oxide 

'L i - 0> lattice was selected for the most detailed 
analysis. 

The spatially averaged specific activity of the 
central Li.-O rocis due to trit ium beta decay 
will be on the order of 1 nCi g after a single 
moderate level pulse in TFTR yielding a typical 
first wall fluence of 1.5 X 1 0 ' : n c r r r . After 
a single D T run in Mode II of no more than 10 
shots, the quantity of trit ium bred can be mea 
sured absolutely with an uncertainty of ' lO 0 ! ! . 
Combining this uncertainty with that of the in
cident neutron fluence on the front face l*8°o) 
yields an expected uncertainty in the measured 
TBR of less than -15'V,. 
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Engineering 

! • ! ' » ; i n«» in i ; Div is ion is a service or iented 
. I > " , I I I ' ovr- ?50 personnel . It provides the Lai) 

' . ' , ! ! ( " , . - . i ! 1 - TII,- technical support requi red for 
• •> i i ' " •" n• nt.,' pliysn.s devices and programs. 

' . ' . ' •, ' ' ? o : arq, p o r n o ' 1 o l t i le Div is ion 
. ' ] ' " . • ; ' • ' * : n . i j i i ' reorganisat ion in orfler to 
! . " • : il.s )0'. tj' \iqt-s int r ins ic ''J o|)t ;rat ion w t h 
,i':|i - I ' I J ' I I ' I . ' I I n i i f i . i ' r,i.-i. nons The resul t ing lunc 
' •" ./ si-i nuns in : un i f ied unp(;i three branched 
: ' - ' Y i v . v B ' . r n ' '.'!'• Compute- ' B 'anch. and 

Power Branch 
r.i>!• ipvis*'H of three func t i ona l g roups the AC 

P o v . f Sc f t i f i o Pie Rect i f ior Sect ion, and the 
: . i ' i i ; : , i : Beam Power Sect ion th is hranch handles 
... : " , ! r|i pnvM'i a::d energy requ i iements lor 
!'>• laboratory and associated exper imenta l de 
>. i• !-s Engineering services prov ided inc lude the 
•• , M n ! i ' . , t ; n ( , n | adequate and reliable line power 
tci t i n ' Fonesta i Campus, the design and fabrica 
ta in n f tinjl> fnerqy electr ical storage systems, 
povM'r ( ( inver ters, and high voltage direct curren l 
power supplies for t i ie neutral beam sources used 
m -'• perunenta l programs. 

Computer Branch 
The App l i ca t ions Programming Sect ion , Data 

i . 'O ' i i .s P ' ouu imminq and Operat ions Sect ion 
and C o n n o l s Sect ion o l this branch provide com 
p u t ' " and con t ro l related mnc t i ons for exper 
i ' ' ien;, i l urograms. Examples of these services 
nr ride on I me compu te r reduc t ion of exper imen 

tai data, systems and sc ient i f ic compu te r pro 
i iM " i ' r ' i n i l . hardware for acqu is i t ion and display, 
j i i d (lev'ce related supervisory and annunc ia t ion 
(.octrois 

Diagnostics Branch 
This brancn is composed of four sections Elec 

i ron ies . E lec t ro Opt ics , I ns t rumen ta t i on , aim 
Viechanical Engineer ing. A w ide var iety o' elec 
I ron ic c i r cu i t r y in devices for special appl icat ions 
is p rov ided by the b ranch , exemp l i f i ed by such 
i tems as low level signal processors, d ig i ta l and 
analog c o n t r o l systems, f i b e r o p t i c isolat ion for 
con t ro l and data t ransmission, and X U V image 
sensors. Also inc luded are the design and fabnea 
t i on of special ized m ic rowave and laser devices 
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for plasma diagnost ics In add i t i on , the branch 
has respons 'b i l i ty tor all mechanical aspects of 
diagnostics equ ipment relat ing to vacuum pene 
p a l m s port coo rd ina t i on , per ipheral suppor t 
structures, high [ lower rf accessories, and the 
labora tory d i ' i omzed water systems. 

Division Administration 
T , ; i s group is responsible for the p r imary func 

t ions o ' management and leadership. It provides 
i n f o r m a t i o n , data and suppor t for budget ing and 
m o n i t o r i n g , and guidel ines for ef fect ive engineer 
mi; p iocedures It is <i service group fo~ engineers, 
and is their l iaison w t h o ther P f P L admin is t ra t i ve 
of f ices 

Trie i o l l o w m g (groups are not associated w i t h 
any of the branches 

RADIO FREQUENCY SECTION 

The group is responsible for the design, rievel 
opmen t . and fabr i ca t ion of high power rf gen 
erators and neutral beam tube t ype modu la to rs 
used f c i plasma heat ing w i t h I C R F , L H R , and 
NBI methods 

TFTR DIAGNOSTICS SECTION 

Un ique in the Engine r ing Div is ion, this g roup 
s organised as a pro jec t , and is responsible for 

diagnost ic devices to be used on the T F T R . Work 
ing closely w i t h b o t h T F T R physics and engineer 
ing groups, this sect ion, together w i t h the re 
S( urces and expert ise of the ent i re Engineer ing 
Div is ion, is engaged in the de f i n i t i on and design 
of some fo r t y diagnost ics exper iments 

MAJOR ACCOMPLISHMENTS 

Power Branch 
AC POWER SECTION 

The largest pro ject comp le ted by the Sect ion 
for the year was the engineer ing, f ie ld supervis ion, 
and checkou t of the neutral beam supply au to 
t ransformers. The w o r k was comp le ted , the un i ts 
were energized, and have operated sat is factor i ly . 

A 4 ? 6 0 vol t power l ine feed was instal led for 
use on the P I T 55 M H z ICRH dc supp ly . Line 
power for a L H R H system is also tapped f r o m 
this source. 
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Section involvement with DOE activities relat 
ing to TFTR construction increased steadily dur 
ing the fiscal year. Considerable effort was given 
to integrating proposed additions and modifrca 
tions of existing systems due to TFTR require 
ments. 

Section activities for the year also included 
support to the Facilities Planning Group by the 
design of electrical aspects of Substation 18 and 
by starting design work on Substation 19 

RECTIFIER SECTION 

Initial operation or. PDX subjected the EF 
(Equilibrium Field) and OH fOhmic Heating) 
rectifiers to heavier loads than bad been encoun 
tered in PLT operation. As a result, certain 
previously noted latent defects were identified 
Preliminary proposals for correction were made. 
and the proposed programs undertaken Included 
were circuit renovation of both EF and OH 
rectifiers, strengthening some weak members, 
adding additional protective circuitry and instru 
mentation for rapid troubleshooting, and a new 
regulator circuit design for the OH rectifier that 
was fabricated using etched circuits. Hand wired 
logic circuit cards were also redone as etched 
circuits and installed on a step by step basis. 
Both rectifiers were simulated on a hybrid com 
puter to obtain a better understanding of the 
circuit behavior, especially of the feedback con 
trol properties. 

The hybrid computer also was used to simulate 
a TFTR power conversion circuit to aid in eval 
uating a firing module developed by Grumman 
Similar simulations were carried out on a digital 
computer to investigate feasibility of a feedback 
control scheme for plasma positioning using the 
TFTR EF. 

The Section completed fabrication and initial 
operation of the PDX pulse discharge cleaning 
power supply. This supply is used for higb power 
cleaning of PDX when the OH rectifier, normally 
used for this application, is in use on PLT. 

NEUTRAL BEAMS POWER SECTION 

PLT engineering by this Section during the 
year consisted of refurbishing the beam lugn 
voltage accel and decel supplies. 

Accel supplies were augmented by t-nclosing 
and air-conditioning the rectifiers for more teli 
able operation. The accel supply firing boards 
were replaced, using more highly rated rompo 

nents Decel circuitry was changed to enable an 
increase in momentary output current from 16 to 
25 amps. 

The fabrication of the PDX ion temperature 
and FIDE powei supplies and contrc's was com 
pleted. while fabrication, installation, and testing 
of the beam heating power supplies was 90". com 
plete Work on the beam supplies involved sub 
stanliai modifications of the PLT ac_el rectifiers 
to (Middle switching over to PDX at twice the 
previous power 

Section activities for TFTR consisted mainly of 
supplying aid in correctly locating equipment in 
buildings, and, to a lesser degree, advising on the 
procurement of power supplies. The FIDE diati 
nostic equipment for TFTP was in a preliminary 
definition "lage at the end of the period. 

Computer Branch 
APPLICATIONS PROGRAMMING SECTION 

Activities were concentrated on diagnostics 
programming softwa'e for PLT and PDX plus in 
formation displays for the experimental physicists 
of these machines Some of the more significant 
examples are 

Bolometers Smoothing in tin- radial direction 
was added to the array analysis, as was the capa 
b i i t y to write out data at certain time slices. 
Ttiese dat.i weie piocessed with an exper inienia 1 

ve-sion of tlie smoothing and inversion procedure 
Microwave Scatte'"Hj A urogram to perform 

the Founei a"aiysis o' neciowave scattering data 
was written The data are recorded using a Le 
Croy type 8210 waveform digitizer and type 
8100 programmable amplifiers. This system is 
used to provide better time resolution of the 
microwave spectra than was possible with the 
previous spectrum analyzers 

PDX Charge Exchange New equations and 
constants were added to compute voltage, cur 
rent, energy, and mass for analyzer No. 3 in the 
PDP 11 monitor and control program. In acidi 
tion. an option for direct user input of current 
and voltage was installed. Using this program, 
analyzers 1 and 3 were calibrated and calibration 
factors were added to the program. The real time 
and off line analysis programs were rewritten to 
include the computations, constants, and calibra 
tion factors The temperature versus time p'ot 
was added, as in the PLT programs. 

Machine Diagnostics Programs General The 
routines were updated and modified to add new 
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U:-.< ir.s An interactive plot control program for 
,: pl' i i putameter file was set up. This file contains 
]!• information necessary to Teate a plot of data 
i iki-ii during ,1 machine ( .wi t . Using this tech 
nifjui-. n'.)i time displays car be changed without 
teio<i(l«i!i| progiams, thus simplifying the display 
process 

DATA SYSTEMS PROGRAMMING 
AND OPERATIONS SECTION 

The most significant activity of this section 
during the fiscal year was the initial operation of 
the PDX machine data handling system. The DAS 
had been prepared to acquire day one data from 
diagnostics that were installed and functioning. 
These data were collected using transient dig 
iti/ers interfaced through CAMAC to a PDP 11 
computer tunning RSX. This computer, in tun, 
wrote the data to files on the PDP 10 that re 
turned plots o f (lata to the user. This was the first 
live test of the complete network developed to 
allow lite DAS to expand sufficiently to meet the 
PDX load. Throughout the year many more diag 
nostics for PLT and PDX have been added to the 
system load. 

During the month of January the DEC System 
10 CPU was upgraded from a Kl 10 processor to a 
KL 10. After some hardware difficulties, the new 
processor has become as reliable as the earlier 
Kl 10. The KL 10 provides a dramatic increase in 
speed due to cache memory and the fact that the 
core memory is four way interleaved. 

