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INTRODUCTION 

In 1977 ORHL continued to be a major contributor to the international effort for the development 
of fusion ei:»rgy Into a useful power producer. This contribution renins broad, with major prograr-, 
in plasma physics theory, plasma physics experiments, and technology development, and maintains a 
sufficient effort in each area to allow a high quality, in-depth effort. The examples in this intro­
duction illustrate both the breadth and significance of the ORHL program. 

The theoretical investigation of high beta tokamak conjurations how uses a number of tools for 
investigating the stability of high beta equilibrium. Our analyses with initial value, seaianalytic 
(BALOOttj, and energy princiole (ERATO and PEST) computer codes have reinforced our previous conclusion 
that betas of 5-10X should be attainable. In addition, coupled transport and equilibrium codes are 
now investigating the evolution of tokamak equilibrium under the combined effects of :.»*ting and trans­
port. Our understanding of resistive HMD phenomena continues to increase, and the predicted nonlinear 
properties of m = 2, n = 1 Nirnov oscillations agree quantitatively with experiments. It now appears 
also that nonlinear coupling between the m = 3, n = 2 and m = 2, n = 1 modes may be central to the 
major disruption process. In the continuing effort to understand the anomalous electron transport, it 
w s found from both analytical and numerical calculations that the collisionless drift wave in a 
smoothly sheared magnetic field (the "universal instability") was stable. However, trapped particles 
do destabilize these waves. While the electrostatic effects of microinstabiiities seem progressively -
less able to explain the observed electron losses, it now appears that the breakup of magnetic surface--: 
caused by such waves (the "magnetic flutter model") is a viable mechanism. The EBT theoretical effort, 
motivated by experiment, has been developing methods to self-consistently model the ambipolar electric 
field. This fieU strongly influences part.'le orbits and thus plasma transport. It appears that a 
complete7y classical model yields plasma par««ters which are within a factor of about two of those 
which ar» measured. As the microscopic and macroscopic features of the models evolve, comparisons 
with exjerlment are becoming Increasingly detailed. The ability to do computations such as the above 
and to deal with the large data flow from experiments was enhanced by the installation of a (DP KL-10. 
This computer has approximately twice the capacity of the KI-10 it replaced. 

The principal thrust in the EBT program was an expanded effort to measure the radial profiles of 
key plasma parameters, including profiles of ion temperature, density, impurity ions, neutral 
nydrogen, and plasma potential. The effect of small field errors on plasma confinement was studied. 
Optimum confinement conditions were obtained when the global fiel" errors were cancelled, and under 
these conditions the net toroidal current was wry small. EBT-I was shut down at tfe en-, of the yeer 
for mollifications which will allow higher microwave power levels and frequency (EBT-S). This increase 
in power is ride possible by the superpower millimeter microwave tube development program at Varian 
Associates (Palo Alto, California) u>.-'ar an ORNL subcontract. Tubes with over 200 <4 of power at 
28 GHz and a dc-rf conversion efficiency of 35% were developed; a stead, -state tuoe will be delivered 
in 1978. This 28-GHz development will be extended to 120 GHz for EBT-II, a proposed devle? which under 
neoclassical assumptions (consistent with EBT-I and which will be scaled on cBT-S) allows the possi­
bility of nt -v 10 l 3-10 1 ,» sec/cmJ. T -v 5-10 keV, ana T - 0.1-1 sec. The steady-state, high beta, and 
large aspect ratio properties of the EBT concept appear tu lead to an attractive reastor concept. 

The tokamak experimental effort was highlighted by the vtry successful run of ISX-A. Because of 
careful control of vacuum conditions, discharge cleaning, and titanium getterlng, plasra< with Z i 1-3, 
n • 5 x 10 I 2/cm 3 to 5 x 10 u'cm 3, and t < 30 msec were produced at a toroidal field of IS kG. The 
confinement time was a factor of four higher than that observed In ORMAK under similar conditions. 
This difference apparently results from a reduction In the amount of power los* due to Impurity 
radiation. The irapuri.y flow reversal experiment, a joint tffort with the General Atomic Company, was 
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an attempt to reduce or reverse the movement of impurities from the plasma edge to the discharge core. 
Although not all aspects of the experiment ~*ere understood, an effect in the correct direction was seen 
and-additional '.xperiments on ISX-B (a noncircular, neutral beam heated modification to ISX-A) are 
Planned. The fabrication for the ISX-A/ISX-B conversion progressed well, and experiments are expected 
to start in the summer as projected. The post-ISX tokamak program is based on a long pulse, super­
conducting device which investigates the physics and technology problems associated witn producing and 
maintaining high beta plasma discharges for periods longer than 10-20 sec. 

A major demonstration of oellet fueling was done on ISX-A using a 0.6-mm, 330-m/sec pellet injec­
tion system developed in the Ploana " !ogy Program. These pellets produced significant density 
increases, fin,'n -- 10-50*. and penei -ted the 1 x 10 l J/cm- plasma about 10 cm, in agreement with model 
calculations. An intensive construction and development effort led to the delivery of four neutral 
beam Unas to the Princeton Plasma Physics laborftory for use on PLT. Each of these syst^is is 
capable of delivering 750 kW. The sy.ttms ha/e very high atomic vields (-#5%). The cryogenic, heat 
transfe.*. and ion source components car be improved and will turm the basis for a new generation of 
beam lines 

The program to develop large toroidal superconducting magnets is now well established. The three 
coil ccntractors (General Dynamics, General Electric, and Westinghouse) are now in the detailed design 
and vf ification testing phase of^their contracts In addition, a contract for construction of the 
10.7-M-diam, 11.3-m-,,igh cylindrical vacuum vessel for the test facility has been let; actual 
rnnttrurtinn is tn hen in in »'d-?973. It f: SOW CA-.-CLICU cria,. the three fciiow-w coils will be buiit 
outside of the United States as part o. the 1EA agreenent which was signed by the Secretary of the 
Department of Energy fn October 1977. Pote:.tial coil suppliers include Switzerland, Japan, and EURATQM. 
Full ^ix-cofl array tests aro scheduled for 1982. The development of the conductc. instrumentation, 
and analytical tools required for this effort is now the principal activity of the Macnetics and Super­
conductivity Section, but in addition contributions have been it*••• '„o the EBT-S, E3T-II, FB7R, ISX, and 
TNS proprams. 

The TNS eftort i-as moved from a phase in which project definition and systems modeling were the 
most Important activities to one of preconceotual desiqn in which specific tasks are undertaken to 
reduce tecnnology requirements, reduce cost... and/or iicrease the engineering feasibility of the device 
'e.q., analyzing the trade-pffs between air and iron core devices and developing designs with fewer 
toroidal field coils). This program continues to play a strong role in defining and refininr tht plasma 
physics and technology prog-ems at 0RNL. 

It should also be noted that a separation took plac between thi management 'unctions of the 
Fusion Energy Division and the Fusion Program. Historically, programs witMn the Labora'ory have cut 
across a number of discipline-oriented divisions and have been managed by a prograit director. This 
did not take place earlier in the fusion effort because most of the wck centers in one t'ivlslon. 
The Increased size of the program and the growing effort in other divisions motivated thi* change. 

The year 1977 was an uncertain one for fusion development in the United «tct»s bec*u$e priorities 
within the nation's advanced energy research and development program were • ider Intensive study. How­
ever, the 0RNL Fusion Program has made significant advances in establishing the physics and technology 
base which will be required for the future program. Progress is continuing to be made toward obtaining 
useful energy from the fusion process. 

Lee A. Berry, Director 0 fa. ";rgan, Jr.*. Director 
0RNL Fusion Program rusion tr,»rgy Division 
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Afc&ttoci. The main thrust of the experimental 
e f f o r t s i n 1977 was directed toward the measure­
ment of rad ia l p ro f i l es of most key plasma 
i-arameters, mainly in the s ta t i c 7-node opera­
t i on of EB7-I. Ion temperature and density 
p ro f i l es were measured by charge exchange 
neut.al pa r t i c l e analys is , neutral hydrogen 
and impuri ty ion density p ro f i l es were 
measured spectroscopical ly, and plasma poten­
t i a l p ro f i l es were measured using the heavy 
ion team protw technique for the f i r s t t ime. 
HorV i s continuing on the development of a 
net* sof t x-ray detector for measuring elec­
tron temperature p ro f i l es and a ruby laser 
scat ter ing apparatus for measuring electron 
density p r o f i l e s . 

1 . Instrumentation and Controls D iv is ion . 
2. Consu'tant, Rensselaer Polytechnic I n s t i t u t e , 

Troy, New York. 

3. Computer Sciences Div is ion. 

4 . Consultant, Rensselaer Polytechnic I n s t i t u t e , 
Troy, New for*., rid Prinveton Plasma Physics 
Laboratory, Princeton, Hto Jersey. 

5. On leave to Centre d'Etudes Nucleaires de 
Grenoble, Grenoble, France. 

C. On leave from Centre d'Etudes Nu'.leaires de 
Grenoble, Grenoble, France. 

7. Consultant, I ns t i t u te of Plasma Physics, 
Nagoya Univers i ty , Nagoya, Japan. 

8 . Consultant, Johns Hopkins Univers i ty , 
Balt imore, Maryland. 

In addi t ion to the e f fo r t s to o b t j i n rad ia l 
p r o f i l e in format ion, there wtre several other 
measurements which added s i g n i f i c a n t l y to our 
understanding of tBT. The e f fec ts o f small 
magnetic f i e l d errors on olasma rnnfin«n«>» sere 
s tuc ied , and the dependence of other parameters, 
such as net toro ida l cur rent , on f i e l d er rors 
was determined. Elect>-on heating *, microwaves 
was studied by so f t x-ray analys is . I n s t a l l a t i o n 
of a new neut-al pa r t i c l e analyzer employing a 
cesium charge exchange ce l l increased our con­
fidence <n charge exchange measurements. The 
resu l ts o f these measurements provided valuable 
guidance to the one-dimensional theory of EuT. 

In November EBT-I was shut down fo r conver­
sion to EBT-S, which is expected to be a c ruc ia l 
test of scal ing for the EBT concept. Development 
was completed in 1977 for the 28-GHz, 200-kW 
,'cw) gyrotron o s c i l l a t o r , waveguide d i s t r i b u t i o n 
system, and power supply, which represent a 502 
increase in microwave frequency and a threefo ld 
increase in to ta l microwave power ava i l ab le . 

Also in 1977 a design and engineering study 
was undertaken for the EBT-II device ( t o fo l l ow 
EBT-C). As current ly conceived, EftT-II would 
<»chi»ve near breakeven condit ions w i th a u x i l i a r y 
neutral b».am heating for the ions i f neoclassical 
scal ing i s v a l i d . The EBT-II design c a l l s fo r 
extension of the gyroklystrdn s tate o f the a r t 
to 200-kW (cw) tubes operating at 120 GHz and 
for modest technology improvements in the areas 
of superconducting magnets und neutral _eam 



sources. The design also includes the innovative 
feature of aspect ratio enhancement coils, which 
reduces the size requirements for breakeven for 
an EBT device, possibly by •-. factor of three. 

1.1 INTRODUCTION 

Operation of the ELMO o.*tpy Torus was cor.-
cluded in 1977 as conversion of EBT-I to EBT-S 
began. Experimental efforts we»e concentrated 
on obtaining radial prof i le information, develop­
ment of the 28-GHz gyroHystron for use on 
EBT-S Mas nearly completed, and a conceptual 
design study was undertaken of the next genera­
tion device, EBT-II . 