Several more computers were added to the 
DAS network. Included was the VAX 11/780 
that communicates with a PDP-11, which in turn 
communicates with the PDP 10. The Neutral 
Beam diagnostic computer and the Diagnostic 
Control computer were attached, using the PPPL 
parallel Data Channel, allowing neutral beam data 
to be archived with other diagnostic data, and 
users on the PDP 10 to pass positioning informa 
tion for various diagnostics on the machine. 

A significant effort went into the development 
of programs to control and communicate with a 
wide variety of CAMAC modules. There are now 
routines to service approximately twenty dif 
ferent modules. 

CONTROLS SECTION 

Modifications to PLT operating controls were 
developed to facilitate safe usage of the HTA 
(Hard Tube Amplif ier) employed far 200 Hz dis 

charge cleaning. Modifications also were made to 
the ICRF controls for the same reason. The con 
trols for both systems are now i.uegrated with 
other machine operations. 

Automatic conditioning of neutral beam 
sources and archiving of neutral beam diagnostic 
data using the neutral beam diagnostic computer 
were developed and applied to PLT. 

The Section expended considerable effort on 
the "shakedown" start up phases of PDX opera 
t ion, where last minute changes in subsystem 
operational status frequently required temporary 
control changes. 

The Section also provided PDX with vacuum 
controls, remote controls 'or limiter positioning 
and biasing, and for monochromator, bolometer, 
array detector, IR Laser, FIDE, Thomson Scat 
tering, and the Fast Wave Experiment. 

Diagnostics Branch 
ELECTRONIC, SECTION 

An extensive plasma loopvolt?ye measurement 
system was designed and bui t for PDX (Fig. 
54). Accurate determination of this voltage is 
very important, as it indicates and/or confirms 
plasma conditions resulting from various experi 
mental operations. 

Loop voltages encountered range from mill i
volts to several kilovolts, and a dynamic range of 
10,000 1 had to be accommodated. Unwanted 
noise and pickup coupled from machine acces 
sories (720 Hz ripple from the OH systems, for 
example) also were problems requiring solution. 

The final design solved these problems through 
the use of user-selectable amplitude ratios and 
low pass filters. The processor accurately condi
tions and transmits the signals through analog 
safety breaks to the control room. Circuitry for 
four separate loop voltage inputs has been pro
vided. 

The processor has operated accurately and 
reliably since installation in June, 1979. 

A system to control gas injection into the PDX 
machine, and for monitoring and displaying gas 
pressure at a number of points was designed and 
installed. This system enables extremely flexible 
control of gas flow before and during a machine 
pulse. Modes available include steady flow, 
pulsed flow, both with or without feedback, and 
an external shaped flow option that permits 
arbitrary f low during a machine event. 
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Fnjure 54. POX plasma loop voltage processor control roon, output panel 

Several subsystems are used: the gas program 
mer, the gas feedback unit, the gas valve driver, 
a dc ion gauge controller, a preamplifier, and a 
metering system. 

Electronic equipment to support the PDX 
Neutral Beam project was designed and fabricated 
during the period. Included were four 25 channel 
timers capable of operating alone or synchronized 
from the PDX master timer, data transmission 
systems with 50 kV isolation via light pipes, and 
interface units from the timers providing various 
output levels for compatibility with a variety of 
equipment. Gas valve driver control units also 
were provided. 

Other pieces of equipment produced lor PDX 
by this section during the year were: al a control 
system for the Surface Analysis Station using 
both manual and computer control via CAMAC 
and b) equipment for the FIDE and Charge Ex 
change Ion Temperature experiments, including 
timers of unique design, fiber optic isolated 
solenoid gas valve drivers, analog data transmis 
sicn systems, also using fibers optic isolation, and 
specialized analog amplifiers with switching logic 
to combine the outputs. 

ELECTRO-OPTICS SECTION 

A windowless intensified CCD detector system 
for use with a vacuum monochromatoi was 
installed for Laboratory use in March of the 
fiscal year. 

A commercially available Reticon Camera sys 
tern with a processor controller for use on PDX in 
making soft x-ray measurements was evaluated by 
the section. This equipment is now in lab use 
here. 

An engineering CCD test can.era was designed 
and fabricated for the Thomson Scattering Ex 
periment. The camera is bpmg used to evaluate 
CCD's for that diagnostic 

A periscope study to relay a near infrared 
image to a CCD camera was submitted by a com 
mercial source, results being approved by all PPL 
users. This was used as a guide in the preparation 
of a periscope purchase specifications document. 

A bolometer test set was constructed in order 
to evaluate platinum resistors as possible sensors. 
Irradiation tests were performed at Brookhaven. 

Othp' section activities included fabrication of 
a prototype Faraday rotator solenoid, a grating 
polychromator amplifier, and general support to 
the Thomson Scattering Experiment at PDX 
Camera design studies for neutral beam calorim 
etry, plasma TV, and the TFTR x ray camera 
were undertaken during the latter part of the 
fiscal year. 

INSTRUMENTATION SECTION 

An ult ialow noise amphfiei (Fig. 55) was 
developed and installed for use with the PDX far 
infrared laser interferometer system for plasma 
density measurements. Features include a noise 
density of 1 nV root Hz, 72 db gain over a range 
of 25 kHz to 3.5 MHz at the 3 db [Joints, and an 
output of 0.8 volts rms into 50 ohms. Two units 
are employed, one receiving a reference signal, the 
other a signal phase shifted in accordance with 
plasma density, both signals produced from 
Schottky barrier diode detectors. Both units 
drive phase detecting circuitry. In order to pio 
tect the rather fragile detectors, a relay is m 
eluded in eacfi amplifier to shunt the input with 
50 ohms when power fails or is turned off. 
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C o n s u m a b l e e f f o r t !)y t ins Sec t ion was de 
vo ted to the suppor t of PDX start up operat ions. 
A d ig i ta l safety break system w i t h m e d i u m and 
high speed channels was instal led along w i t h 
accessories to assure system c o o r d i n a t i o n . 

A large n u m b e r of devices were designed, b u i l t , 
and or p r o c u r e d lo r b o t h P L T and PDX in sup 
por t of d iagnost ics and da ta acqu i s i t i on . In addi 
l i o n , studies began for a n u m b e r o f T F T R diag 
nost ics, and a one m i l l i m e t e r m ic rowave inter 
f e i ome te r . 

MECHANICAL ENGINEERING SECTION 

Fabr i ca t i on and ins ta l la t ion of the PLT ICRF 
antenna load assembly was c o m p l e t e d and sue 
cessful ly tested The assembly consists of four 
h a l f t u m head coi ls with, ce iamie cove's. Fata 
day shields, high, vol tage reed tmoughs , and 
coax ia l l ine lengths. 

Blades and remo te l y d r i ven pos i t i on ing me 
chanisrns f o r t h e upper , (See Fig. 56) lower , and 
o u t s i d e l im i t e r s were c o m p l e t e d and instal led on Figure 56- PDX hmitur blade and positioning mechanism. 
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PDX. The blades were designed for cooling with 
helium or nitrogen and are adjustable over suf
ficient ranges to allow changes in plasma shape. 
Mirnov coils were mounted on the back of the 
blades, as well as in other locations inside the 
vacuum vessel. 

The forward scattering experimental appa 
ratus w.is completed and installed on PDX. This 
equipment is used in conjunction with a laser 
beam directed downward through the plasma. 
The resulting photon scatters at 10 degrees from 
the beam are collected for analysis by scannable 
viewing optics in the assembly. The optical train 
includes an image rotator, a discriminator {pre-
f i l ter), and an invertible grating to diffract the 
light to the appropriate polychromator. The train 
also can collect input from the Single Point 
Scannable Thomson Scattering System. 

Supply of deionized cooling water to the PLT 
high power ICRF generator tubes necessitated an 
addition to the CS water system, design and 
installation being completed during the year. The 
system also was augmented to provide water to 
the PDX neutral beam lines. Another water sys 
tern activity was design completion of the piping 
alterations, valving, and control changes required 
to allow parallel operation of the main system 

chillers, a change-over to take place in FY80. 

Independent Sections 
RADIO FREQUENCY SECTION 

This Section was occupied with the design and 
construction of several major radio frequency 
plasma heating devices and accessory components 
for neutral beam heating. Modifications of exist 
ing equipment to meet new requirements also 
were accomplished. The remainder of activities 
included insuring that all hiah power RF equip 
ment at the Laboratory operated correctly, as 
well as liaison to insure successful operation of 
the RF equipment lent to M.I.T. 

The PLT ICRF program was a two faceted 
effort, one to modify the existing 25 MHz system 
for semi long pulse (100 ms duration with min 
imal droopl operation; the other to complete and 
test the first 55 MHz generator. 

At the end of the fiscal year the 25 MHz 
project was complete and the generator has pro 
duced the required power of 500 KW with 100 
msec pulses into the PLT load system. Operation 
at still longer pulse durations was requested, this 
work being in progress at the year end. 

Figure 57 PLT high power ICRF equipment under contraction. 
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Construction of the 55 MHz generator (Fig. 
57) was completed, and testing to in excess-ol 
! MVV output had been realized, when notice 
was given to change the operating frequency to 
42 MH/ . The testing phase was halted to permit 
redesign lor operation at the new frequency, this 
work also being in progress at the end of the year. 

Design and construction of a 1.2 MW, 900 MHz 
LHRF generator system for PLT was started, and 
half the system hardware had been emplaced by 
September 30. Six type VA955 klystrons are 
used to feed a six-guide phased array at the ma
chine. Major tasks in this program included design 
of a movable coupler, a six-guide vacuum win
dow, an improved phase monitoring system, and a 
long pulse, high voltage power conversion system. 

Two neutral beam diagnostics modulators were 
constructed and tested for use on PDX, one for 
on temperature diagnostics, the other for FIDE 

on that machine. The FIDE modulator was de 
signed to provide fast rise and fall pulses. A 
typical FIDE signal, for example, might be a 10 
ms burst of square wave with 200 /us period. The 
older ATC neutral beam modulators were used as 
the basis for this equipment. Each was updated, 
using improved fiber optics, faster electronic 
circuitry, and a fault blanking circuit on the high 
voltage deck. 

TFTR DIAGNOSTICS SECTION 

A survey made of TFTR data handling require 
ments provided information to generate prelim 
inary estimates of local memory, sample rates, 
and types of digital conversion modules. The ob
jective is to provide a few standard modules to 
cover all diagnostic data requirements and thus 

simplify procurement, servicing, and spares 
provisioning. 

Two design reviews were held on the concep
tual design of the diagnostic neutral beam system. 
The mechanical design of the beamline was well 
under way by the Vacuum Systems Section of the 
FOM (Fabrication, Operations, Maintenance! 
Division. This Division wil l manage detailed de 
sign and fabrication of the beamlines as an in 
house effort. Procurement documents for bids on 
the source were being generated in September. 

Purchase of the beam power supply has been 
deferred indefinitely. It was agreed that a spare 
heating beam supply could be used for the 
diagnostic beam to effect at least an interim cost 
reduction. Possible technical problems with this 
approach were under study by the Neutral Beam 
Power Section. This Section is to be responsible 
for the management and coordination of engi 
neering work on the diagnostic beam project. 

A system level review of the charge exchange 
analyzer requirtments was completed. Various 
electronic approaches were evaluated for perform
ance and cost effectiveness. An electronic pulse 
counting technique for each channel appears to 
be the best choice in this application. A detailed 
cost estimate and program plan was produced 
using this approach. 