The experimental program consisted of using 
new techniques as well as refining existing 
diagnostics. Section 1.2 discusses the results 
of »u"i x-ray analysis of eleiirun Sa t iny . 
Secti >n 1.3 describes the new charge exchange 
apparatus installed on EBT during 1977 and 
meast rements of the ion radial profi les. The 
meas irements of space potential profiles by the 
heav ion beam probe are in Sect. 1.4. Section 
1.5 t'etails the results of our studies of 
toroidal current and magnetic f ie ld error com-
pensat.'on. Section 1.6 discusses the impurity 
distributions in the EBT plasma as measured by 
uv spectroscopy. Section 1.7 is a discussion of 
the visible light study of impurity spectral 
l ine shapes. Advances in microwave source 
development and preparations for EBT-S are 
described in Sect. 1.8. Finally, a summary of 
work on the EBT-II conceptual design study is 
giver, in Sect. 1.9. 

1.2 STUDY OF ELECTRON HEATING BY SOFT X-RAY 
ANALYSIS 

S. Hlroe F. J . Bresnock 6. R. Haste 

The recent progress of x-ray and other 
diagnostics on EBT has provided us with an 
understanding of, the electron cyclotron resonance 
heated plasma. The calibration of the soft 
x-ray detector in the lower photon energy range 
Is accomplished by operating EBT with magnetic 

fiei»l and mir.rowa<e power appl ied to only z few 
cavities ô that in the absence of a toroidal 
core plasra only the re la t iv is t ic ring electrons 
illuminate the detector. Deviations at low 
energies from the known distribution of this 
energetic electron population cay be used 
directly as a treasure of detector efficiency. 
EBT nay be operated in a mode to provide this 
calibration V« i i t u to check the constancy of 
this calibration day to day. 

1.2.1 Line Averaged Electron Temperature and 
Density with Only 18-GHz ECK 

The behavior of the l ine averaged tempera­
ture, measured with the windowless soft x-ray 
detector, is shown in F ig . 1 .1 . In this figure, 
the ordinate is electron temperature and the 
abscssa is ambient pressure in the cavity 
containing the soft x-ray detector. 

I t is clear that tne temperature changes 
steeply with pressure variations at low pressure 
and becomes almost constant at higher pressures. 
The temperatures obtained vary in the range of 
300 eV-600 eV. 

In Fig. 1.2, the lependence of I'ne averaged 
density obtained from a 70-GHz interferometer 
and toroidal electron temperature on arcbient 
pressure is shown. The EBT plasma consists of 
three different components: a surface plasma 
( $ ) , a hot electron annul us (h ) , and a toroidal 
plasma ( t ) . The measured nL is the sum of these 
components: 

n L ' Vs * Vh * V t • 

Of these components, n^t. is small and may be 
neglected compared to n.i and n s. . It is 
evident that nL Increases with ambient p.essure 
but seems to saturate at nig!, levels of micro­
wave power. 

The density obtair.od from the soft x-ray 
intensify is a measure of only the toroidal com­
ponent. We can neglect the contribution of 
surface plasma because the electron temperature 
of the Surface plasma is one order of magnitude 
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smaller than that of the toroidal plasna and the 
measurements are taken from data above 0.7 keV. 
It is interesting that toroidal density decreases 
with increasing ambient pressure and increases 
with input power. From the interferometer 
measurements it appears that the density of 
surface plasaa oust then increase with ambient 
pressure. It is also clear that the energy 
contained in the toroidal pi a s m increases as 
the ambient pressure decreases toward the 
unstable M-mode. 

From the above results, we can demonstrate 
the gross characteristics o? tne electron temper­
ature and density in EBT. !n Fig. 1.3 we show 
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interferometer and soft x-ray Intensity are 
shown vs feeding pressure. 

Fig, 1,3, Empirical scalfng relation for 
18-6HZ ECH only. 
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the ecipirical relations between the toroidal 
temperature T , <lensity n , input power P . and 
ambient pressure p. The empirical relatiDn 
between the toroidal density, microwave power, 
and anHent pressure can be written 

u p - P.1-'- . (1.2.1) 

microwave powers at !3 GKz and 10.6 GHz. The 
number by each experimental point is the power 
at 10.6 GHz. 

When the results 'town i r Figs. 1.1 and 1 . * 
an compared, i t is clear that '.he gross tendency 
is the same, except tnat T with additional 
10.6-GHz p>wer is snaller than wi:h c. ly 18-GHz 
power. 

Except for operation at high pressure in 
the T-node or in the C-T transition region, the 
relation between T. and P vs p is described by 

1 t P « P ; -5 . (1.2.2) 

Fron Eqs. (1.2.1) and (1 .2 .2 ) . we can eliminate p 
and write the relation 

V 7 t (1.2-3) 

If we assume that the t.-.ergy deposition in the 
toroidal plasma is p 
deposited energy is 
toroidal plasma is proportional to n.T,, the 

V t • <y> : (1.2-4) 

The energy deposition in the toroidal plasma 
increases with increasing microwave power and 
with decreasing imbient pressure. I t is im­
portant »o point out that thesa relations are 
applicable only for the T-mode. 

As shown in Fig. 1 .1 , T. appears to be 
nearly c tant at high pressure in the T-rode. 
From Eq. ( 1 . 2 . 2 ) , if T t is constant, p - P«- ' . 
This relation is in good agreement with p(Torr) * 
jO-cpo.fc ( k W ) t w » , i c h | S obtained at the C-T 

transition region, as reported earlier.1 

' • 2 * * Line Averaged Electron Temperature and 
Density with Both 10,6-CHz and 18-CHz ECH 

In Fig. 1.4, the electron temperature with 
both 18-GHz and 10.6-GHz microwave power applied 
is shown as • function of ambient pressure. The 
different symbols represent different total 
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Fig. 1.4. Electron temperature with 10.6 
GHz added. 

In Fig. 1.5, the densities obtained from 
the 70-GHz Interferometer and soft x-ray in ­
tensity *re shown. In general, the total l ine-
integrated density, nL, with 10.6 GHz is larger 
than that without 10.6 GHz; for example, compare 
the data for the powers of 30 • 8 (18-GHz and 
10.6-GHz powei-s, in kW, ropectively) and 40 • 0. 
As shown at the bottom of Fig. 1.5, with only 
18-GHz power, n . l . monotonically decreases with 
pressure, but n ( t ( with additional 10.6-tiHz 
ECH behaves ir. a more complicated way. 
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He have nit measured the radial tensity 
profile yet. so it is ;-ot ce-tain that i i s 
constant for the *any cases c ^scribed. However. 
i t should be tainted nut t*at the cyclotron 
ressnance region for 10.6 6HZ i*es wry near the 
edge of toroidil plasma. 

density scaling. The temperature scaling 
relation with 10.6-GHz power added i s described 
by 

p . . . . = p.. (1-2-5) 

<j»%- 3*G <t̂ J :* B S " 

-
5 6r~ t -wjwi i^t • n^r <•»•£..;?: 

• x r. 
O 3 0 ' . 
a at s 
• 40 0 
A 4 0 0 

Ff-ES'iijftf •••••) "T-r - -

Fig. 1.5. Electron densities with and 
without '0.6 &z. 

In Fig. 1.6, the empirical scaling relation 
is shO'.n when the 10.6-GHZ microwave power i s 
added to the lfc-OHz power. The temperaturs 
scaling shows almost the same features as 
f ig . 1.3. except that the magnitude '•? th* 
exponent of p is greater and the experisnental 
data scatter is larger than those of Fit). V.3. 
Fcr this case, we have not, yet determined th* 

whera 9 is the total applied microwave power. 
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1.2.3 Electron Temperature Profiles from Heavy 
Ion Beam Probe Measurements 

Relative electron temperature profiles were 
obtained by measuring the current ratios of the 
higher charge states of rubidium when employing 
the heavy ion beam potential probe. The signals 
Rb 2 , 3 . '.*, and 5 are easily detectable, but 
data unfolding difficulties because of geometric 
factors and cross section uncertainties made an 
absolute T determination very difficult."-' 

1.3 ION CHARGE EXCHAK6E HEASUREKEHTS 

F. M. baity B. H. *}uon 

Two new neutral particle analyzers were 
installed on EBT-I. Cne is a four-chord analyzer 
which employs a conventional nitrogen stripping 
cell and which samples four parallel chords 
through the plasma for measurement or tne ion 
radial profiles. The other is a single beam 
analyzer which employs a cesium charge exchange 
cell for converting the escaping fast neutrals 
to negative ions for energy analysis. Results 
from the two instruments are in or . agreement 
with, each other in the T-mode. The cesium 
spectroseter extends the sensitivity of temper­
ature measurement to lower energies than is 
possible with a nitrogen stripping cell analyzer. 

Central ion temperatures in the T-mode 
range from around 30 eV near the transition 
between C- and T-wodes to 200 eV near the T-H 
transition for hydrogen. Near the T-K transi­
tion, the ion temperature is found to vary 
linearly with the plasma space potential well 
depth. 

1.3.1 Ion Temperature Profile Measurements 

A new neutral particle spectrometer was 
installed to detect energetic neutrals escaping 
along four parallel chords in the upper half of 
a cavity cross section. The instrument employs 

a conventional nitrogen stripping cell for 
converting the fast neutrals to positive ions. 
The data from this spectrometer can be analyzed 
by Abel inversion if plasma cylindrical symmetry 
is assumed. 

Throughout the T-mode the ion temperature 
is seen to be practically constant in radius out 
to <\S cm. Measurements of the ion-neutral 
density product ("jO radial profile are pos­
sible with this analyzer, but very thorough and 
careful calibrations are needed before much 
confidence is given to them. Direct measurement 
of the T. profile confirmed what was suspected 
from the shape of spectra taken witr. a single 
chord analyzer. Distortion of the spectrum due 
to profile effects is seldom observed in EBT 
over a wide range of energy. 

1.3.2 Cesium Charge Exchange Canal Spectrometer 

In EBT-I charge exchange neutral measure­
ments were hindered by low counting rates when 
using a conventional nitrogen stripping cell 
neutral particle analyzer since the plasma 
density was on the order of 2 x 1 0 I : cm" 3, the 
ion temperature was typically i'00 eV, and the 
neutral hydrogen was significa.illy attenuated 
toward the center of the plasr^. This low 
counting efficiency was an especially serious 
problem for energies approaching 100 eV, where 
gooJ energy resolution is needed to measure 
radial profile effects on ths ion temperature 
spectrum. An additional consequence of the low 
counting rate was that measurements of temporal 
changes in plasma density or tempewture were 
precluded. Therefore, a new neutral particle 
analyzer which was much more efficient at low 
energies was needed. A vast improvement in 
counting fficiency was achieved at energies 
below 1 keV by using a cesiuir charge exchange 
cell to convert the escaping fast neutrals to 
negative ions. Cesium charge exchange canals 
have been built and studied in connection with 
negative ion beam development.3''' 

http://significa.il
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Description of the cesium charge exchange 
canal 

A cesium charge exchange cell similar to 
the design of Kefs. 3 and 4 was constructed and 
combined with a converted energy analyzer to 
form a new charge exchange analyzer. The ana­
lyzer employs a 45 c parallel plate electrostatic 
energy analyzer and a channel electron ••jltiplier 
biased to analyze negatively charged particles. 
The electron multiplier is operated in the pulse 
counting mode. The cesium cell is shown sche­
matically in Fig. 1.7. It is constructed 

0m.1»fFt»-T7-»M 

Table 1.1. Cesium cell specifications 

Fig. 1./. (a) Cesium pipe sch«wti':; (b) 
axial temperature distribution. 

entirely of sjinless steel. Two tubular 75-W 
heaters are located on either side of the cesium 
reservoir. The cell is designed for mounting 
between the end of the charge exchange port tjbe 
outside the lead wall and the analyzer housing 
box. The specifications of the cell are given 
1r. Table 1.1. The parallel plate electrostatic 
energy Analyzer and housing were taken from an 
earlier neutral particle analyzer used on EST. 
In order to detect negative particles, the 
channel electron multiplier has to be operated 
with the signal lead floating at 6 kV with 
respect to ground, necessitating the use of a 
blocking capacitor at the inpu* to the preamp. 
The box housing the channel electron multiplier 
also must be floated, so a Teflon insulator was 
Installed between it and the parallel plate 
»n»]yztr. 

Ibterial 304L stainless steel 
Overall length 30.5 cm 
Canal diameter 1.3-cn 10 
Oven length 5.7 on 
OTMI diameter 12.7 C K 
Reservoir capacity 12 g 
Heaters (2) 75 U 
Hick 316 stainless steel 

mesh 
Operating temperature 140 C 
Cesium vapor pressure 7 mTorr 
Lifetime (theoretical) 2700 hr 
Lifetime (experimental) <Vn hr 

The calibration curve obtained is shown in 
Fig. 1.8 with the nitrogen stripping cell result 
on the same graph. Note that the cesium cell 

ENERGY (koV) 

Fig. 1.8. Calibration curves for both the 
cesium and nitrogen spectrometers, showing the 
vast Improvement In efficiency for the eesijm 
spectrometer below 1 keV, 
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efficiency is higher for a l l energies below 
1 keV. and that at 1Q0 eV the improvement is 
over two orders of magnitude. 

Tne limitation on the l ifetime of tne cel l 
is the cesi t* loss rate out the ends of the 
pipe. Measurements of VK exi t flux give an 
estimate of 2700 hr for the l i fetime of tne cel l 
with 12 9 of cesium. The actual l i fet ime was 
found to be «round 300 hr. This l i fet ime •sight 
be imp/oved by modifying the operating temper­
ature of the ends or by careful csanufacture of 
the wick. 

Uitrt the analyzer biased to accelerate 
negative ions, the electron roltiplier also 
counts electrons entering i t ; therefore, pre­
cautions must be taken to prevent the emission 
of secondary electrons in the analyzer houstno 
by the intense uv and x-ray flux from EBT. This 
is accomplished by shadowing a l l parts of the 
analyzer behind coilinatirvj apertures upstream 
as such as possible. Hnen this i - done the 
background counting rate is vore than two orders 
of magnitude belc* 'ie peak counting rate. 
Further reduction of the background may be 
possible. 

The peak co-mtinq rate measured in EBT-1 
of about 5 « Iff - counts/sec is well within the 
capability of the channel electron multipl ier 
and i ts associated electronics. 

Charge exchange measurements 

Ion temperature measurements using the 
cesiucs cell analyzer were made over a wide range 
of operating conditions on EBT-I. The spectrum 
deviates from the Maxwellian for both high and 
low energies. At low energy the spectrin con­
tains a sizable contribution from the cool 
surface plasma (measured .pectroscopically to 
have an electron temperature of -*-30 eV), At 
high energy the deviation may be due either to 
the background counting rate or to suprathermal 
ions sometimes observed in EBT-t with a nitrogen 
stripping cel l neutral '.pectrometer. More 
ef for t is required to establish which explanation 
is correct. Neoclassical calculations predict -

*nd direct neasuranent* of ion radial profiles 
confirc - th«t the ion te-oerat-re ar&file in 
EBT-I :s nearly f l a t out to tfcc hot electron 
araiulas. so thct prof i le effects or. tne spectrum 
of fast ne_v»ls, e<>caoing from the tomfdal core 
plassa are smail. Hence, there is good agreement 
between the observed spectrum and a sinole 
tesp-rature Hajrwel I ian distr ibution. 

Tne relationship between ioe temperature 
and background neutral pressure is shown in 
Fig. 1.9 for «_-__: total input power. En the 
C-sode the determination of ion temperatore is 
d i f f i c u l t ; however, regard".ess of background 
pressure there is »'*-..•'• a significant popula­
t ion of energetic net-t .is which appears to 
correspond to an iot .ecperature of 30-40 eV. 
In the T-mode. as the pressure is lowered, there 
is a smooth r ise in ion temperature. 
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r i g . 1.9. Relationship between ion te~pera-
r_.e and ambient pressure for typical operating 
conditions. 

1.4 SPACE POTENTIAL PROFILE MEASUREMENT 

S. P. Kuo P. L. Colestnck 

During the past year, significant advances 
Mere made in the measurement of the plasma space 
potential. The results indicate that under 
optimum confinement conditions the ambipolar 
electric f ie ld is nearly axisymmetric, points 
radial ly inward, and is of sufficient magnitude 

http://_L.__X.-1
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to dominate the poloical d r i f t s . For T-oode 

operation the results ire shewn in Fig. 5.10. 

The Eaxi^ur. potential difference in this c»s« is 

nearly 200 V. A series of radial scans along 
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Fig. 1.10. T-wxfe ?p»ce potential prof i le 
(a) along the vert ic i l axis; (b) along the 
horizontal axis; and (c) two-dimensional prof i le 

the vertical l ine traversing the C-T transition 
is shown in Fig. l . l l for several f i l l i n g pres­
sures. The change in plasma parameters which 
denotes the C-mode occurs rather abruptly at 
approximately p « 1.3 x 10" Torr. 

Figure 1.12 shows that the space potential 
prof i le and hence the radial electr ic f ie ld are 
strongly affected by the profi le resonance 
heating. The 10.6-Gnz microwave seems to smooth 
the space potential profi le and hence reduce the 

6 a »3 <2 
»AO»US ( cm) 
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Fig. 1.11. Space potential profi le along the 
vertical axis for several f i l l i n g pressures. 

radial amoipolar f ie ld largely in the central 
region. Th«s effect may .esult from the enhance­
ment of the passing electron population by lower 
off-resonant heating from the prof i le heating 
so-rce. A comparison between the space potential 
wet', depth and the plasma electron temperature 
is shown in Fig. 1.13, where the electron temper­
ature is measured by the soft x-ray diagnostic. 
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shifted so that the peak potential is at zero volts. 

1.5 TORCIDAl CURRENT AND &OBAI FIELD 
COMPENSATION 

6. K. Quon P. L. Colestock 
H. H.egami 

The global error field compensation in EBT 
employs two pairs of current loops wound along­
side the toroidally linked cavities, as schemat­
ically shown in Fig. 1.14. When current {!„ 
and IA is applied to these loops, a horizontal 
and a vertical field c*n be generated in »n 
arbitrary plane perpendicular to the minor axis. 
These fields can be used to reduce or enhance 
the system global error field, thus permitting 
studies of plasma stability and confinement with 
field errors as a parameter. The net toroidal 
current is measured by integrating the electro­
motive force induced on two large pickup coils 
(Fig. T.14). A 70-GHz microwave interferometer 
is used to obtain the average plasma density and 
density fluctuations. The two-dimensional 
plasma potential profile on the minor cross 

section is measured in the midplane of a single 
mirror using the heavy ion (rubidium) beam 
probe. 

In order to show the relationship between 
the tore id?1 current and ;he global field errors, 
we have plotted the amplitude of the toroidal 

'0« O / CUMMI WC*0**Vt UtO (II 

W K M t i O i f L O 
COMIC r>OW LOOK 

OMiMfrM^nMI 

r l t O H / rf Oft «ncilO*Mvf 
' H O M O M l 

Fig. 1,14. Schematic diagram of the global 
field correction system on EBT. The correction 
loops are 50 cm from the minor axis. Each of 
these loops consists of a 20-turn coil capable of 
carryir.g a current up to 30 A. The major radius 
of the torus Is 150 cm. 



current as a function of the externally intro­
duced horizontal field error for several gas 
f i l l ing pressures (see Fig. 1.15). In thii 
range of pressure the E6T plasma is observed to 
change from C-mode (for p0 > 1 x \0~b Torr) to 
T-mode because of the stabilizing effect of the 
high g electron arjiulus. 

In the high pressure C-mode the plasma is 
not stable against MHO instabilities, and the 
plasna transport is dominated by instabilities 
rather than by neoclassical diffusion. Our 
measurements on the plasma potential and other 
parameters show l i t t l e change caused by field 
errors except the amplitude of the toroidal 
current, which increases almost linearly with 
the global field error, as shown by the top two 
curves fn Fig. 1.15. In the low pressure 
T-mode, the plasma is stabilized by the high s 
(8-501) electron annulus and is expected to 
behave neoclassically. This stability is mani­
fested by the lew level of plasma fluctuations 
and the relatively higher plasma temperature 
(T e -v. 200-500 eV, T, •v 80-130 eV). We also 

oKerved the formation of a negative potential 
•;el' in the plasma core. As shown in the lo*sr 
three curves in Fig. 1.15, the measured toroidal 
current is significantly reduced for a range of 
the external field error. This change appears 
to relate to the formation of a negative pov.n-
t al well, as shown in Fig. 1.16. 

The two-dimensional potential profiles 
shown in Fig. 1.16 were Measured at a pressure 
p0 - 6 x 10' £ Torr with an applied microwave 
heating power of ^50 kU. Figure 1.16(a) shows a 
radially symmetric potential well measured with 
global field error correction so that the 
toroidal current is minimized. The s; ametry in 
the potential profile would seen to exclude the 
existence of convective cells and to indicate 
neoclassical ambipolar transport. This desirable 
potential profile symmetry is lost when the 
global error field correction is turned off. As 
shown in Fig. 1.16(b), the central plasma poten­
tial seems to be short-circuited to ground 
through the outer systert wal 1 . 
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Fig. 1.15. Dependence of the net toroidal 
current on magnetic field errors introduced by 
the external loop current U H ) for different gas 
fi l l ing pressures. I y (a20 A) is held fixed. The 
large current reduction for a range of field errors 
at low pressure suggests a change in the plasma 
potential profile. 

Fig. 1.16. The plasma potential profiles 
measured by using a rubidium ion beam probe 
(15 kV). Curve (a) is the horizontal scan across 
the minor axis; plot (a) is the two-dimensi mal 
profile generated using a spline f i t to dati 
obtained with a proper field correction on tBT. 
Curve (b) and plot (b) art measured without field 
corrections. 