As an aid in the charge exchange vacuum sys
tem design, the PPPL computer group converted 
a Grumman-developed vacuum code for use on 
PPPL computers. Another code was developed 
specifically for the magnetic design by the Field 
Design Section of the FOM Division. 

The grounding study was completed and 
formally documented. Detailed recommendations 
were made to control the design of the cable 
raceways and installation of the diagnostics. 
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Machine Design and Fabrication 

The Machine Design and Fabrication Division 
is an engineering activity responsible for design 
and fabrication of experimental devices at PPL. 
This work is in direct support of the Research 
Department. 

Resources of the MD&F Division are divided 
among six sections. A general description of 
each section's activities is given below together 
with details of specific accomplishments during 
the report period. 

In the last month of FY79 the MD&F Divi
sion was reorganized into the Fabrication. Op 
erations and Maintenance Division. The primary 
design function of MD&F was transferred to the 
Advanced Projects Design and Analysis Division. 
The next annual report will reflect this change 
in responsibilities. 

MAJOR ACTIVITIES 
Division Administration 

Administrative matters for the MD&F Division 
are handled in this section. Included are bud
getary and personnel issues as well as technical 
supervision of the Division's work. 

A PERT type computer system is used for 
planning and management. Cost and schedule 
data are run for all the Division's work, and 
resources versus time are generated in tabular and 
graphic form. Cost and schedule progress is mon
itored with these data. 

Time reports and other personnel records are 
kept in this section. In addition, maintenance and 
trouble reports as well as spare parts authoriza 
tion and spare parts inventory replacement 
approval are also a function of this section. 

Under the reorganization noted above, the 
FOM Division has five branches. Administrative, 
Coil, Vacuum and Cryogenics, Installation and 
Maintenance, and Energy Systems. There are also 
18 sections. The major personnel changes are in 
the Field Design Group and Mechanical Drafting 
Group which were transferred to APDAD. 

Coil Design and Fabrication Section 
During the first quarter of the year a ma|or 

portion of the Section's effort was in support of 
the successful power test program carried out on 
the PDX device. 

During the balance of the year the major 
activity was the preparation of the shop and 
necessary tooling required to fabricate the large 
coils for the TFTR device. 

The former "meson" area, located at PPA and 
adjacent to our present shop, was cleaned out and 
set up to perform initial operations on the copper 
conductors. Arrival of the first shipment of 55-
foot copper bars is shown in Fig. 58. The bars 

Figure 58- Receiving first bars for Large Coil Program. 
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are inspected (Fig. 59), cleaned sandblasted, 
primed and taped (Fig. 60). The conductors 
are then moved into our main shop. Here the 
"smal l" winder (Fig. 61) will wind coils to 18 and 
20 ft diameters, and the large winder (Fig. 62) 
will find coils to 28 to 32-ft diameters, weighing 
up to 12 tons. Two tension lines are set up to 
1eed these winders, and each has the required 
equipment to cut oft conductors (Fig. 63), braze 
(Fig. 64) and blast clean (Fig. 65) as one length of 
copper is added to the next. The total shop is 
shown in Fig. 66. An electrical test facility 
(Figs. 67 and 68) was set up to provide the 
capability of dc and ac hi-pot and impulse testing 
of the coils to maximum levels of 300 kV. 

Other tasks performed included: 
• Fabrication of replacement coils for the 

resistor breakers in the MG room. 
• PDX bus changes and maintenance activities. 
• Four neutral beam bending magnet assem

blies were completed (See Annual Report 
for FY78.). 

• Fabrication of test samples for the TFTR 
Program. 

• Fabrication of a "thermal image" for the 
PDX TF system. 

-' g.jrc 59. Copper inspection bench -Large Coil Program. 

-' -,..".- FJ0 5-Head automatic taping machine Large 



Figure 62. Large winding station-Large Coil Program. 
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Figure 65. In-line sand blast station — Large Coil Program. 

• Engineering support of the PLT stellarator 
design proposal. 

• Engineering support of the Spheromak de
sign proposal. 

Engineering Services Section 
This Section provides tradesmen for the various 

experimental activities at PPL. In addit ion, opera
tors and maintenance people are assigned to 
operate the large MG sets. Trades available in
clude carpenters, electricians, metalsmiths, 
plumbers, welders, millwrights, and yeneral tech
nician service. 

Roughly the first half of FY79 was saent in 
final assembly and early operation of PDX. After 
initial start-up. Engineering Services support was 
available to remedy the many l i tt le problems 
associated with a new machine. Following this 
first run period, a substantial effort WPS again 
applied by Engineering Services to modify plumb
ing and structural aspects to accommodate the 



ful l divertor operation mode. This work con
tinued to the end of the fiscal year. 

Work on TFTR projects increased subs'aniially 
during FY79. The primary deionized water sys
tem for that machine was pre-assembled in the 
shop. It is now ready for final installation at the 
site. 

A major support effort was also expended in 
set-up of the Coil Shop facility for fabrication of 

the TFTR large PF coils. That production line is 
now complete. 

Support continued during the fiscal year for 
the TFTR Mockup effort. Work was done on the 
M-1, M-2, and M-3 mockups in the 1-H building 
area. This is an ongoing activity that wil l be con
tinued next year. 

MG operators provided their services for three 
shifts during a majority of this period. 

Figure 66. View of main shop-Large Coil Program. 



figure 67. 
pulse tester 

Coil Shop Electrical Test Facility-300 k V inl
and 100 kVcorona detector. 

Field Design Section 
The following tasks were accomplished during 

the report period. 
• The magnetic field analysis for the PLT 

stellarator scoping study was completed. 
• A program was written to calculate the 

magnetics of a twisted TF stellarator. 
• A three-dimensional iron code for the TFTR 

charge exchange analyzer was developed. 
• Continued support was given to the TRTR 

Diagnostics Group by supplying additional 
eddy current calculations. 

• Additional work was done for the Grumman 
force study on the PDX TF coils. 

• PDX Upgrade (STRETCH) studies were con 
tinued into FY79. Current and voltage pro 
files were computed for application to a 
revised power supply system. 

• INTOR studies produced shaping field, 
ohmic heating, and poloidal divertor coil 
parameters, etc. TF coil studies followed. 

• Several PDX voltage suppression schemes 
were provided for the purpose of optimizing 
the method of reducing voltages across the 
PDX vacuum vessel break. 

• Circuit models were devised to try to un
derstand the low resistance conditions in 
the P L T T F system. 

Figure 68. Coil Shop high voltage test facility - control room 
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Structural Design and Fabrication 
Section 

This Section was responsible for the following 
accomplishments during FY79. 

PDX 

The assembly and power testing of the PDX de
vice continued as one of the major efforts of the 
section during the early months of the fiscal year 
The final stages of the assembly included the 
completion of the center column assembly and 
conclusion of bus work and the water cooling sys 
terns A first p!as.na was achieved during tht 
power tests on November 29, 1973, however 
assembly tests continued into January 1979 ;n 
parallel with power tests 

MATERIALS TEST LABORATORY 

Prior to a:id during the PDX power eists. •'•>.• 
Materials Test Laboratory provided instrumenta 
tion, installation, setup, and calibration services 
together with the operation of the data acquisi 
tion system. After the power tests reduction and 
analysis of the data were performed and a com 
prehensive report was prepared. 

In collaboration with the Electronics Section, a 
CAMAC compatible data acquisition and instru 
mentation protection system was designed, tab 
ricated, and installed on PDX. 

The PLT 3-Coil Test was instrumented and 
operated at full design load and current. 

A number of routine tests (tension, compres 
sion, shear and metallographicl were performed, 
and fixtures and instrumentation for special 
purpose tests were developed 

STRUCTURAL DESIGN FINITE 
ELEMENTS METHODS 

Finite Element Methods (FEM) were utilized 
in the following stress analysis s t i l ies. 

• PLT Stellarator Scoping Stedy, completion 
or extended FEM model ana study of stress 
on TF coil =4. 

• TFTR PF coil analysis and torque tube teeth 
analysis. 

• PDX liaison with Grumman Aerospace Cor 
poration on the FEM study of the PDX ma 
chine completed during FY79. 

• TEXTOR vacuum vessel a"d", sis com;. . .!•-: 
(device to be fab' i ated j i Ju i ' f . V';es- Ge' 
many) 

• SLPX suh s l i u i tu - ing en . i l , vs i O " p i ' M l 
(proposer! Supe'conduch'iu L'inn Pu'se t v 
penmentl 

PLT - STELLARATOR SCOPING STUDY 

The structural design o! the helical coi »u;.pu'! 
system 'or t i e nroposed P LT Sti ila'a'oi :•.••••• 
completed Finite element methods r.er.- used <••• 
investigating a number o ' design alter r-.at'vs anil 
configurations This work u-as rompieler: 
August 1979. A more det.iii.-d tenon can ;,, 
found in PPPL T'>' 323 

TFTR REMOTE MAINTENANCE 

Engineer ing s u p p o l ! f o r the r i e v l o p m e e I o" 
remote maintenance- equipment .incl techniques 
for TFTR continues A erev. of technicians 
fabricated toolmq to remove the lower oval p o " 
flange from the vacuum vessel Work continued 
on remote handling and initial assembly of the 
shear panels A model nf the vacuum pump duet 
including insulation was fabricated and used in 
removal rehearsals 

DESIGN SUPPORT FOR TFTR NEUTRAL BEAM 

The fabrication of the four neutral beam sup 
systems is 75 complete and on schedule 

The first of the four units was received in Septem 
her 1979. The neutral beam calorimeter proto 
type design was reviewed and updated. The draw 
ings for the production units have been com 
pleted. The fabrication of the calorimeters is 
underway. The design of the neutral beam duct 
support system has been completed and fabrica 
tion drawings released. Fabrication of the four 
duct support systems will take place at PPL. 