The effects of Magnetic field errors on 
plasm stability and confinement in EBT are 
shown in Fig. 1.17. Th-2 net toroidal current, 
the average plasaa density, the average density 
fluctuation amplitude, and the plasm potential 
Measured at the center and near the annulus are 
plotted together with the horizontal field error 
as functions of the current 1„. This current 's 

no vous 

Fig. 1.17. Correlations of several parameters 
measured simultaneously as the horizontal field 
error scans in the range of ±1-2 x It" 3. The 
probable system global error is estimated to be 
3 x 10"1*, as indicated by the arrowhead. 

applied to the field correction coil and these 
curves show the correlation among all of these 
parameters, especially when the field error 
reaches a critical value. Taking the probable 
global fielo error as indicted by the arrow in 
the 6BH/B curve, the critical field is estimat'-d 
to be ('V^cr a °' 6 " ' x 1 0" i' M e 0 D S e r v e 

that below this field error: 

0) the plasma carr^o.t vety rmall net toroidal 
current ( I f o r o 1 d a l « 5 A), 

(2) the average plasma density is relatively 
higher {by '401), 

(3) the plasm is free from fluctuations 
(sn/n < 2 x 10" 3, mainly at frequencies 
les; than 20 kHz), and 

(4) there is a large ambipolar f ie ld, which 
is consistent with the potential profile 
shown in Fig. 1.16(a). 

Outside this range, there is a large toroidal 
current (up to 20C • } . -~ c.«Miw.ed fluctuation 
level, and i relatively small a^ipolar f ie ld. 

In this i?<*estigatioitv the use of externally 
generated global field errors a EBT few per-
Mitted a study of plasm sensitivity to such 
field error effects. Below a cr itieal error 
f ield, the plasm behavior is predictable from a 
one-diMensional neoclassical theory. However, 
in the presence of large field errors, charged 
particles can leak along lines of force to the 
system m i l . Inasmuch as the ambipolar field is 
«i'-c««sf£tsj:t]y dctc—i=ci fcy piriivie uiTiw 
sion, field errors can cause nthanced diffjsion, 
resulting in the complete breakdown of the 
current-free equilibrium configuration. The 
observation >f a larg> toroidal current and the 
simultaneous loss of the ambipolar potential 
might be evidence of such an effect. Enhanced 
plasma fluctuations can also cause anomalous 
particle and energy transport, thereby signif­
icantly altering steady-state plasm parameters. 
These results thus warrant further study in s 
next generation of EBT plasms, especially where 
smaller collisionality is anticipated. 

1.6 SPATIAL SCANS OF IHPlWTY ANO HYDROGEN 
LIGHT 

N. H. lazar H. u. Moos 
K. K. Carpenter R. K. Richards 

J. M. Tyson 

The spectroscopic orogra* in cooperation 
with Johns Hopkins University' ->eifgrted to 
determine the impurity ion distributions in EBT 
by spatial scanning of characteristic light 
emissions was continue ind expanded by the 
addition of a second view into the plasm (Ffg. 
1.18). Analysis of the data was carried out 
using an iterative algebraic reconstruction 
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Fig. I.18. Geometry for spatial scanning of light emissions from 
EBT snowing the location of the two viewing directions. 

technique similar to methods developed for 
medical tomography, which permits reconstruction 
of the light emission distribution even for 
asymmetric cases. Once again lines in the 
ultraviolet from H I. C II, C III, C IV, Al I, 
Al II, Al III, and now Al IV were observed. 
Using the reconstruction technique, it is now 
clear that some impurity ions are present in the 
toroidal plasma, although for all species the 
density is observed to be lower than that seen 
in the surface plasma. Further, repeated 
attempts to observe C V light were unsuccessful, 
a>?d the best estimate of the ratio of carbon 
to electron density in the toroidal plasma, 
"(C)/ne < 6 x 10" 5, indicates that the surface 
plasma provides effective shielding against 
Incoming impurities. The source of the im­
purities which are round in the toroidal plasma 
can be traced to the mirro throat regions, 
where open drift surfaces first strike the 
vacuum walls. The Al I distribution, "iewed in 
the midplane between t'ie coils, shows a near 
absence of neutral aluminum in the hot plasma 
core &A to ionization by the surface plasma, 
but *he aluminum Ion species produce light which 
Is clearly peaked 1n the toroidal core plasma 
(Fig, 1.19). Apparently, neutral aluminum 

produced in the mirror th>oats can penetrate the 
plasma core before being ionized, and the 
various aluminum ion charge states arc then made 
visible in the midplane by electron collisional 
excitation. Nevertheless, the surface plasma is 
still an effective "divertor," apparently as a 
result of ?.'* combination of the moderate 
electron temperature and density, the short ion 
lifetimes previously reported, and the hign 
positive plasma potential which must be crossed 
by inward diffusing impurity ions if they arc to 
penetrate the toroidal core. 

1.7 IMPURITY SPECTRAL PROFILES 

J. A. Cobble 

Spectral profiles of emission lines from 
low-Z impurity ions of the EBT plasma have been 
obtained using a Fabry-Perot Interferometer (see 
Fig. 1.20). The line widths are due to the 
Doppler effect and for the observed ion species 
(He I I , Al I I , Al I I I ) suggest a velocity at the 
half intensity points of 1.5 x 10'' m/sec. 
Ascribing this velocity to the mass-independent 
t x 8 drift , one gets the relative values of 
fields at the source 0' the impurity light. 
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Fig. 1.19. Isometric view of reconstructed emissivity in EBT cavity midplane. 
*xes are indicated. Amplitude af-ove plane A « n
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n U 1 ) < c v > is in arbitrary units. 
light (> 2151 A); (b) singly ionized alumip-jm (A 1651 A). 
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Fig. 1;20. Spectral profiles from EBT using 
a Fabry-Perot interferometer. 

v « E/B. I f the magnetic f ie ld is 0.2 T, then 
the electr ic f ie ld is 30 V/cm. This implies 
that l ight in the profi le wings originates 
either in regions where the electric f ie ld 
exceeds 30 V/cm or, as is more lifcely, where the 
magnetic f ie ld is less thar. 0.2 T, i . e . , on t n c 

edge of the plasma. 

1.8 WJCROUAVE DEVELOPMENT AND TECHNOLOGY 

H. 0 . Eason 
M. CBecker 
M. W. KcGufffn 

T. I . White 
R. E. Wintenberg 
T. Uckan 

The dt/elopment of super power mill(meter 
wave sources was continued by Varian Associates, 
Pa!o A1to, California, under ORNL subcontract. 



This e f f o r t has been directed towa'd the devel­
opment of jy rot ron osc i l l a to rs and gyrok lys for . 
ampl i f ie rs , botn of which ar-j forsis of th*r 
cyclotron, resonant maser. The object ive of the 
current phase of tne program is the development 
of high e f f i c iency devices having 2GG-kW {cw; 
capabi l i ty a t a frequency of ?s GHz. These 
devices are low frequency prototypes for la te r 
devices having s imi lar power output capab i l i t y 
at a frequency of 120 GHz. 

Pulse tes t ing was u t i l i z e d through the 
i n i t i a l phases of the device development program 
to Mrcplify conservation and permit separate 
considered on of the thermal design. The best 
test resul ts have been obtained Ki th- the gyro-
tron o s c i l l a t o r , which has demonstrated peak 
power output of 248 kU at 28 GHz w i tn dc-to->-f 
conversion e f t tc iency of 351. Operation a t hiqh 
duty cycle has yielded average pawer output o f 
?U kU with peak, output >2W kW. High power, 
long pulse operation ^ t o 1-sp.sec pulse durat ion 
has been achieved. Continuous var ia t ion of 
28-GHz power output over i range ot !3 dB through 
adjustment o f i s ingle operating parameter has 
also been demonstrated. The f i r s t contiguous 
wave t 28-GHz gyrotron has besn constructed and 
i n i t i a l test ing is in progress. 

5»per power i tr i l l imeter wave ECH systems 
deve'.opnwr.t was continued with the object ive of 
u t i l i z i n g the f i r s t continuous wave, 28-GHz 
gyrotron in the primary ECU system fo r EBT-S. 
Speci f i rat ions for the required 100-kV, dc, 
10-A power supply system were developed, and 
th i s equipment w a : » procured from an indust r ia l 
source. Mi l l imeter wave power d i s t r i bu t ion and 
plasma coupl mg structures were developed for 
EBT-S and ins ta l l ed on the f a c i l i t y . These 
st ructures, which also function as part of the 
vacuum pumping system, employ quasi-opt ical 
methoos for mi l l imeter w.nve power d iv is ior , and 
d i s t r i b u t i o n frcm the single gyrotron to a l l of 
the 24 mir ror confinement ragions of the torus. 
A l l components f o r the high e f f i c iency , m u l t l -
mode waveguide transmisslpn system were devel­
oped and bench tested. These components, which 
Include bends, d i rec t iona l couplers, termina­
t i ons , mode f i l t e r s , e t c . i employ a combination 

•ti waveguice vA '^uasi-cptic pr inc ip les :n the i r 
desigr. Tfteir successful cevelopr«nt resulted 
f r o - e cp l i ca t ' o i of both r ,_-*r ical and exper i ­
mental retnods. AH other components and sub­
systems required for the E27-S 200-kw (cw), 
28-uHz ECH system have been developed concur-
ren t iy w i th the gyrotron development. This 
system ntOiiels a oasic bu i ld ing block of much 
larger future systems which w i i l u t i l i z e a 
ma^er of 200-fcK (cw;, 120-GHz gyrotrons to 
achieve the multimegaitttt ECH needs of large 
fusion devices. 

1.9 EBT-II 

J. C. Glowienka 

An EBT reactor promises to be an extreasely 
a t t rac t i ve device because o f high beta, steady-
•-tate operatio/v, good Mechanical access, and 
modest technology requirements. Considerable 
impetus rias been given to the program because 
the recently completed EBT-1 experiments demon­
strated proof of p r i nc ip le . Further iwre, EBT-S 
w i l l short ly provide a rrore d e f i n i t i v e tes t of 
transport scal ing by the addi t ion of 200 kW of 
electron cyclotron (microwave) heating n t 28 GHz, 
made possible through straightforward technolog­
ical develo^'mcrit. Dur'ng the past year, however, 
work was begun or * conceptual design study for 
the next and probably most c i t i c a i step in the 
program sequence. EBT-II . The goal of the study 
was to define machine parameters that would 
allow experirttnts to f u l l y test EBT scal ing up 
to reactor condi t ions. The basic assumptions 
were two: 

(1) e lectron and ton transport in EBT-II is 
neoclassical , and 

(2) the requ is i te microwavo and superconductor 
technology would become avai lable provided 
su f f i c i en t lead time were allowed for 
development. 

The resu l t ing conceptual design for EBT-II 
represents a major scale-up in microwave f r e ­
quency and power, magnetic f i e l d , and s ize , 
which ( i n terms of plasma parameters) presents 



the possibility of demonstrating breakeven. 
The EST-II experiment, as proposed, wiii 

proceed in two steps. EBT-II Phase 1 will 
concentrate on examining the scaling made 
possible by the *ajor scale-up in device param­
eters. For example, 'he higher magnetic f:eld 
and microwave fregu.ncy should allow operation 
at higher density, and the larger aspect ratio 
should iirprove the confineser.t (which scales as 
A2 neoclassically) fcy an order of magnitude over 
EBT-I and EBT-S. Furthermore, an acditional 
feature built into the device in Phase 1 is the 
abi l i t to increase flexibly the effective 
aspect ratio with supplementary toroidal aspect 
ratio enhancement (APE! coi ls and thereby to 
push the test of neoclassical scaling .-urther. 
The ARE coils increase A by modifying the field 
lines in such a way as to increase volumetric 

efficiency and passing particle confinenent. 
Unaer optiinun conditions Phase 1 may yield 
r - 0.5 sec, T •- 5 keV, ami nt -. 1 0 n sec/an 5 . 

Phase 2 experiments center on the addition 
of 1.5 Ma of neutral beam heating to heat ions 
as well as electrons directly and thus to pro­
vide control over f e aobipolar potential. 
Presently, the injec.ion geometry { i . e . , nurter 
of beams, injection angle, e tc . ) has not been 
fully determined; however, with th_- added heat 
and particle sources, assuming 750 kU deposited 
in the plasma, one can predict neoclassically at 
least a factor of two increase in energy l i f e ­
time at increased plasma density. As a result, 
i t is possible that Phase 2 could demonstrate 
breakeven conditions with r v 1 sec, n ^ IO I i f , 
and T -. 5-10 keV. Table 1.2 compares projected 
EBT-ll parameters with those proiected for E8T-S. 

Table 1.2. EBT-II conceptual design study 

EET-S EBT-II 

7 kG, 14 k& Magnetic f ield (nidplane. mirror) 30 kG, 60 kG 
12 MH Magnetic f ie ld power 750 W (2.56 K) 
1351 I iters Torus volume 2043 l i te rs 
150 err i Major r - lius 480 cm 
15 cm Hidplane minor radius 20 ens 
8:1 Aspect ratio 21.6:1 

Continuous wave microwave power 

200 kW. ( c w ) , 23 GHz 
60 kW ( c w ) , 18 GHz 

Bulk heating 
Profile heating 

H o .L ?J-eSJ^rPIl-_ar!).u3 u i _. e stimated parameters 

2000 kW (cw), 120 GHz 
200 M (cw), 70-90 GHz 

2-5 x I 0 : l 

100-500 keV 
0.1-0.4 

cm 

e 

1-6 % 10 1 ? cm'* 
5O0-20OC keV 
0.1-0-5 

Toroidal plasma - estimated parameters 

2-6 x 1 0 l ; cm" 5 

n e 
30O .-V T e 

100 eV T i 
0 . 5 * 
400 l i ters 

r'max 
Volume 

1 0 " nt 
Refrigerator power 

Phase 1 Phase 2 

•v.5 x 1 0 ' 3 -.ID 1" 
3-3 keV 5-10 keV 
3-8 keV 5-10 keV 
-vl' %10S 

1000 l i ters 
M 0 1 3 •vlO1'* 

750 W 9 3.56 K 
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AbAixact. the papers Mhich comprise the f irst 
part of this section analyze neutral beam-heated 
plasmas produced late in 1976 in ORHAJC. trie 
scaling of average electron tenperatur'e with 
total power input to electrons was found to be 
approximately the same with or without injection, 
{•purity radiation during concurrent neutral 
beaa injection and gasTwffing is shown to be 
strongly dependent on changes in the Electron 
temperature profile. -3- --'-

Tungsten radiation has been identified :n 
the wavelength range'of 40-60 "A. Concentrations 
are estimated jto be of tp? order of 10~ r.n . 

FurtbeT'Studies include, internal WD node 
• structure, distortion in the'wings of the.H 
line profile, wall powpr loss meascrements\ and .• 
neutroriitime behavior for deuterium neutral tea* 
injection, .-" ' _ 

" The bjSic iraurity study experiment,'l£x, _ 
was completer*, ISX-A began operation in the 
tatter half of 1477 and continued into'early 
'97a,"r ISX-A is a toUaafc wi«K circular cross 
section and relatively low toroidal field 
(Bj < 15 kG). Gross energy confinement tines . 
f t E •*• 30 mseel and toroidal beUSr'(fr| '<• ?.2X, •"-
peak) obtained are significantly-larger than 
those observed in other-tofcamak?; at low By, 'and 
the good confinement in this':devi«-«t ft, believed 
to be primarily due to the absence 'tjf higher >i 
impurities, coupled-v;in 30 d feedback control 
of plasm posit tort a.id pos,iDly the large gap 
(4-6 cm) be.:«een the olasmavand the rail. 
Inferred from ..onductivity,-Z f f steadily 
decreased from 3,5 to 1.7 over a two-month 
perfod of operation without gettering and 
approached unity with titanium getterioj. In 
the impurity flow reversal'experiment, a po-, 
loidally asymmetric sourefc of protons subitan- ... 
t ial ly ajtered the transport of an injected neon 
impurity, and the changei- observed are consistent 
With expectations based oh simple neoclassical 
transport models. 

ISX-A H to dose down at the beginning of 
March 1978 and be replaced by 1SX-8, which has a 
new torus and poloidaT coil system which will 
permit a range of noncircular plasnws to be 
protucwi with eJliptitit; uo to two. 

The neutral «5Jam injection systems oriq-
"naily interded for QP2&K upgrade will become 
the injectors fcr IS2-3. In addition, ISX-B 
will have a versatile PF systeo jhicfc will a H -
the generation and contrct of circular,v elliot,-" 
t ical , or 0-shaped plasmas, and provis;e»"witf^ '• 
be madt for bundse divertor, ripple: injection, : . . 
and ECRH experiments^ A new jyis-enerey iise«liral>"c 
particle analyzer anil a spf&jf-ray eoevsy' 
spectrometer for ISX-B are desc.r,fbeo". y<. .. 

flesign/jwraaeters are .described, ,'cr the 

t"T- " ' ,^~'' £~'*" >• ,-- ••-

P.l^IimWWJDTKiH; ';??'' 

During the past-yea^sltgnificant^dvances • 
-were cade" fti osr'understanding' of̂ fctkamak- .;- V *"•' 
produced PI^SSBS, Inithis section we further ,_ 
analyze theplesrna-produced by the ORWX jwchinV -
in the.J$76 p-riqd," then describVthei&Kic VJL 

' machioei-with art initial" analysis of the ISX-A 
experiments,'and finVlly look at ISX-B and the 
next step, U»TT. . - r^ 

Ow-vi>resentA.jion of r-Iisna- analyses is in 
; seven general category** of interest: ( I } 
-enhanced confinement sand extensio^of bas'c 

plas«a parj*»>ters t»0«W£Vsect. 2.1.3; (2) 
plasma behavior as depicted by MHO mode studies, 
toroidal rotation, and neutron flux Sects. 
2 ,1.4,2.1.5, %.\.iK 2.2.9; { I ) description, 
operation, and plasma properties of ISX-A, 
Sects'. 2 .2 .1 , 2.2.2; (4) increased understanding 
of the rote of plasma'impurities, Sects, 2.1.1, 
2.J.2, 2V«.6, 2.2.3; (5) wall surface anu 
Iimitermaterial effects. Sect. 2.2.5; (6) 
plasma impurity flow. Sect. 2.2.4; and (7) 
refinement of data collr.tion techniques. Sets. 
2.1.5, 2.2.6, 2.2.7, 2.2,8, 2.2.10. 

2.1.1 Impurity Behavior During Concurrent 
Neutral Beam Injection jnd Gas Prffing 

9. C. Isler 
E. C. Crme, Jr. 

H. C. Howe 
M, Murakami 

In an attempt to achieve maximum electron 
concentrations during neutral beam injection, 
hydrogen was puffed into a 175-kA, 26-kG plasma 
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while the itjectors Mere operating. Radiation 
: from the imour;.y lines exhibited rather dis­

tinctive behavior during the influx of the 
hydrogea, and extensive efforts were made to 
interpret these resales. 

The evolution of the radiation from several 
spectral lines is shown in Figs. 2.1 and Z.2. 
The low ionization stages of oxygen exhibit 
l i t t l e or no apparent change when the injectors 
are turned on. Although the 0 V I I , 0 V I I I , and 
the Fe XVI do demonstrate an increase beginning 
near the tine of injection, the sane features, 

''are also present in the nrmir.jection experiments 
-f/and seen not to result from the' action' of the -
cj;/beans. However, the addition of the.gas puff 
gJjwoduce? rati er dramatic changes in the signals. 
^Several lines fro* the. low stages'of ionization 
..-.rapidly increase until the poff_ is' tomed off 

; and then oegin to Htfai beet fnto a steady state. 
tirvMch the"emission is nuch greater than i t 
was,before;the gai poff. ;.for Hnes which denon-

; strate this behavior.it is obviws tbat the 
'", lower the ionization stage the 1<rger is the 

- relative rise in amplitude. HTn contrast to the 
• results fro* gas puff experwcits on the Pulsator 
device.1 Iherefore, we da not conclude that 
recombination Which wuuTd proceed successively 
f mw the higher to the lower stages of fori Nation 

/plays a s ign i f i edro le Here. 

Jesuits similar to.those for the 1032-A 
line of 0 V! are often interpreted as ic j iming 
an influx of impurities. However, i f changes of 
radiation are construed as arising only from 
changes of the impurity influx, then all the 
lines of a given ionization stage should behave 
in exactly the .same wanner. But i t is clear 

- from Fig, 2,1 tnat although the 1032-A line of 
0 V! rises by a factor of four during the gas 
p»ff, f** 0 VI line at 150 A appears to remain 
almost constant; thus, factors other than 
impurity concentration* must be considered. 

Again in contrast to the strong lines of 
the low ionization stages, the resonance tran­
sitions of 0 VII and 0 VII I app9*r to decrease 

ORNL/0W6/FH>-7754SR 

m 71 
hi 
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JLl l ' ' f i i i L__L 
OV 62&7A 

O P/ 789.4 A 

i I I ' ' ' 
OS 834.5 A 

40 60 
TIME(ms) 

too 

INJECTION h 

GASPUFF |-

Fig. 2.1. Spectral emissions from low 
ionization stages of oxygen during 350-fcW 
neutral beam injection into • 175-fcA plasm* 
when accompanied by • hydrogen gas puff. The 
lower trace in the 150.1-A data Is nearby 
background; actual line intensity is the 
difference of the two signals. Tracts begin 
4 msec t*for» breakdown. 
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OVBI 18.97 A 
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OVH 21.6 A 
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Fig. 2.2. Spectral Missions from 3 V I I , 
0 V I I I , tungsten, and iron during 350-Mf neutral 
beam Injection into a 175-kA plasw when accom-
panied by a hydrogen gas puff. The loner traces 
in the 0 VU and 0 VI I I data *rt nearby back­
ground. Traces begin 4 msec before breakdown. 

unwarranted to us far explaining the present 
data tritJaut first investigating the effects 
caused by variations of the electron temperature 
and concentration profiles daring injection and 
gas puffing. Profiles of the electron tempera­
tures and concentrations are shown in Figs. 2.3 
and 2.< for tines immediately before, during, 
and iane-fiately after the gas puff. £s expected, 
the electron concentration increases at all 
locations within the plasma due to the adied 
hydrogen. The temperature profile appears to 
renin about the same #t the intermediate radii 
but Increases at the center sn that-the slightly 
"hollow" profile becomes peaked. I t i s . how-
•ver, uost significant for the interpretation of 

U R spectroscopic data to notice that the 
temperature gradients at outer rad' appear to 
decrease as a result of the gas puff: 

onuL/oas/fED- rm» *. r~ i 1 ! I 
1000 \ - 3 0 msec 

4 5 msec 

_ BOO 
> • * ^ 

— - GO mice 

"» 600 — 

400 — k. — 

200 

n i i X," 
10 15 20 

r (cm) a 30 

Fig. 2.3. Elsctron temperature prot:'es 
when neutral beau injec'.iw* is accompanied by a 
hydrogen gas puff between 30 and 55 msec. 

due to the addition of hydrogen. In order to 
reconcile these observations with the idea that 
the low ionization stages indicate *n increased 
influx of oxygen, it would be necessary to 
conclude that such an influx did net reach the 
interior of the plasma but recirculated only 
within the periphery. Such conclusions appear 

In order to assess whether profile effects 
alone could be responsible for the behavior of 
the oxygen lines, we have solved the coupled 
rate equations (which include transport as well 
as ionization and recombination for the ions). 
These equations can be written as: 
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-S B » . * J « • 
I d(rns*r.J 

dt e 3 e t i e r dr 

3»~ = S n n - 5.n n - «,nn^ 
dt o ; e l i e u e 

1 dtrn^t) 
• a n n_ - — 3— 

2 2 £ r dr 
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" r dr 

(2-1-1) 

The concentration of 'n ion in a given 
charge state i s denoted by n z , and z r is the 
charge of a fully stripped ion; S and 3 are 
ionization and reconciliation coefficients; and 
the transport terns are written sinply as the 
radial gradients of the fluxes, n 2 » z , for each 
ion species. 