Vacuum Design and 
Fabrication Section 

The Vacuum Section continued in its respon 
sibility for the design, fabrication, and installation 
of vacuum and cryogenic jystems. It also remains 
responsible for initial startup and checkout of 
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ACCOMPLISHMENTS 

f i s '.HMu-fdl suppor t for n ia in td innu) was c o m p l e t e d . Ope ra t i on of t it a 
•>nn>< ui»'!:iUru\ : a b o i a i o y systems ;s m u m evapora tors and c ryogen ic 
:•••! panels reduced the b a c k g r o u n d fires 
• I-] st.;!*' Hoes desifjn w o r k , and a sun- r The vacuum vessel t o 4 x 10 
j p p r . i * i m , i l e i y 30 t e d mic ians fa.br I ( die tOf< 

•WJIUUII system L u i n p o n c n t i A wel l • f J I f Suppo r t was p rov ided (or gas mjec 
.ho : inf ' i j r l t r i i j ' d r i l l i n g lor machinin<| l i o n and cjas p u r i f i c a t i o n . 
• i nro\. Tics fab r i ca t i on and maiTHenan< e • I i T R A hiqf i t h r o u g h p u t qas i n j ec t i on valve 

was deve loped and tester). A fac i l i t y 
was establ ished for assembly of the 
T F T R - leutrai beam system Consul t 

and .issee-:- . ,' , ),v,.r -iff . M q on c ryoqemc and vacuum p r o b 
V*1' i r d p jSTi. i o p w j i i o t . UMI.S c o n P n u e d 

Advanced Projects Design and Analysis Division 

Tt , f A f i \ a n o ' d P to |e . t s Design and Analys is p r o v i m e n t s , the e lec t ' i ca 1 systems branch of tfie 
f o r m e d in Aui iust 1979 .is a m o i l ' E " i | i n "enn ( | Test Fac i l i t y I E T F ) Design Center I ) ' ' V\ 

• ' " i i ' w i ! ' i | l . i i i 7 . i t i on ftn p i o v d i ' K i ent imeeruKi at Oak H.idije. anci the I M O R Po 'o ida i D i ve r to r 
s:. i =: > n •: to advanced concepts for magnet ic S t u ' h ' s 
. o i ' ! : ' i i " t<ent w p e •usion machetes A l t h o u g h Other act iv i t ies i nc luded the p repara t ion of a 
M i i ' i n i i , mi to p rov ide techn ica 1 suppor t to i i ropos. i i to design and bu i l d t in . G 1 S p h e r o m a k , 
T F T R as a t op p r i o r i t y , the D iv is ion has been a modest w e d device i n tended to d e m o n s t r a t e 
act ive v i nvo lved in concep tua l s 'udres o l ad f o r m a t i o n of up to 5 0 0 k A spheromak plasma 
vanced pro jec ts c o n f i g u r a t i o n ' , on a 100/ /sec t i m e scale. 

Work was in progress s u p p o r t i n g Tokamak 
F l e x i b i l i t y M o d i f i c a t i o n ( T F M I for T F T R mi 
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Design Studies for New 

D u n n y F Y 7 8 . PPPL began to par t i c ipa te 
ac t ive ly in the n a t i o n s ' reactoi design e f i o r t in 
suppor t of the Engineer ing Test Fac i l i t y 1ETF1 
A n approach very s imi lar to the ETF has been 
taken by the In te rna t i ona l T o k a m a k Reactor 
M M O R ) s tudy group in preparing, plans !o i a " 
expe r imen ta l t okamak t rac tor unde i the aus|> 
ces of the In te rna t i ona l A t o m i c Energy Agency 
H A F A ) PPPL members have also been acPvc in 
the I N T O R design qroup, and have o i g a n i / e d 
the s u p p o r t i n g physics e ' f o r t in the U S. fus io» 
c o m m u n i t y 

In v iew of the favorable prospects '01 nnple 
m e n t a t i o n of a tokama i . ETF I N T O R reactor 
fac i l i t y . fu r ther < Je:-sicir̂  w o r k on a sf io '1 [i ins'-
i gn i t i on e x p e i m i e n t a! PPPL i h i J P i n c e n e 
I gn i t i on Test Reacto i f P l T R l ' has been h e : d •• 
abeyance. Design studies on a ionq |JU se suiter 
r:onrJuCtmq hyd rogen device v.v 11 pmce-en 
(.arallei w i t h the ELF I N T O R ••<•<<i" u t l .-. 
v iew to r jevelop 'ug advanced tokamal- riesrq1 

features to im j i t ove Ihe a tpacpveness rr • 
f ' j l u r i j co:i:iT!i."C'ti t o k j r r a l - reactfe 

In the area o l advanced r:oncepts, PPPL has 
unde r taken fab r i ca t i on of t in- S 1 Sph i ' i om. i k 
w h i c h basically resembles a tok . imaf but does 
away w i t h the need fo> ex te rna ' t o io rna fe-'r! 
coi 's 

MAJOR ACTIVITIES 

ETF/INTOR Studies 
Studies of the requ i rements o l reaching igm 

Hon in ETF I N T O R have been earned out at 
PPPL using t ruPspo i t codes that mode l the 
par t ic le and energy balance in a t o k a m a k . The 
plasma pe r fo rmance spec i f icat ions have been 
that the bu rn shou ld hist at least 100 seconds 
at a plasma pressure high enough to p rov ide a 
neu t ron wal l loading of at least 1.3 MW ni 
Some results of c o m p u t a t i o n s e m p l o y i n g an 
empi r ica l mode l for e lec t ron therma l t r anspo i l 
are shown in Fig. 69, for the case w h e n : a pun-
D T plasma is heated to ign i t ion by 150 200 
keV d e u t e r i u m beams in jec ted nearly pe ipend i 
cular to the m a m magnet ic f ie ld . The |>hysics 
aspects of ETF I N T O R are more fu l l y discussed 
be low in the sect ion on Theory . 

Devices 

' qiirr G<J O-• ;:.!.,!;•• , • • • • : , . • • H': ? n • > tl " , < » J I, n • 

• I'm /» • • . . - •<>• f Tl " \ 7 i i c : . - •<-.- , .,- i-i l.'iO POO •••: 

i t - u l m . / ' 'ii.,- ' ; „ : ,:,:••-, , • » • • ( " '• •• • ' , ' • in . " " • • ."•• 

On the engineer ing sule PPPL has assumed 
ies|>onsibi l i ly lo t the I'lectr ic.i! system design of 
the E T F . and has moved p e i s o n i " " to O R N L to 
acconi | i ! ish this lask. i nc lud ing the su|iei v is ion 
of indust r ia l engineers at O H N l The Design and 
Analysis D iv is ion d i rect ly s n i m o ' l s this e ' f cm 
and a number of o the i act iv i t ies, on assignment 
h o r n ETF . In a d d i t i o n , the T F T R Div is ion 
l ie isonne l . a long w i t h members of the Ehas io 
G r u m m a n T F T R indust r ia l par tne ish ip . player] 
key roles in the assessment of R & D needs for 
ETF I N T O R . 

file:///7iic


The S-1 Spheromak 

; ' ' • • ' " :>- , u 'K t ' p t cnv is . tH . 'S ,i U i i o u l j 

" ' '• • " ' ' M l l l l t l i i l , l l " | | l u i ( i l ( l < l l f l l ' l l l -
<•••''•.', : i , | i . j r r ' , | . ( } ! l ) l l l , | ! r x l ' M Md' 

• • •: > : • • " ! ) I Si ' l 111 m i s , :111TH -11 n 
' ' •• r h -,.- 7 1,,. , | , , | „ ' , | V , , ( 

• , .• i ' , " ••-.,,', l . i - s l , ; , , ! . - , | I I I , ( i i , . I 
I ' l ' l [ , | . . . ,; I V ; H . , , ,< ! i \ . . . ! i n , i , . | | . i 

S 1 I 

| •.. . • i I - " . , ' • . : .i : u , ; . „ , , r . ,. ; | 
\ ' . • • •'• ~t, , • . • . | i . " -i i - I I I M I . .- . .i 

• • i! •• i ' l , i - I | I l , i - . , v . ' t n u i . i l . i ' i l l , i • , I M | l I). 

• . . • i , -!. i ' , ' ! i s . , , ( I ,1 iV ,P - h . . . | i , i m i l . , 1 

,. ...si ' ,1 , . ' I . i ' - i i s l f i i l i s P i . ; , , , : •-,,,!... ! , , - , | 
• J ' - . I . • I I i ; " , J i n - i M i n - i ! | i i , ; i i - i - t i j i jx is 
" • • . ' • • . r i . ' . 1 , : " '•''' , ] .- i i \ o l c u ' i r t M I'"1 I 1!- ': p u l O ' P j 
' i , J . ; ••. , ! ' : - I ' I U ' - ' S ,i K i m i ' . : ' p ' d y i . d - U ' 
i , i -1 

j s r p j . ' . i l r i i S[il,,'i nm. ik <:oi ' l i ,n i ' i ! ;o!, . r i ; : i , , . | | . | , 
incfl.VlSIMi; [he to , ; ) , ; ] , ! 1 pldSllld C l l l H " ' ! " . 

The S I is schi'duU.Hl "'oi num,. fxpi'imiisiTd 
tion opci.ition in FY82 Misinwlnli' rx i i ' i - sv . . . ' ' ' 
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Theory 

The ri'seair.h of the Theoretical Division t;n 
compasses a wide range from fundamental work 
in continuum physics to design studies for 
tukiimak reactors and applications to astro 
physical plasmas The Plasma Physics Laboratory 
:., lor lunate to have a large enough theoretical 
group to address these issues in a meaningful 
wey. leading to immediate cross fertilization 
heUven hasic scientilK investigations and appli 
I , . I , I ) ' I S . 

MAJOR ACTIVITIES 
Summary 

Tins section descrihes some of thi' research 
highlights of FY 79. 

Bo'h experiments and linear stability theory 
have shown that line scale turbulence will de 
velup n tokaniak and other toroidal magnetic 
conf inernent devices. Hence it has In en a contin 
mug goal of theoretical fusion research to 
understand in a i|uantitatii/e manner how this 
lor bu/ence affects conhnemr.'ni. Theoretical 
methods to deal with turbulent states were first 
developed in fluid mechanics. An important part 
of our research program consists of modifying a 
key approximation scheme of fluid mechanics 
the dncot inteiaction approximat ion- to address 
the more complicated problems of plasma turbu 
lencc. 

Advances in computers and computational 
techniques now permit direct simulations of 
plrisnid Hit bulener which serve as "cornputa 
tional experiments" to both validate and guide 
our analytic efforts. The Theory Division has 
devoted a significant effort to improving the 
sophistication and accuiacy of these computer 
experiments. 

Although linear stability analyses have long 
been a major object of theoretical plasma 
investigation, new and significant understanding 
regarding the effects of toroidal geometry on 
dr i f t waves and ballooning modes was achieved 
in 1979. Drift waves, which are thought to 
provide the anomalous heat conduction in low f< 
tokauiaks, are always observed experimentally. 
We now understand how toroidal geometry 
effects negate the magnetic shear stabilization of 
these modes predicted by simplified slab-
geometry analyses. Ballooning modes had been 
expected to occur in tokamaks as the plasma 

pressure increased, but analytic work in simple 
lied geometries predicted that these modes 
would become stabilized as the plasma pressure 
was raised still higher. Numerical work with 
realistic equilibrium states supported this predic 
tion. 

The presence of stochastic magnetic fields 
(small scale magnetic field fluctuations which 
destroy the magnetic surfaces) is expected to 
altei the large scale stability properties of 
plasmas. A first attempt to model the effect of 
small scale fluctuations via an enhanced electron 
viscosity on the well known tearing mode shows 
that micromagnetic turbulence leads to an even 
stronger instability. Evidentally the interplay 
between small and large scale instabilities must 
become an important topic in fusion research. 

App!ications-bo1h fusion and astrophysical-
are essential elements in the Theoretical Division 
program. These examples are given: trapping of 
cosmic rays, the modeling of an edge region of a 
tokamak, and the physics aspects of reactor 
design as identified by the International Atomic 
Energy Agency INTOR reactor study project. 

Toward a Systematic, Quantitative, 
Analytic Theory of Turbulence 

We are developing an analytic theory of 
microturbulence which has the following impor 
'ant characteristics: (1) it is systematic — i.e., 
neglected terms are small in some parameter; (2) 
it is quantitative - i.e., it can accurately predict 
numerical coefficients. 