12.0 
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In general the transport velocity, * 2, is a 
function of r and an additional set of equations 
is necessary in order to determine the n's and 
v's. If the ion diffusion can be describe* by 
the Pftrsch-Schluter regime, then v_(r) depends 
on the gradients of concentrations of all ions 
present at the position r, and the solution of a 
large number of coupled equations is required to 
obtain the ion concentrations. Such a procedure 
is obviously quite conplex and has only recently 
been accomplished. 

Because our present goal is to obtain a 
fast numerical code which Mill provide semi­
quantitative insight into the impurity behavior. 
we have net attempted to compute the transport 
velocities from first principles. Instead we 
find steady-state numerical solutions for oxygen 
by specifying inward radial velocities for 
neutral particles from the wall and inward ion 
velocities consistent with neoclassical trans­
port theory for v t at the edge of the plasma. 
The particles ire then assumed to diffuse 
inward, u> turn around at some point near the 
center of the plasm, and to recycle completely 
back to t>e edge. By keeping the magnitudes of 
m v equal at at; points (for both the influx and 
efflux) and specifying the distribution of the 
total oxygen content, the v's are determined at 
all radii in the plasma. Distributions of 
oxygen which are independent of r or which are 
proportional to n have been investigated. 
Host of the calculations have employed ioniza­
tion coefficients equal to one-half the values 
obtained by lotz 2 for 0 1-0 VI and equal to the 
full values specified by him for 0 VII and 
0 VIII. Recombination rates as tabulated by 
Kattioli3 are used. 

Analytic expressions for the electrry. 
temperatures and concentrations are assumed for 
the computations 

Fig. 2.4. Electron concentration profiles 
when neutral beam injection is accompanied by • 
hydrogen gas puff between 30 and 55 msec. ej YdYT'T (2.1.2) 
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where ; ami n are the values of the electron e: e* 
temperature and density at the 1 (miter radius, 
a; T • T and n , • n_ tru the values at ei e.- ei e^ 
r = 0; and the quantities m and n are intege-s 
chosen to allow us to investigate the effects of 
various temperature profiles on the relative 
intensities of the oxygen l in t s . 

Although Eqs. (2.1.1) have been solved for 
a wide variety of profiles, neutral particle 
velocit ies , ion veloci t ies , rate coefficients, 
e t c . . i t is not useful to present al l of these 
results. Instead, we limit ourselves to a 
discussion of those parameters which appear to 
be «k>st important for analyzing the experir .-ntal 
results discjssed here *he effects of changing 
electron concentrations and temperature profiles. 

Me compare the intensities of several lines 
for a fixed temperature profile a.id two dif­
ferent electron concentrations. The original 
concentrations are taken as. n (0) - 3 x lO I 2 /dB 5 

and n (a) = 3 x lQ lVcm !; these values are then 
doubled, and the relative 1 .ne intensities ire 
computed as shown ir. Table 2 .1 . As expected, 
changes in the line intensities may occur from 
operaMo-s which add electrons to the plasma 

even though tRe flu/ of * particular i r a r i t y 
species resnains constant. However, these 
chants should not te linear with n . 

Of even greater significance than the 
electron density in affecting the intensity of 
lines froe low ionization stages is the temper­
ature profile .iear the edges of the ptasnia. The 
results of changing the teinperature profiles 
while holding all other parameters constant ire 
illustrated in Figs. 2.5 and 2.6 for two values 
of the ion transport velocity at the edge of the 
plasma. i0< and 10 5 cm/sec. The intensities for 
(m, n) parameters of (1 , 2) and (I , <) ere 
compared to those calc tlate<i for parameters of 
(1 , 1) . The higher the value of n, the smaller 
ire the temperatures and the gradients toward 
the edge of the plasma. It is shown thai th» 
intensities of the lower stages of oxygen ire 
very strongly -teaendent on the temperature 
profiles or. the outside, an4 any alteration of 
these profiles 'yy mjectior- or gas puffing can 
cause significant changes of radiateC intensities 
even though the total oxygen fiur. and density 
are not altered. Such changes tend to be raore 
pronounced at low transport velocities. The 
lines from the higher ionization stages, 0 VII 
and 0 VIII, are much less influenced by profile 
changes than are the lines from the lower stages. 

Table 2 .1 , Calculated increase of multiplet emission rates, I ' / I , 
if « e (0) and n e (a) are changed fron 3 x 10u/cm"' and 0.3 x 10 ! Vcm"' 
to 6 x 10 l Vcw3 and 0.6 x lO'Vcm1. Other plasm parameters are 

T f t(0) = 1000 eV, T e(a) * 10 eV, (m, n) = (1 , 2 ) , v^a) * lOkia/sec, 
v = 55 cm/sec, n(oxygen) = l . 9 x I 0 u / c m 3 

Species 

Mean 
wavelength 

(A) I VI 

0 II 833.8 1.6a 
0 III 834.5 2.03 
0 IV 789.4 1.94 
0 V 629.7 1.73 
0 VI 1033.8 1.72 
0 VI 150.1 1.41 
0 VII 21.6 1.39 
0 VIII 19.0 1.55 
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Fig. 2.6- Relative emission rates tor oxy­
gen lines as a function of electron f.nperature 
profiles. Velocity of neutral oxyger. is 55 x 10 3 

cm/sec; inward velocity of ions at wall, v f(a), 
is 10 3 cm/sec. 

Fig. 2.5. Relative emission rates for 
cxygen lines as a function of electron tempera­
ture profiles. Velocity of neutral oxygen is 
55 x lu 3 cn/sec; inward velocity of ions at 
wall, vj(a), is 10 2 cm/sec. 

Ue believe that the spectroscopic results are 
readily understood by considering Table 2.1 and 
Frgs. 2.5 and 2.6 together with the variations 
of r and iv shown in Figs. 2.3 and 2.4. Al-e e 
though the laser-produced results for T and n 
are less reliable in the outer regions of the 
plasma than they are in the interior, there is a 
clear indication that the gas puff reduces the 
magnitude of the temperature gradient near the 
limiter. In view of the results illustrated by 
Figs. 2.5 and 2.6, we should expect that the 
evolution of the temperature profi'o alone would 
generate larger changes of ra' lotion from the 
lower stages of ionization. In addition, the 
Observation that the intensity of the 1032 A of 
0 VI increases much more than the intensity of 
the 150-A Ifne is consistent with the calcule 
tions. 

The narrowing of the temperature pro f i'= 
and the rise of the electron concentration 
should result in higher intensities from all the 
lines of oxygen after the addition of the gas 
puff if the oxygen distribution is unchanged. 
The fact that the signals from the 0 VII and 
0 VIII lines actually decrea- is indicative of 
a smaller concentration of oxygen after the gas 
puff despite the fact that the peripheral ions 
n't more strongly. The change of temperature 

is relatively minor at radii less than 13 cm 
(where the 0 VII and 0 VIII radiation is most 
intense), so variations of the lines are con­
trolled more strongly by variations of the 
electron and ion concentrations than by ether 
factors. Between 30 and 60 msec the profile of 
che electron concentration increases almost 
uniformly bv a factor of 2.5, so we estimate 
from Table 2.1 that the oxyoen concentration has 
fallen by a factor of 0.3 to 0.4. Tnf* con­
clusion is supported by analyses which show that 
<^eff > ^ 8 S m c a' j U r e d f r o m t n e resistivity) 
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charges from fi.3 to 2.5 in this peri<v* Such an 
anal/sis iap'ies tnat the oxygen cor.centiation 
is 0.7 of i ts i n i t i a l value after taking the 
dilution into account. In viea of the experi­
mental uncertainties and the ad hue nature of 
the theoretical ca lcu la t ion , fcsttei ajreenent 
between the two results cannot .' 2 e*pei~ed. I t 
is obvious from the present Analysis that in­
ferring the trenspr-rt of l ight ions solely from 
radiation of ihe lower ionization stages can be 
•ery uncertain. 

The tungsten emission around 50 A 13 only 
weakly dependent upon T . and i t arises from 
lo-s r'.rch should have relat ively large dielec-
tronic recombination rates. This radiation most 
strongly reflects the actual concentration of 
ions in the plasma and should be l i t t l e in­
fluenced by transport effects. Therefore, 
Fig. 2.2 indicates that the tungsten concentra­
tion is also significantly lowered by the 
introduction of the gas puff, perhaps by as much 
as a factor of 7 or 3. Similar conclusions, can 
be drawn for i ron, but with the realization that 
radiation from this element is often highly 
variable as a function of the type of discharge 
and of t i : • into the discharge, so that some 
caution must be exercised in relating i ts be­
havior to the influence of the gas puff. 

2.1.2 Tungsten Radiation from Tokamak-Produced 
Plasmas 

R. C. I s l t r R. V. Neidigh 
R. D. Cowan 

Recent theoretical calculations using an 
average ion model indicate that radiative losses 
due to Mgh-Z impurities in toka.naks may be more 
severe than previously believed.'' These compu­
tations imply that a concentration of tungsten 
as small as 5 x 10"' of the electron concentra­
tion can prevent the achievement of break-even 
conditions. I t is important, therefore, to the 
concepts of large machines now being designed 
(such as TFTR) to determine the fraction of 
heavy elements which actually get into the 
plasmas produced by presently operating m-„:.;nes 
and to assess independently the validir• of the 

calculations which have employed the average ion 
TiOdel. Until now i t i,as not bee>': possible to 
perform such evaluations for heivy e'ecents 
because jt»st establishing the presence of the 
ionized stages has been hindered by a basic lack 
of knowledge of their spectra. 

Tungsten radiation from ORKAK has been 
identified by corparing experimental results 
(Fig. 2.7} with calculated spectra (F ig . '» .8) 
for ions having open 4d subshells. s The con­
centrations of tungsten are estisaate^ from 
coraputed oscil lator strengths to be of the order 
of 10"- » . c 

WML- M 6 77-64670 

50 60 
WAVELENGTH ( i ) 

Fir . 2.7. Typical ORKAK-produced spec­
trum rvtween 40 and 70 A. Numbers in paren* 
thes»s denote spectral order. 

2.1.3 Electron Heating by neutral Beam 
Injection in the Oak Ridge Tokamak*' 

L. A. Berry 
C. E. Bush 
J. I. Ounlap 
G. R. Dyer 
P. H. Edmonds 

R. C. Isler 
P. W. King 
J. F. Lyon 
D. H. McNeill 
H. Murakami 

Substantial electron heating by energetic 
neutral beam injection has been observed in 
ORMAK plasmas. Impurity radiation is enhar'»d 
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fig. 2.8. Calculated soectrure for in = C 
transitions of W XYXI-W XXXV relative concen­
trations of 0.1, 0.2, 0.4, 0.2, 0-1. Each line 
is represented by a Gaussian curve with full 
width at hiIf maximum of 0.V5 eV and ares pro­
portional to tMe weighted oscillator strength 
gf. The computer spectrin of V. XXXIII alone is 
qualitatively si-ilar. 

Dy injection but only to the Jegree expected for 
ohmically heated discharges with the s#r* total 
power input to electrons, and the electron heat 
conduction loss is comparahle with that in 
ohmicatly heated pljsmas. The scaling of 
average electron temperature with total power 
input to electrons is apr ixiniately the same 
with or without injection. 

2•1•* Internaj Mode Structures in ORMAK 

R. D. Burris J. L. Dunlap 
V. K. Pare 

Ij»_trpdijc_t ion 

We have continued to study HHD ".odes in 
ORMAK, using the detector and analysis systems 
described e a r l i e r . 7 Brief ly, we use: 

[I) 12 B. loops in a poloida! *my {to 
determine the poloioal node ntnber r 
of current perturbations I } . 

(2 J £ B A toO|)s in a toroidal array {to deter­
mine the toroidal node nuober n of I ) , 

(3) 13 soft *-ray detectors in 2 arrays ( to 
deterai ne the m ranter of the x-ray 
perturbations X ) . 

(4) analog recording of signals on Magnetic 
tape, and 

(5) d igi t izat ion followed by fourier trans­
form analysis in 4-*sec t ine blocks. -

Uncoupled nodes 

The typical behavior of ohnicalty heated 
discharges in OfiJWK is that sides with dif ferent 
m values are coupled with identical pert i r tat ion 
frequenc»« observed by a l l detectors and wish 
the outward-going radius a l ine of phase re in­
forcement, for the different nodes. 7 Here we 
describe tne one discharge recognizee as an 
exception to t h i ' behavior. I t was 70 esec in 
duration with I = 119 kA, Bj = 13.4 k6, 
q(a) = S, and i»e(0> * I » IG"'3 o*~ 5 . I t was 
obtained near the end of OWWK's operation, 
after prolonged hydrogen discharge cleaning that 
yielded Zeff * 3-4 (significantly lower than the 
typical values of 6-10). This discharge was not 
profiled with the Thomson scattering diagnostic, 
so the possibil ity cannot be excluded that i t 
may have been hollow. 

."tgu.-e 2.9 indicates the unique feature of 
the d :scharge. The sweep expansion captures an 
interval in wKwi the B. signal is dominated by 
a higher frequency than that of X. Figure 2.10 
gives the time history of the two frequency 
branches. Where there is only one branch indi­
cated, the Br, and ^-ray systems detect the same 
dominant frequency. 

The I modes from 8 msec on were a l l i. « 1 , 
including both branches during the two-frequency 
interval. The tn number progression .irior to the 
two-frequency interval was 5, 4, 3; a ' ter the 
two-frequency interval , m • 2. During the 
interval , the rourier transform analysis system 



30 

B LOOP—7 / 

mm. •ELDiriO, DETECTORS. 

DISPLACED 
TOBOlOALLY 7 / 

y 

J 

£ • • » • • ' 

TO Mi/'R 

(a) MODEL («i £CT!JA_ 

Fig. 2.12. X-ray detector systems. 

r/a = 0.25, 0.35, and 0.43. At 54 and 66 msec, 
an m = 2 was defined at each of these locations; 
at 78 ms.ec it was m = 2 at r/a - 0.25 but in­
determinate at the others. 

In 0RHAK the question of the m = 2 mode 
structure outside the critical surface could be 
addressed only during rundown, since during the 
constant I interval the singular surface was 
near the limit of the plasma region monitored by 
the diode arrays. In PLT the detector arrays 
examine a more extensive region, an-* there the 
phase line changes with raoius in a similar 
fashion during the normal portion of the dis­
charge.8 

Analysis of distorted magnetic perturbation 
structures 

In ORMAK, ohmically heated discharges with 
q(i) < 4 at densities near the upper limit 
yielded high amplitude distorted waveforms for 

the B f and X signals. The associated mode is of 
partkvlar interest because severe distortion jf 
this nature characterize* one approach of the 
plasma toward disruption.5 That the basic 
structure is an m - 2 was recognized early, but 
a detailed description thct included the dis­
tortions was lacking. With multichannel analog 
tape recording followed by digital Fourier 
analysis, we have been able to obtain the in­
formation required to develop some details of 
the mode structure in time and space. As 
described below, the B distortion patterns 
ir Ive second harmonic content with signif­
icantly asvmmetric poloidal and toroidal phase 
progressions. 

Figure 2.14 shows oscilloscone photos of 
the signals from magnetic loops and ioft x-'jy 
detecto1.. for one of a series of virtually 
identical shots which we have analyzed. These 
were at 120 kA with 12.8 kG, yielding q(a) « 3.5. 
The waveforms are distorted throughout most of 

http://ms.ec
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fig. 2..3. Signal phase differences -theory and experiment. 

the period of strong MHD activity. For the 
period 28-32 ms*c. Figs. 2.16 and 2.16 show the 
phases of th» fundamental and second harmonic 
components of the magnetic loop signals as 
functions of poloidal and toroidal angle. The 
fundamental is clearly m = 2, n = 1 with rela­
tively smooth phase variation except ne.r e = 0 
(at the inside of the torus). The second har­
monic phase is much less smooth; it is clearly 
m = 4, but if its phase follows the dashed line 
on Fig. 2.16, it is n = 1 and its overall 
helicity - as well as its local helicity -
differs from that of the fundamental. 

The second harmonic phase characteristic 
shown in Fig. 2.16 persisted through most 
(20-36 msec) of the period of strong fWD ac­
tivity. In the two time segments at the end of 
the strom- activity it made a transition to a 
nearly Hne..- ,, - 2 cnaracteristic. The ampli­
tude of the second harmonic was very small in 
the region of the phase anomaly ($ « 45-90'); 
thus the phase plotted at * * 45° in Fig. 2.16 
may not be vaild. It is In foct inconsistent 

with phases measured in the poloidal array 
nearby, at • = 58°. It is possible, therefore, 
that the phase line actually falls an additional 
360° between * = 100° and * = 0, yielding n = 2 
with severe toroidal asymnetry. 

No explanation has been found for the 
toroidal asymmetry of the second harmonic. The 
principal structural sources of asymmetry in 
ORMAK were the limiter and the outside vertical 
core leg, both of which were located at $ = 334", 
some distance from the phase anomaly. 

2.1.5 Hot lor. Distribution in ORHAK 

R. V. Neidigh D. J. Sigmar 

A distortion of the Maxwell Ian ion-energy 
distribution function in tokamak-produced plasmas 
may be revealed in the spectral line radiation. 
We have reported 1 0 experimental evidence that 
(1) a change in the value of Z e f f , (2) delayed 
gas injection, (3) neutral beam injection, and 
(4) liner cleaning procedures alter the profile 
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—+\ k-0.1 msec 
EXPANSION AT 30 msec 

Fig. 2.14. Oscilloscope traces of soft 
x-ray and magnetic loop signals with high 
amplitude distorted waveforms, shot 15801. 

Fig. 2.15. Electrical phase vs mechanical 
angle for the poloidal magnetic loop array. 
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Fig. 2.16. Electrical phase Vs mechanical 
angle for the toroidal magnetic loop array. 
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of the 8aln*r-a ( 6 5 6 3 - A ) l ine of hydrogen. The 
distortion is analyzed in terms of an effective 
toroidal d r i f t velocity, ion-temperature 
relation. 

I t has been observed that tokamak plasmas 
execute polo.da1 rotation early and la te and 
toroidal rotation during the constant current 
portion of the ohmic heating c y c l e . l : * 1 1 Early 
theories of poloidal rotation were given by 
Str inger 1 2 and toroidal rotation ty Rosenbluth 
et a l . t J The theories were later reviewed by 
Hinton and Hazeltine. 1 1* Recently, Hirshraan15 

fias determined the poloidal and toroidal ion flow 
velocities in a l l col l is ional i ty regimes from a 
f lu id theory point of view. The observed 
toroidal rotational velocity of the plasma was 
theoretically shown by Sigmar 1 0 e t a l . to be 
related to the existence of trapped particles. 

A discussion of the effective toroidal 
d r i f t velocity ( v , . ) , ion-temperiture (T^) rela­
t ion, and the plasma parameters which affect 
dv../dT- is to be nublished l & and is summarized 
in this report. We conclud' that: (1) there is 
sufficient charge exchange neutre.1 hydrogen radi­
ation (through the energy range up to ten tices 
thermal) from the ORHAK-produced plasma to mea­
surably raise the intensity in the wings of the 
H l ine profi le above the noise; (2) d r i f t veloc­
i t ies up to 10 7 c.i sec"1 show a consistent re la­
tionship to Z „ , neutral injection, and ion 
temperature; (3) in an experiment with reduced 
ohmic heating power so that i t was exceeded by 
injection power, toroidal rotation appears to be 
largely that indjced by the neutral beams (see 
Fig. 2.17); and (4) the spatial distribution 
of toroidal velocity f om v ( . ( T . ) and T-(r ) 
indicates a steep velocity gradient at the plasma 
boundary (see Fig. 2.17) due to ripple viscosity 
or some presently unknown factor. 

2.1.6 Wall Power Measurements of Impurity 
Radiation in ORMAK 1 7 

C. E. Bush J . F. Lyon 

Time- and space-resolved measurements of 
the power loss to the liner of ORMAK indicate 
that a large fraction (^0* ) of the electron 

power input is lost to the wall rather than to 
the l imiter . This fraction is relat ively con­
stant over a wide range of input powers (ohmic 
heating plus neutral bean injection) and plasaa 
conditions and for most of the discharge dura­
t ion, "tost of this enerry loss is due to 
impurity radiation from an emission prof i le 
having a mean radius about a third that of the 
limiter radius end is time-correlated with gross 
plasma fluctuations, internal disruptions, and 
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Fig. 2.17. V n 1 ( r ) from T , ( r ) and V M ( T , ) . 
Error bars indicate scatter in d r i f t velocity 
measurements for cases of no-injection and 
injection power > OH power. The charge exchange 
data art best f i t by the ion-temoerature profi les: 
T j ( r ) - 180 [ I - ( r / a ) 2 ] 0 - 6 for the ..o-1nject1on 
shots, and T ^ r ) » 513 [1 - ( r / a ) 2 ] 1 ' ' 6 eV for 
the injection shots. 



^related spectrosc-j^ic irapurity s ignals. !r. gas 
puf f ing experiments resu l t ing in higher densi­
t i e s , t h t ra t i o of rad ia i fve power to the elec­
tron density cont inual ly f a i l s as density 
increases during the course of the discharge. 