A formalism which satisfies criteria (1) and 
(2) is the Direct Interaction Approximation 
(DIA). The DIA emerges as the lowest order 
expansion in the skewness parameter, or degree 
of non Gaussianity. The skewness is generally 
less than 1; it is very small in the limit of short 
autocorrelation time and when correlated struc 
tures can be neglected. The DIA is exact for 
certain model problems. It reduces correctly to 
weak turbulence theory, conserves energy, and 
handles in a reasonable fashion the wavelength 
dependence of the diffusion coefficient. Our 
program is to explore, both analytically and 
numerically, the consequences of the DIA for 
the nonlinear thrones of drift and tearing 
instabilities. 
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As a first application, we ha/e reexamined 
the Dupree-Tetreault prediction for the rate at 
which resonance broadening on the ions damps 
drift waves. We f ind this rate to be incorrect. 
We can show that the nonlinear growth rate is 
the renormalized version of induced scattering 
and that energy flows to long wavelengths. 
These results imply the existence of a strong 
mode-coupling process which seems to be gener 
ally ignored. 

Presently, we are deriving the nonlinear dis 
persion relation for drift waves in sheared 
geometry, including the correct wavelength de 
pendence of D in an energetically consistent 
fashion. This study should give the first consist 
ent predictions for the nonlinear stability of 
drift waves. 

Particle Simulations of 
Low-Frequency Microinstabilities 
in a Sheared Slab 

Using 2 1/2 D particle simulation codes, we 
have carried out the investigation on I I ) ion 
temperature gradient driven modes and (2) shear 
Alfve'n and drift-Alfve'n modes for a collisionless 
plasma in ;. sheared slab geometry. The primary 
objective of the investigation is to test the 
existing linear theories and to study the associ 
ated anomalous transport. 

I on temperature gradient driven instabilities 
have been investigated using an electrostatic 
code. Since the thermal fluctuations associated 
with the electron motion may destroy the co 
herence of the weak ion drift waves, we have 
incorporated into the code the Debye shielding 
effects which are induced by the adiabatic 
electrons in response to the ion density fluctua 
tions. The measured frequency, growth rate, and 
mode structure for the linear stage of the 
instability are found to agree well with the 
predictions from a linear theory which takes 
into account the detailed kinetic response of the 
ions. During the nonlinear phase, large ion 
energy transport caused by the unstable modes 
has been observed which is primarily responsible 
for the nonlinear saturation. For a system where 
only marginally stable modes exist, we have also 
observed enhanced fluctuations with frequencies 
and spatial structures which match closely the 
theoretical values. We believe that they are 

caused by the redistribution of the equilibrium 
fluctuation energy due to the presence of the 
eigenmodes. In addition, we have detected oscil 
lations corresponding to the highly damped 
eigenmodes of the electron drift branch. 

Shear Alfve'n and drift AHven eigenmodes 
have been studied using a 'n ine. . . 2 1 2 D 
particle code based on the Darwin mode' The 
code makes use of guiding cente' electrons v-.Tie 
pushing the ions exactly The sheared magnetic 
field is produced by the self consistent electron 
current. According 10 the linear stability theory, 
weakly damped eigenmodes exist in a sheaied 
slab. The modes are localized near the rational 
surface due to finite Larmoi radius effects as 
well as ion Landau damping. As the plasma . 
increases, they aie found to be less stable 
Simulation results have confirmed the presence 
of these eigenmodes in terms of the measured 
frequencies and mode structures. Furthermore, 
enhanced fluctuations associated with the "ig 
enmodes have also been observed Again, they 
are the result ol the redistribution of equili 
brium fluctuation energy due to the presence of 
the eigeninodes. Consequently, a second order 
y dependent eddy current has been induced, 
which widens the shear Iree region near the 
rational surface and causes the loimation oi 
magnetic islands, resulting in large election 
energy transpoi I. 

Unstable Drift Waves in Toroidal 
Plasmas 

In slab geometry, both the collisionless and 
collisional eiecliostatic du l l eigeninodes are 
found to be shear stabilized. The shear damping 
ol drift waves is associated with the anti well 
structure (Figure 73(A)) in which energy convects 
away from the mode rational surface. However, 
the mode rational surfaces are closely packed 
lor drift waves. Due to toroidal coupling effects, 
such as ion magnetic curvature drifts, the eigen 
modes of each polo'dal harmonic are affected 
by the wave energy which is convected away 
from the neighboring mode rational surfaces. 
Recently, we have studied the shear damping 
effects for two dimensional drift wave eigen 
modes in a toroidal plasma using the ballooning 
mode formalism. We have found that two types 

of eigenmode exist. One is the slab like branch 
which represents the extension of the Pearlstein 
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Bciik slab eigenmodt's. The other type of eigen 
Nimi is the loroidicity induced branch which 
has no counterpart in slab geometry. It is 
chaiacten.<ed by potential structures with local 
potential wells as shown in Figures 73(b) and 

(c). which inhibit convection of wave energy, 
and experience negligible shear damping through 
tunneling leakages. These two branches may 
exist simultaneously. Employing the ballooning 
mode formalism, we have performed analytical 
as well as numerical studies on the two-
dimensional collisional (resistive) and collision-
less (universal) dri f t instabilities which are di
rectly related to the new toroidicity-induced 
eigenmodes. Figure 74 shows the results. These 
results clearly demonstrate that, while in slab 
geometry, the eigenmodes are always stable, the 
two dimensional toroidicity induced eigenmodes 
become unstable for s -C1.2, and the slab-like 
eigenmode experiences enhanced damping due 
to finite toroidicity compared with the slab 
results. The agreement between the analytical 
theory and the numerical results for the toroid
icity induced eigenmode is reasonably good. 

Finally, we remark that the existence of the 
toroidicity induced eigenmodes clearly indicates 
that, contrary to conventional thinking, toroidal 
coupling effects cannot be simply regarded as 
perturbations to the slab eigenmode branch. 

High-(8 Stabilization of Ballooning 
Modes 

Figure 73. Typical potential structures Qfal for (a) the 
slablike, {hi weak, and (c) strong toroidicity induced 
eigenmodes 

Previous work has shown the beta in toka-
maks to be limited to a critical value, of order (3 

0.2 r 

Figure 74. Plot of growth rate V., lu>,/u}-,,J versus shear s. 
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~-a/Rq 2 . Above this critical value, one finds the 
onset of pressure-driven ballooning modes. Re 
cently, however, it has been conjectured by 
several authors that, if beta were increased 
above this critical l imit, a second region of 
stability could be found. These conjectures were 
based on a local analysis of ballooning modes in 
the vicinity of the magnetic axis, using model 
equilibria. We have confirmed this conjecture 
by using numerical techniques and hav? shown 
further that a second region of stability is found 
for all surfaces, not just those near the magnetic 
axis. Therefore, global stability is possible. We 
have also found that these high p equilibria with 
circular outer cross section are stable against 
internal kinks with q(0) down to at least 0.75. 
Representative results are shown in Fig. 75 for 
high toroidal mode numbers n. 
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Figure 75. Flux surface stability vs. volume average Iteta 
for PL T parameters. 

There are two questions that might be asked 
about these high (3 equilibria. First, are they 
stable to free surface kink modes and to 
nonideal modes? Secondly, how does one access 
these high (3 equilibria? Because of the large 
parameter space, we have not yet succeeded in 

giving a general answer to these questions. 
Results thus far, however, indicate that thesp 
high p' equilibria are unstable to free surface 
kink modes but can be stabilized by a wall at a 
reasonable distance from the plasma, .n add> 
tion, these equilibria are unstable to resistive 
modes. Defining accessibility to IJL1 the mainly 
nance of stability to fixed boundary modes as 
one proceeds from low ,'• lo high , equilibria, we 
have not been able lo find an accessible paid 
from low ,i to high ,, fot circular cross section 
tokamaks except by going to veiy low values of 
shear (which is not desirable from the point of 
view of kink mode stability!. However, accessi 
bility has been achieved for D shaped cross 
sections with reasonable values of shear. 

Tearing Modes in a Plasma with 
Magnetic Braidings 

Classical tokamak confinement calculations 
are based on the existence of magnetic surfaces 
almost everywhere. The experimentally observed 
enhanced electron thermal transport has led to 
speculation that the underlying process may be 
a breakup of the magnetic surfaces on a micro 
scopic spatial scale. Even small radial perturba 
tions in the magnetic field can have a large 
effect because of the enormous electron mo 
bility parallel to the field lines. Electron excur 
sions in the radial direction could then be 
principally the result of their co wandering with 
the field lines. Recently, theoreticians have 
investigated this speculation from two comple
mentary points of view. One approach has been 
to prescribe the statistical properties of the 
magnetic field and calculate the associated diffu 
sion of test particles. The other has concen 
trated on determining the fluctuating magnetic 
field associated with some microinstability of 
the drift Alfve'n type. Self-consistent calculations 
await future fundamental theoretical advances. 

We have investigated the additional effects 
that stochastic braiding of field iines may be 
expected to have on non-ideal, macroscopic 
tearing modes—modes which have been associ 
ated with minor and major disruptions in tokt 
mak discharges. The basic idea is that there is an 
anomalous transport of parallel electron momen 
turn in addition to the anomalous particle and 
energy transport. We have modeled this effect 
through the introduction of an anomalous elec 
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iron viscosity. Estimates of the anomalous vis 
cosily consistent with the observed enhanced 
thermal diffusion rale indicate that the viscosity 
liHi a much larger effect than does the lob 
served) classical resistivity in the Ohm's law 
for narrow current channels (•,. a few cm wide). 
Such sharply peaked current profiles are intrin 
sic to linear and early nonlinear stages of the 
development of teanrig modes. 

The complexity of analysis depends strongly 
on whether or not the rate of change of 
magnetic flux in the narrow tearing layer, 
linearly or nonlinearly, is comparable to or 
much less than the rate of current diffusion 
across the layer. The first situation prevails for 
modes with a/imulhal mode numbers m - 1, 
wlieieas the second obtains lor m > 2. 

For the n>. 1 mode, we have calculated the 
lincai growth rat" of the kink tearing mode with 
viscosity tin.- rI<• • ideal effect Dimensional analy 
sis yields laige growth rates. Foi m * 2 modes, 
we have recovered previous analytical results for 
the lineai growth rate and have extended the 
analysis to the quasilinear regime. This nonlinear 
calculation of the tune evolution of the mag 
netic island width W(T) shows that viscosity 
accelerates growth until the island reaches a 
thickness at which the resistive and viscous 
current diffusion rates are comparable. For 
current experimental parameters on PLT, this 
width is a few centimeters. Subsequent growth 
occurs at the slower rate governed by resistivity. 
The net result is that viscosity results in an 
" impulsive" increase in island width Aw com
pared to the width W(T) calculated for negligible 
viscosity. The variation of this incremental 
width with viscosity is shown in Fig. 76, which 
results from numerical solutions of the quasi-
linear equations. 

One tempting speculation which could 
account for the disruptive instability is that 
there is a sudden onset of a large anomalous 
electron viscosity during the nonlinear resistive 
growth of a magnetic island. It is quite likely 
that, either because of nonlinear couplings or 
toroidal effects, a large magnetic island might 
itself generate very stochastic regions of magne 
tic field, especially close to the separatrix. If Aw 
is comparable to the minor radius, the disruptive 
instability may be triggered. This requires v'\e 

- 1 0 : , where j i is the anomalous electron viscos 
ity and x e

 i s t n e measured anomalous thermal 
conductivity for the normal discharge. It is not 

implausible to speculate that just prior to 
disruption, /j becomes this large (especially if 
the large scale magnetic islands are themselves 
generating stochasticity). We conclude that the 
sudden onset of electron viscosity is an interest 
ing candidate for an explanation of the disrup 
tive instability. 
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Figure 76. Increase Aw in is/and width due to viscosity. 
Here H 8 "P V " w0' is the viscous rate of current 
diffusion across the initial island width wn relative to 
the resistive rate. 

Trapping of Cosmic Rays* 
An astrophysical problem which involves con 

siderable plasma physics concerns the origin of 
cosmic rays. For years a popular theory has 
been that they originate in the supernova explo
sion. But the supernova shock heats the ambient 
interstellar material originally surrounding the 
point at which the supernova occurs. This 
creates a rapidly expanding bubble of gas whose 
velocity of expansion is of order 10 4 km/s. The 
cosmic fays must penetrate through this bubble 
without too much loss of energy if the super 
nova origin theory is tenable. 

Now the bubble is threaded with a roughly 
uniform field, strong enough that the gyration 

"Supported by AFOSR Contract No. PR8000656 
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radii of the cosmic rays are very small compared 
to the bubble size. Thus, it becomes impossible 
for the individual cosmic rays to cross this field 
Each cosmic ray could individually stream along 
th» field and escape, but, when considered 
collectively, they produce an instability in 
hydromagnetic waves. Further, the growth time 
of this instability is extremely short compared 
to the expansion time of the bubble. The 
hydromagnetic waves are driven unstable by a 
Doppler shifted cyclotron resonance that in turn 
scatters the cosmic rays in pitch angle. As a 
result, the cosmic rays are trapped 3nd suffer 
adiabatic energy losses to the waves. From 
general principles, the energy of a relativistic 
particle is proportional to the inverse scale size 
of the bubble. Since the bubble is observed to 
expand by a factor of many hundreds, the 
cosmic rays lose more than 99% of their energy 
to the waves. The waves themselves transfer 
their energy to the bubble by a nonlinear 
Landau damping process thereby accelerating it. 
Thus, in effect, if the trapping by plasma 
instabilities is a real process, then the idea that 
cosmic rays originate in the supernova explosion 
itself is not tenable. 

There is one possible problem with the 
mechanism of trapping by these instabilities. 
When the cosmic rays approach pitch angles of 
nearly 90 they resonate with waves of shorter 
and shorter wave lengths. Such waves are cyclo 
tron damped on the background plasma and are 
not unstable. Thus, the quasilinear scattering 
rate goes to zero, and the cosmic rays can only 
scatter through this critical pitch-angle region by 
means of higher-order nonlinear processes akin 
to trapping by the Alfve'n wave. By carrying out 
an expansion in A0, the small difference be 
tween the pitch angle and 90 , one can reduce 
the nonlinear problem to a single ordinary 
differential equation which is integrated numer 
ically to obtain a wave trapping condition. 
Estimates for the Alfve'n wave amplitudes show 
that they are sufficiently intense to produce the 
required wave trapping. 

1-D Transport Code Modeling of the 
Limiter/Diverter Region in Tokamaks 

Control of impurities is essential in high 
temperature tokamak experiments and proposed 
reactor designs. The poloidal divertor reduces 

the impurity of influx from the vessel wall to 
the main plasma by channeling incoming impuri 
ties into a separate chamber where they are 
collected by a divertor plate and by lowering 
the edge temperature of the plasma, which 
reduces the amount of wall material sputtered 
by charge exchange neutrals. In steady state the 
plasma loses some of its energy to the divertor 
plate and the remainder to the vessel walls by 
radiation, charge exchange, and a small amount 
of heat conduction and convection. Estimates of 
how much power is lost in each of these ways 
are important for evaluating how well the 
system protects the walls and for designing the 
divertor plates to withstand the necessary heat 
loads. In order to study the power balance in a 
tokamak with a dcvertor, we have incorporated a 
self-consistent model of the divertor (or limiter) 
region in the BALDUR 1-D transport code. This 
code has been used to model PDX, PLT, and 
ALCATOR for Ohmic and neutral beam heated 
cases. 

Numerical results tor PDX with 6 MW of 
deuterium neutral beam heating power into a 
D* plasma are illustrated in the figures. Figure 
77 shows typical steady state density and tern 
perature profiles. The density and temperature 
decrease sharply near the separatrix with a 
fall off distance of - 1 cm. As expected from 
simple estimates, the edge density increases and 
the cdc,e electron temperature decreases with 
increasing plasma density. The ion temperature 
at the edge is in the range 20 40 eV over a wide 
variation in plasma density. It appears that the 
edge value of T, is strongly affected by the 
temperature of the recycling neutrals as well as 
by heat losses to the divertor or limiter resulting 
in a lower ion than electron temperature at the 
edge. In Fig. 78, we have graphed how the 
various power loss mechanisms to the divertor 
and the wall depend upon aveiage plasma den 
sity. The losses to the divertor increase with 
increasing plasma density. Charge exchange be 
comes proportionately less important, ai d radia 
tion, more important as n increases. A: average 
densities of 2 x 10'-' cm" ' , which co'responds 
to maximum plasma ion temperature, the diver 
tor accounts for roughly half the power loss; the 
other half goes to the wall via charge exchange. 
At n = 1 0 ' J cm '', about 2 ; 3 of the input 
power is channeled to the divertor, with charge 
exchange and radiation each accounting for 
some of the rest of the loss. 
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Figure /7. Temperature and density profiles in a one-
(innensionai computational model of a divertor. 

The loading of the divertor or limiter plates 
depends upon the geometry. Our results indicate 
a maximum loading on the order of 1 kW/cm" 
for a poloidal divertor and several times more 
for a toroidal limiter. At higher densities the 
loading on the walls due to charge exchange 
neutrals becomes less severe, and relatively in
nocuous radiation losses take over. The rela
tively low ion temperature at the edge may 
ameliorate sputtering problems even at lower 
densities. 

Physics Aspects of ETF/INTOR 
In order to achieve their principle technical 

objectives, the Engineering Test Facility (ETF) 
and the International Tokamak Reactor 

Figure 78. Average power input {solid lines) and power 
losses [dashed lines) versus average plasma density in a 
one-dimensional computational simulation of neutral 
beam heating of the PDX tokamak. 

(IfMTOR) wil l require an ignited (or near ignited) 
plasma, sustained for pulse lengths of at least 
100 seconds at a high enough plasma pressure to 
provide a neutron wall loading of at least 1.3 
MW/rrr . The ignited plasma wil l have to be 
substantially free of impurities. 

Achievement of ignition depends mainly on 
the confinement properties of the plasma. For 
the parameter range of present-day tokamak 
devices, the overall energy confinement time TE 
is found to obey an empirical scaling law of the 
form T E ( S ) = 5 x 1CT '' ' n B (cm"' 1) a 2 (cm), with 
the dominant losses occurring through anom
alous (i.e., nonclassical) cross-field electron ther
mal transport. Studies have been carried out of 
the requirements for reaching ignition in t FF/ 
INTOR, on the basis of one-dimensional trans
port codes which model the particle and energy 
balance in a tokamak. Adopting a model for 
thermal transport based on the empirical scaling 
law for energy confinement discussed above, it 
has been found that ignition should be achieved 
in a pure DT plasma of minor radius in the 
midplane a = 1.2 m, vertical elongation factor K 
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= 1.6, and field strength B = 5.0 T on axis. (The 
presently suggested device parameters, namely a 
= 1.3 m and B = 5.5 T, represent about 60% 
better nrE capability at fixed />.) These compu
tations were for the case where the plasma is 
heated to ignition by 60-75 MW of neutral beam 
power at 150-200 keV enerqy injected nearly 
perpendicular to the main magnetic f ield. 

Ignition occurs at <js> ~ 4%, a value that 
includes contributions to the pressure from 
beam ions and alpha particles. The plasma tem
perature and <P> value rise during the burn 
phase, due to the increase in reaction rate with 
increasing temperature. Assuming paracolic den
sity and temperature profiles, and taking B = 
5.5 T, a burnphase value <ff> = 5% (including a 
contribution of 1.5% from fast alpha particles 
and thermalized helium) provides the minimum 
specified neutron wall loading of 1.3 MW/m 2 . 
Theoretical limitations on <i3>, arising from 
pressure-driven MHD "ballooning" and " k i nk " 
instabilities, permit stable equilibria up to about 
<J3> = 5%, with ful ly optimized profiles, and 
certain present-day devices have already oper
ated slightly into the theoretically-unstable 
regir.ie. 

Neutral-beam injection was selected as the 
primary heating option for ETF/INTOR. The 
injectors required represent a significant step 
beyond those that are being developed for the 
TFTR-generation of devices. In particular, to 
achieve a pulse length capability of about 10 
seconds, it will probably be necessary to develop 
direct recovery systems (i.e., recovering the ener
gy of the unneutralized beam ions), both to 
achieve an acceptable overall power efficiency, 
and to minimize power handling requirements 
on the ion beam dump. RF heating wil l fce re
tained as an alternative to neutral beam heating 
in ETF/INTOR, because of its potential for 
technological advantages that will become even 
more important in a commercial reactor. 

Computer calculations of the start-up of ETF/ 
INTOR, calibrated against present-dav experi
mental results, show that purely-ohmir. start-up 
can be accomplished at low density (and very 
low impurity level) with a peak one-turn voltage 
around the plasma of only 10C volts, but such a 
voltage is about the l imit of what can be 
provided. Thus, there is considerable incentive 
for lowering the start-up voltage by auxiliary 
electron cyclotron heating (at about 140 GHz) 
applied for the first approximately 100 msec. 

The need to confine energetic ions (thermal 
ions, beam ions, and alpha particles) imposes 
severe requirements on the exact degree of 
axisymmetry of the toroidal confining field; i.e., 
on the "f ield r ipple" that necessarily arises clue 
to the discrete toroidal field coils. However, it 
seems that the requirements can be met by a 
12-coil loroidal field system with coils or 8 in 
horizontal bore and 10 m vertical bore, provided 
the injectors are inclined at an angle of at leasl 
15" to the perpendicular. If the field ripple 
could be adjusted upward, it would provide a 
mechanism for energy loss that increases sharply 
with increasing temperature. Accordingly, vari 
able field ripple could provide an attractive tech
nique for "burn control" ; i.e., for preventing 
"run-away" of the plasma temperature due to the 
increase in reaction rate with increasing tempera 
ture. 

Impurities represent the most serious threat 
to the achievement of ignition and a long burn 
pulse in ETF/INTOR, since the surface heal 
load on the first-wall and/or limiter will be 
much higher than in present day tokamaks. 
Moreover, if the helium produced by the DT 
reactions is all retained in the plasma, the burn 
in ETF/INTOR will be quenched after about 30 
seconds, unless the • ,i>-value can increase sig
nificantly above 6%. It is the present consensus 
that some type of magnetic divertor will prob
ably be needed in ETF/INTOR. 

The bundle divertor, in which the main con
fining field is diverted in a single local region of 
the torus, is attractive from the point of view of 
assembly and maintenance. The main diff iculty, 
in an ETF/INTOR-sized device, is that the re
quirements for achieving acceptably low field 
perturbation (ripple) on axis are in conflict with 
the requirement to provide adequate space for 
shielding the copper divertor coil(sl. However, 
rapid progress is being made in developing satis 
factory designs. Conventional poloidal divertors 
maintain the axisymmetry of the magnetic con
figuration, and employ an interior poloidal field 
coil to divert the field lines into a divertor 
chamber that passes all around the major cir
cumference of the torus. However, the interior 
divertor coil was considered unworkable in the 
ETF/INTOR reactor environment. On the other 
hand, a poloidal divertor design with all poloidal 
field coils outside the toroidal field coils seems 
to be a viable concept, and calculations indicate 
that a divertor of this type should be capable of 
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performing the minimum functions required in protect the plasma from limiter-generated im-
ETF/INTOR; namely, to exhaust helium and to purities <Fig. 79). 

EXTERNAL COIL POLOIDAL DIVERTOR 

Figure 79. Proposed design of external-coil poloidal divertor. 
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Administration 

OVERVIEW 
Continued expansion of PPPL resulted in a 

marked increase in the Administration Depart 
ment responsibilities. 

The rapid growth in PPPL facilities neces 
sitated the establishment of a Facilities Divi 
•;ion under the Director for Administration 
This Division includes the existing Facilities 
Planning and Construction Bianch, the Plant 
Maintenance Branch, the Material Control Sec 
tion, the Telecommunications Section, and 
responsibility for Security This Division will 
provide the Laboratory with better integration 
of space planning, construction, and operation 
of facilities, and better prepare PPPL for assum 
ing control of new facilities being constructed 
by DOE fo rTFTR. 

Significant administrative changes during :he 
yeai were in the area of Pe'sonne1. The PPPi 
Personnel Department assumed increased respon 
sibility for auditing the Laboratory's Aff-rmative 
Action Program and for the processing of Group 
Insurance Major Medical claims; earned out a 
series of wage and salary surveys designed to pro 
vide management and staff with increased knowl 
edge and awareness of compensations systems 
and practices, implemented revised job posting 
procedures; and designed the first PPPL in ''ouse 
training and development program for supervises 
and lead technicians 

STAFF 
As of October 1978, the Laboratory's full 

time staff totaled approximately 994, and by the 
close of FY79 this number had risen 10 1054, 
divided as follows: 

Faculty 4 
Physicists 107 
Engineers 191 
Technicians 527 
Others 225 
Full Time Total 1 ."054" 

PLANT 
As of October 1, 1979, the Plasma Physics 

Laboratory occupied a total of 584,634 gross 
square feet of building space in Government and 

University owned buildings at A, B, and C Sites 
on the Forrestal Campus of Princeton University, 

Government University 
Owned (GSFj Owned (GSF} 

A Site 28.910 141.580 
B Site 0 86,210 
CSite 327,934 0 

Grand Total 584,634 GSF 
During FY79 a number ol facility addition and 

improvement projects were undertaken by the 
Laboratory These were in addition to Line Item 
construction described under thp heading of 
TFTFt 

1 Lease ol additional 20.000 GSF ol hi bay 
assembly space in the former Princeton 
Penn Accelerate building at A Sile Oc 
cupied 5 79 

2. Experimental systems assembly and testing 
building 3.600 GST S345.000 FY78 
GPP Completed 8 79 

3 Secondary unit substation -17 S72.000 
FY78GPP Completed 8 79. 

4 A Site sanitary sewer S56.000 FY78 GPP 
Scheduled completion 6 80 

5 Substation --.18 S270,000 FY78 GPP 
Scheduled Comp'etion 3 80 

6. Emergency equipment facility 4,000 GSF 
SI 71.000 f > 78 GPP Scheduled com 

pletion 6 80 
7 DAS cor*.Pvi't:r room air conditioning mod 

• fications S210 000FY79 GPP Com 
pleted 8 79 

8 Component assembly & storage building 
15,000 GSF S480.000 FY79 GPP 
Scheduled completion 4 80 

9. Laboratory bui'dmg wing north addition 
6,000 GSF S477 000 F v 79 GPP -
Scheduled completion 9 80 

10. Landscaping & site improvements 
S170,000 FY79 GPP Scheduled com 
pletion 9 80 

PPPL LIBRARY 
The primary objective of the PPPL Library for 

1979 was an acceleration of the collection devel 
opment program focused on Engineering acquis! 
tions. A user survey provided guidance for an 
increase in the technology book collection by 
about 30% and in the journal collection by about 
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TABLE II I . PPPL FIMANCIAL SUMMARY (SK) 

PROJECT 

Operating (B/O) 

CLOSED CONFINEMENT: 

PLT Fabrication 
Operations (inc. ST I 
Coil Test 
Neut. Beam Pwr, Supp. 
Test Stand 
ICRF 

PDX Fabrication 
Operations 
\'.B 

ATC 
FM 1 
H 1 
Other 

DEVELOPMENT & 
TECHNOLOGY: 
H 1 
Reactor Studies 
Two Component Torus 
Advanced Tokamak Studies 
Other 

RESEARCH: 

Theory 
Basic Experiments 
User Service Center 

REACTOR PROJECTS: 
TFTR R&D 
Research 
Operations 

TOTAL 
Equipment (B/A) 

Capital Equipment Not 
Related to Construction 

Construction (B/A) 
TFTR 
General Plant Projects 

1975 

15,037 

2,066 

1976/76 A 

27,634 

1977 

23,073 

1978 

23,883 

3,277 5,190 5,140 

1979 

22,887 
3,821 1.771 0 0 0 
3,540 8,060 7,304 8,082 6,891 
157 615 314 0 0 

1,029 2,228 1.289 0 0 
0 468 296 0 0 
50 72 1,035 1,022 1,164 

2,110 9,361 8,547 4,528 746 
330 2,664 3,608 8,258 10,989 
0 0 0 894 2,805 

2,370 1,560 0 0 0 
1,630 835 0 0 0 

0 0 666" 522 292 
0 0 14c 577 0 

3,480 4,079 597 114 358 
853 838 0" 0 0 
266 427 456 0 0 

2,160 2,814 0 0 0 
0 0 120 114 358 

201" 0 23" 0 0 
2,614 3,788 3,005 3,170 3,903 
1,848 2,530 2,008 2,378 2,459 
766 1,000 668 638 1,161 
0 258 329 154 282 
0 1,325 10,556 13,080 19,406 
0 1,325 9,991 11,820 16,360 
0 0 241 640 975 
0 0 324 620 2,071 

21,131 36/J26 37,233 40,249 46,555 

4,230 

400" 20,500 75,000 71,000 42,000 
500 950 1,455 1,350 1,400 

''Systems 
"EPR RF Healing 
c Ripple Injection Coil 

' H I Moved from Development and Technology in 1977 
,:CP&D 
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15%. Tables IV and V show library holdings and 
interlibrary loans, respectively. 

Reader Services 
Computerized literature searching has been 

widely accepted by the staff with about 45 50 
searches performed monthly. The main catalog 
of the Firestone Library was made available to 
the PPPL Library on microfi lm. 

TABLE IV. LIBRARY HOLDINGS 

CATEGORY FY7^ FY79 % Increase^ 

Monographs 3,225 3,382 4.9 
Bound Journals 3,777 4,106 8.7 
Reports 13,398 14,140 5.5 
Microfiche 17,066 19.144 12.2 

TABLE V. IIMTRALIBRARY LOAN 

LIBRARY FY78^ FY79 % Decrease 

Engineering 211 123 4.2 
Math/Physics 83 83 0 0 
Others 79 71 10 1 

Intralibrary loans decreased as a result of the 
accelerated PPPL Library acquisitions program 
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Graduate Education: Plasma Physics 

Research in plasma physics, directed toward 
large scale electric power generation via con 
trolled thermonuclear energy, was initiated by 
Prof. Lyman Spitzer at Princeton University in 
1951. Today, the Princeton Plasma Physics Lab 
oratory IPPPL) is the largest center in the world 
lor research dedicated to this field, the Lab 
oratory is equipped with unexcelled research 
facilities and is also unusual in that it is directly 
associated with a major university. Graduate 
studies in plasma physics have been pursued at 
Princeton since 1959. and over 75 physicists 
have received doctoral degrees in this program. 
Many key positions in plasma research and tech 
nology at academic, industrial and government in 
stitutions are today held by Princeton PPPL 
graduates. The teaching faculty for the nlasma 
physics n'ograi'i. in Princeton University's Do 
partmcnl ol Astrophysica! Sciences. cu'rentiy 
numbers 19 members who olfer a variety of 
(ourses to 3b students in residence. In addition, 
many PPPL staff members serve as advisors to 
graduate students who thereby receive training 
at the forefront of plasma research 

First y'"«r graduate student1, typically ',OIM! 
•graduate courses given by the Physics Department 
•r. quantum mechanics, electricity and magnetism, 
and in statistical mechanics, together with the in 
t 'oductory pUisi a pnyscs couises (AS 551 and 
552' Second year students typically take the 
intermediate level plasma courses I^S 553 anci 

554], Professor Kruskal's applied mathematics 
course (AS 557), and such other courses as they 
select. Plasma physics courses are listed in Table 
V I . Staff members are listed in Table VI I . 

The academic work in the plasma physics pro
gram is thus broadly based in modern physics. 
The study of plasma physics requires the utiliza 
tion of knowledge from electricity and mag 
netisrii, atomic physics, hydrodynamics, statis 
tical mechanics and kinetic theory, and applied 
mathematics, toqether with diagnostic and data 
handling methods f'drn state of the art labora 
t.ory physics Tecnniques from many disciplines 
within theoretical and experimental physics 
find immediate application in plasma research 
and. by the same token, experience with plasmas 
c an tie tii insleiied back to other areas m puv"j;cs. 

MAJOR ACTIVITIES 
Then: is a strong interaction between the 

Plasma Physics Laboratory and the group of 
graduate students in the plasma physics program 
in the Department of Astrophysical Sciences at 
Princeton. Most of these students hold Assistant 
shifts in Research at PPL through which they 
participate in both the experimental and theoret 
ical research at the Laboratory. First year stu 
dents tins past year worked with the various 

AS551 

AS553 
AS557 

AS558 
AS559 

AS552 

AS554 

AS558 
AS560 

TABLE V I . PLASMA PHYSICS COURSES TAUGHT AND NAMES OF TEACHERS 

Fall 1978 
General Plasma Physics I 

Plasma Waves and Instabilities 
Advanced Mathematical Methods m 

Astrophysical Sciences 
Seminar in Plasma Physics 
Nonlinear Interactions in Plasma 

Spring 1979 

General Plasma Physics II 

Irreversible Processes in Plasma 

Seminar in Plasma Physics 
Computational Methods in Plasma Physics 

C R. Oberman and 
S Yoshikawa 
T. H. Stix 

M. D. Kruskai 
S. Yoshikawa 
P. K. Kaw and 
J. A. Krommes 

R. M. Kuisrud and 
W. H. Tang 
J. A. Krommes and 
C. R. Oberman 
S. Yoshikawa 
R. C. Grimm and 
H. Okuda 
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TABLE V I I . PRINCETON PLASMA PHYSICS LABORATORY STAFF 

FACULTY MEMBERS 
Thomas H. Stix 

Robert L. Dewar 
Edward A. Frieman 
Harold P. 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 t. Tang 

Schweickhard E. von Goeler 
Shoichi Yoshikawa 

TITLE 
Professor of Astrophysical Sciences and Associate Director. PPPL, for 

Academic Affairs 
Research Physicist and Lecturer in Astrophysical Sciences 
Processor of Astrophysical Sciences 
Professor of Astrophysical Sciences 
Professor of Astrophysical Sciences 
Research Physicist and Lecturer with rank of Associate Professor in 

Astrophysical Sciences 
Senior Research Physicist and Lectutei with iank of Professoi 
Research Staff and Lecturer in Astrophysical Sciences 
Professor of Mathematics and Astrophysical Sciences 
Senior Research Physicist and Lecturer with rank of Professor in Astro 

physical Sciences 
Senior Research Physicist and Lecturer with rank of Professor in 
Astrophysical Sciences 
Research Physicist and Lecturer with rank of Associate Professor in 

Astrophysical Sciences 
Senior Research Physicist and Lecturer with rank of Professor 
Research Staff and Lecturer in Astrophysica Sciences 
Visiting Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professor 
Research Physicist and Lecturer with rank of Associate Professoi m 

Astrophysical Sciences 
Senior Research Physicist and Lecturer with rank of Professor 
Senior Research Physicist and Lecturer with rank of Professoi 

experimental groups at PPL, including the PLT, 
PDX, ACT 1, Q 1, and H 1 groups, and second 
year students assisted a number of members of 
the Theoretical Division. In addition, PPL physi 
cists 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 sem 
inars and colloquia. All of this experience pro 
vides a natural transition to doctorai thesis 
research which, again, is carried out in collaboia 
tion with PPL staff members. A list of thesis 
projects, completed under the plasma physics 
program at Princeton, is given in Table VI I I 
Ongoing research projects are listed in Table IX 

TABLE VI I I . 
RECIPIENTS OF P H D DEGREES 

September 1979' 
Edward J. Caramana Advisor F. vV. Perkins 
Thesis. F.flects of Impurity Radiation on 

Reversed Field Pinch Evolution 
Employment Los Alamos Scientific Lab 

oratoiy Los Alamos, Mew 
Mexico 

U r 
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TABLE IX. DOCTORAL THESES IN PROGRESS 

G.!ty Allen Advisor: M. Yamada 
TN'Sis Trapped Particle Instability Simula 

lions in a Linear Plasma 

CMS Barnes Advisor: J. Strachan 
Thesis Runaway Electron Studies on the 

Poloidal Divertor Experiment 

A - n u v i i Bluittdcliai|e(j Advisor: R. L. Dewar 
Thesis Variational Principle for MHD equi 

Librium and Stability with Global 
Constraints 

Kevin Biau Advisor: V. Arunasalam 
Thesis. Correlations in the Electron Tern 

perature Fluctuation Spectrum in 
the PLT and PDX 

Robert Chnen Advisor: J. Strachan 
Thesis: Confinement and Slowing Down of 

Fusion Reaction Ions in a Toroidal 
Plasma 

David Fames Advisor: N. Sauthoff 
Thesis: The Role of Tungsten Radiation in 

Maior Disruptions in PLT 

Gerald Eider Advisor: H Hsuan 
Thesis Study of Wave Properties During 

Electron Cyclotron Heating Experi 
mem 

Robert Norton Advisor. K L Wong 
Thesis Generation of Plasma Current by 

Lower Hybrid Wave 

Wen Ling Hsu Advisor: M. Yamada 
Thesis. Related Subjects of Spheromak 

Plasma 

Michael Kotschenreuther Advisors: J. Krommes 
and C. Oberman 

Thesis. The Effect of Anomalous Viscosity 
Due to Drift Waves and Tearing 
Modes 

Roger McWilliams Advisors: R, W. Motley 
and F. W. Perkins 

Thesis: The Role of Quasilinear Effects in 
Landau Damping of Lower Hybrid 
Waves 

Philippe Similon Advisor. J. A. Krommes 
Thesis: Nonlinear Theory of Drift Wave 

Turbulence 

Elie^er Rosengaus Advisor: R L. Dewar 
Thesis: Oscillation Center Transformation 

Harold Thompson Advisor. J. C. Hosea 
Thesis: ICRF Probe Measurements 

Donald Voss Advisor: S. Cohen 
Thesis: Wall Flux of Low Energy Neutrals 

in the PLT Tokamak 

J Randy Wilson Advisor: K L Wong 
Thesis: Nonlinear Behavior of Lower Hybrid 

Resonance Cones and Soliton For 
mation 

Glen Wurden Advisors: K L Wong 
and M. Ono 

Thesis: Laser Scattering on Lower-Hybrid 
Waves 
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Graduate Education: 
Fusion Reactor Technology 

The Department of Chemical Engineering at 
Princeton University, in collaboration with the 
Princeton Plasma Physics Laboratory, offers a 
graduate program in fusion reactor technology 
for students interested in the engineering and 
technological aspects of power generation by con 
trolled thermonuclear reunions. A coordinated 
program of study and research leads to the M.S.E. 
or Ph.D. degrees in chemical engineering. 

The Program in Fusion Reactor Technology 
is closely integrated with the research activities of 
the Pla\ na Physics Laboratory and also has close 
links with the Center for Environmental Studies 
of the School of Engineering and Applied Sci 
ence, which is concerned primarily with the 
environmental impact of energy technologies. 

Applicants should have a strong background in 
science or engineering. While students wil l qualify 
for the masters or doctoral degree in chemical 
engineering, their theses or dissertations will be 
written in the field of fusion reactor technology. 
They may take relevant courses in plasma physics 
offered by the Department of Astrophysical 
Sciences, in material sciences offered by the 
Department of Aerospace and Mechanical Sci 
ences, as well as those in fusion technology of 
fered in the Department of Chemical Engineering. 

In addition to the extensive research facilities 
of the Engineering Quadrangle and the libraries 
and Computer Center on the Main Campus, the 
library and research facilities of the Plasma 

TABLE X. FUSION REACTOR TECHNOLOGY COURSE OFFERINGS 

Chem. Eng. 351. 352 Junior Independent Work 
Chem. Eng. 41 7 Introduction to Fusion Power 
Engineering problems associated with controlled thermonuclear power. Stability of plasmas 
in linear and toroidal magnetic traps. Plasma heating and injection techniques. Systems analysis 
of heat transfer, f je l cycles, vacuum apparatus and magnet design parameters in fusion reac 
tors. Three lectures. R. G. Mills 
Chem. Eng. 451,452 Senior Independent Work 
Chem. Eng. 418 Nuclear Engineering 
A survey of the applications of nuclear energy. Nuclear reactions including fission, slowing 
down and diffusion of neutrons; nuclear reactor theory; environmental effects of fission reac 
tors. Introduction to fusion technology. Biology and chemical effects of radiation. Three 
lectures. Prerequisite: differential equations. R. C. Axtmann 

Graduate Chem. Eng. 550 Fusion Reactor Technology 
A Study of contemporary problems in the development of nuclear fusion reactor systems. 
Plasma problems, fuel cycles, materials, blanket problems, energy extraction and power 
cycles, non power uses of energy output, reactor control, environmental problems. Pre 
requisite; 417 or equivalent. R. G. Mills, staff 
Plus Plasma Physics Courses in Astrophysical Sciences mentioned in Table VI (551, 552) 
Plus Materials Courses in Mechanical and Aerospace Engineering (557, 558) 

Physics Laboratory are available to students in 
the Program. 

MAJOR ACTIVITIES 
The Chemical Engineering Department's par 

ticipation in the national fusion effort goes back 
to 1955, with Professor E F Johnson's pioneer 
ing work in molten sail blankets for trit ium gen 
eration. Several theses were produced in the 
sixties, but the Department did not establish 
a graduate program until 1973. By 1975 the 
program had grown to include 7 graduate stu 
dents in residence Currently four graduate 
students are in residence. Table X gives the 
Department's course offerings, and Table XI the 
Department's faculty members. 

The twenty four master's thesis and doctoral 
dissertation subjects trealeri during the history 
of the program can be categorized by topics as 
follows: 

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 
Trit ium Recovery 1 

Table XII lists recently completed theses, and 
Table XII I theses in progress 



TABLE XI . FACULTY MEMBERS 

Robert C. Axrmann Professor of Chemical Engineering for Environment Studies 
Carol K. Hall Assistant Professor of Chemica' Engineering 
Ernest F Johnson Professor of Chemical Engineering 
Robert G Mills Head, Engineering Program, Plasma Physics Laboratory. Lecturer in 

Chemical Engineering wi th Rank of Professor 

M.S.E. 

TABLE X I I . RECENT THESES 

Y. Immamura 1977 

J. D. Fish 1977 

A. S. Zarchy 1978 

D C. Moreau 1976 Potentiality of the Proton Boron Fuel for Controlled 
Thermonuclear Fusion 
A Feasibility Study of LiF BeF . and Chloride Salts as 
Blanket Coolants for Fusion Power Reactors 

Ph.D. J. D. Fish 1977 Radiolytic Production of Chemical Fuels in Fusion 
Reactor Systems 
Limitations on Tr i t ium Transport through Fusion 
Reactors 

TABLE X I I I . THESES IN PROGRESS 

R. E. Buxbaum Recovery of Tr i t ium from Liquid Lithium using Yt t r ium 
K. J. Lee Alpha Particle Slowing Down Dynamics in a Fusion Plasma 
H. H. Tseng A Critical Examination of Molten Fluorides as Blanket Materials 
M. H. Al Morished Reactor Materials 
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Table XIV. Principal Parameters 
of Experimental Devices 

Primary Facilities Secondary Facilities 

PLT PDX TFTFT S T H I ACT-1 Q-1 DED L 3 

R (ml 1.32 1 35 2.48 0 40 2 0 " 0 59 1 2 " 1 6 " 3.5' 

a (m) 0.43 0.45 0 85 0.25 0 05 0 1 02 01 0 05 

Ip IMA) 0.65 0 5 2.5 0 b 

B T ITI 3.5 2.5 5.2 1 0 1 B 0 57 7 6 0 2 

T T f 
1.5 i 1.0 s 1.6 '. 1 ms ( l i (ic (Ic tie t i c 

P 3 U , (MW! 2.5 
1MB, 40 kcVl 

6 
(NB. 50 kt •VI 

33 
(NB. 120 k rV i 

0 005 
ILH) 

0 001 
I E C R H I 

T 1 U 1 (SBCl 0.3 0 5 1.0 i l c * l r ,!( c ic <!C 

n f 1 l , t x ' C m ' ' 1 0 1 4 10' ' 10 ' 3 x 10 ! ; 4 x 1 0 ? X 10 10 10' 10' ' 

T m , i x 7 k.'V 10 kcV 20 k.'V 100 i.V 10,-V 10 >V 3eV 16,.V 5i 'V 

'Uiwif:. c o w r uclinr 

' •L i ;n i 1 i ho( <'•< » i ' l : <»vr-
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