See Table 2.2 fo r cotnparisor, of ISX-A with 
ORKAK. 

".able 2.2. Comparisons of ORHAK wi th 1SX-A 

2.2 ;i-fi MACHINE *.NU WZrlWCl 

ORKAK ISX-A 

Minor radius 

Limit.er material 
ij cm 26 on 
Tungsten Stainless 

steel 
Longest T^ with OH 
alone 10 msec 30 msec 

Radiation loss poinalized to OH power 
Radiometer 50-&):< 25-40' 
Spectroscopy 38.7. 11.8?. 
Hydrogen 2.6?. 
Carbon 0.2X 2.3: 
Oxygen 16.8' 5.5; 
Iron 0.3;, 0.5.. 
Tungsten 21.4? 

2.1.7 Heutron Time Behavior for teuterium 
Neutral Beam Injection into a Hydrogen 
Plasma in 0RMAK l s 

A. C. England 
H. C. Howe 

J. T. Milhalczo 
R. H. fowler 

Neutrons were produced by D-D interactions 
when a 28-keV deuterium beam was coinjected into 
a hydrogen plasma in ORMAK. Fokker-Planck cal­
culations, which correctly predict the time be-
navi r of the neutron rate after beam turnon, 
show ihat the majority of the neutrons are from 
inject*:', partirlcs interacting with previously 
injected dtuierons that have scattered to pitch 
angles of -^0-90° while slowing down. 

2.2.1 ISX -A Introductfor, i r ^ j s i r j t r j 

ISX was designed to be a flexible research 
tokainak with good experimental access. Tne capa­
bility to be rapidly changtd to meet varying ex­
perimental configurations wa. a prime design 
goil. The success of this desiv philosophy has, 
been demonstrated, both with the rap^ity with 
wrich significant results have been obtain*,; "id 
the ease with which major inodifications are being 
made as the physics goals of ISX change. The 
initial goals of ISX were to study the evolution, 
transport, and control of impurities in 
thermonuclear-relevipt plasmas. The results from 
ISX demonstrate the dramatic improvements in 
plasma quality brought about by impurity control. 
The impurity flow reversal exper'ur-nt, an attempt 
to reverse the expected inward f.:.. Tassical flow 
of 'purities, has produced results consistent 
with the theory. Successful te^ts of hydrogen 
pellet fueling have also been demonstrated on 
ISX. 

During 19//, the primary goals of ISX were 
redir„wted from impurities to high beta tokamak 
experiments. Modification to ISX will begin 
early in 1978 to produce noncircular, high beta, 
neutral beam injected plasmas. All of these 
areas will be discussed in detail in subsequent 
sections. 

Machine description 

ISX is a moderate-size, shell-less tokamak 
with an iron core. There are eighteen TF coils 
which are demountable as in Doublet II so that 
the vacuum vessel and poloidal coil system can 
be replaced. In the initial configuration, the 
major radius is 92 cm, the minor radius is 26 cm, 
and the toroidal field on axis is 18.7 kG. The 
initial vacuum vessel is all welded stainless 
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steel with bellows section*- to provide a net re­

sistance of 7 St'.. Movable carbon and -rolytsdenin 

are a'so used. The vacujr, vessel averages -6 cr. 

larger than t i e l i - i t e r radius. 

Machine operation 

Initial construction of ISX-A was conpleted 
in Ftbraary 1977 and the first demonstration 
plastna was obtained on February 26, 1977. Regu­
lar discnarge cleaning began on August I, 1977, 
and safety clearance for full tokamak operation 
was given by EP.QA on August 16, 1977, wrten shake­
down operations were initiated. The first 
tokanak shot with plasma of short duration {cap 
bank only) occurred on August 26, 1977 (sliot 
#106). During this period and up to the first 
week in October all fields were demand-driven 
(i.e., no feedback). This phase of operation 
was used to establish operating parameters and 
bring diagnostics on-line. Stress analysis a' 
the various coil systems and an analysis of the 
effect of an iron core on the torus fields were 
also performed during this time to aid engineer­
ing support personnel in futu'e design. During 
early October the vertical field and radial field 
feedback systems were brought on-line, followed 
by a week of downtime when stronger support 
chocks were installed on the TF coil system. By 
early November (-700 shots), the machine was 
operating reliably and serious plasma physics 
experiments were begun. 

In cooperation with General Atomic Company, 
impurity flow reversal apparatus (limiters, gas 
puff valves, and titanium ball gettering systems) 
were installed during the second week of November. 
From then until March 5, 1978, approximately 5000 
plasma shots were taken. The distribution of 
operating time among the major studies was: 
confinement <J0«, impurity flow reversal ^502, 
surface physics rA0~. Aside from a few minor 
vacuum accidents there were only two incidents 
that caused unscheduled downtimes: a 110-v ex­
tension chord with a metal outlet box was left 
too close to the machine and was pulled into the 
TF coil system causing arcover, and spontaneous 
tlashover occurred on a back-bias winding due to 
faulty insulation. 

P-asea properties of ISX 

With its relatively low toroidal field, ISX 
has produced exceptional plasma parameters. The 
toroidal magnetic field has varied from 8 to 15 
kG. Plasra currert has ranged from 60 to 160 kA. 
With discharge e'eaning alone I f f was brought 
below 2. With the addition of titanium gettering 
in the vacuum vessel, Z «* was reduced to 1. -=_ 
Line average densities varied from 5 x 10' 2 to 
7 x 10 1* en" 5. Energy confinement tine*Cached 
30 msec, far above previously used scaling fac­
tors. Beta at the center of the discharge 
reached 2.2. - a value reached by only two other 
tokamaks, the noncircularTJOiiblet II at General 
Atomic Company and the neutral beam-heated 0RHAK 
at 0P.KL. /•'-'- ^ 

2.2.2 Confinement Studies in ISX-A 
— 

D. 0. Bates K. W. Hill R. V. Neidigh 
S. C. Bates R. C. Isler G. H. Neilson 
K. H. Burrell T. C. Jernigan D. R. Overbey 
C. E. Bush H. E. Ketterer V. K. Pare 
R. J. Colchin P. W. King J. W. Pearce 
J. C. De-Boo R. A. Langley T. F. Rayburn 
S. M. OeCamp J. F. Lyon W. J. Redmond 
J. L. Dunlap J. T. Mihalczo J, E. Simpkins 
G. R. Dyer D. H. McNeill R, M. Wieland 
P. H. Edmonds M. Murakami J. B. Wilgen 
A. C. England H. Namkung W. R. Wing 
E-S. Ensberg A. Navarro B. Zurro 

Introduction 

The confinement studies in ISX-A confirmed 
the damaging role of high-Z impurities19 in the 
. lasroa. The initial machine configuration pre­
sented only stainless steel to the plasma edge, 
so heavy metals (tungsten and molybdenum) were 
excluded. The first stage of the studies de­
velop -d optimum confinement parameters for these 
conditions without gettering, and the studies 
were then extended to include titanium gettering. 
Finally, the plasma was deliberately contaminated 
with heavy metal so that its effect could be ob­
served. 
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This section gives a preliminary <lescription 
of the confinement studies \n IS*-A. After not­
ing characteristics of typical discKrge-- we 
describe scalings of energy confinement t i res 
( T , ) and toroidal betas U T ) , which are s ign i f i ­
cantly higher than those obtained in other toka-
malcs of similar scale in size ana f ie ld . We then 
discuss the results of deliberately introducing 
tungsten into the discharge and conclude that the 
good confinement in ISX-A is primarily due to the 
absence of heavy metal impurities. 

Characteristics of typical discharges 

^ Time histories of the plasma current ( I ) , 
loop'voltage (U), and line-average electron den-

.sjty (n ) for a typical discharge in ISX-A are 
5hr*n in Fig. 2.18(a). Results of various diag­
nostic measurements in the same discharge are 
shown in the subsequent figures; evolutions of 
central ion temperature from charge exchange 
analysis [F;? 2 .18(b)] , Kirnov oscillations and 
a PIN diode signal along a central chord [Fig. 
2 .18(c) ] , a pyroelectric detector signal (see 

Sect. 2 .2 .3 , Fig. 2 .24) , and electron tenperoture 
[T ( r ) ] and density [n ( r ) j profiles froc Thomson 
scattering at 140 rasec into the discharge (Fig. 
2.19). Table 2.3 l ists plasna parar*ters at 140 
msec for this discharge (coltsnn 4} along with 
those for other discharges as well as naxir-un 
(or nininun) parasneters attained dvrinq tne 
entire ISX-A operational period. 

The line-average electron density decreased 
with a time constant of l n to 20 snsec in the ab­
sence of gas puffing during the discharge due to 
the small recycling rate inherent to clean wa!Is. 
Titaninn gettering, required for the iopurity 
flow reversal experiment, further reduced the 
recycling rate. Therefore, gas puffing was es­
sential in the ISX-A discharges. 

There was a clear correlation becjeso den- V' 
' i t y behavior and HHD fluctuations. Higher den­
si t ies resulted from puf'ing into discharges with 
low level Hirnov oscillations and clear internal ••• 
disruptions [such as shown in F ig . -2 .18(c ) ] , as 
opposed to discharges with high level osci l la­
tions and no (or very weak) internal disruptions. 

no «o 

• n w t H n M 

H K-•«"-•« 

Fig. 2.18. Time histories of plasma parameters in a typical ISX-A 
discharge: (a) plasma current, I , loop voitane, U, and line-average 
electron density, n f e; (b) central ion temperate-. T ( (0 ) , from charge 
exchange analysis; (c) Mirnov oscillations, 8, , and - PIN diode signal 
along a central chord. 
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Fig. 2.19. Radial distributionsof elec­
tron temperature .find density fron Thomson 
scattering at 149 msec irstc. the discharge shown 
in Fig. 2.1?; 

Fi^rtheraon*- a acxierate gas puffing frequently 
converted the HKD signature to that favoraole for 
strons gas puffing. Such a technique Mas used to 
c&tain higher densities, as shown in Fig. 
2.18(a). The aaximun line-average density a l ­
lowed without disruption was 7 x 10 1 3 en ' 3 at 13 
Wi, which is about 4.5 tines higher than that 
-esulting from the B /̂K scaling. 2 0 

Scalings of CTftfineaent parameters 

Parametric dependences of plasna paraaeters 
have bew-studied by systematically changing dis­
charge conditions, and confinenent paraaeters 
dp. « etc.) obtained are compared with various 
empirical seating laws. --Y_ 

In view of the strong dependence of xv on -
J»e observed in OPJMC and other tofcanaks, scalings 
of plasoa parameters with density -(""fiL scan") 
nave been studied in greater detail. Figure " 
2.20(a,b) shows resalts of the "rQ scan" with 
deutsriun plasms. An inport&nt feature of this 
scan is the fact thit the £eff value is ceastant 

Table 2.3. Piastre parameters of typical discharges and laaxinum (or mini* 
parameters attained during the entire period of IS>.-A operation 

Case •_- l 2 ' «t 4 ' :' Nix (nin) 
4 f, kG 8.1 12.3 12.8 14.8 , 14.8 
\ , M 92 :131 120 142: 175 
q(« ) 3.1 3.5 4 3.8 2.5 imln) 
n\. 1 0 n on""' 2.4 3.9 3.3 3.7. J 
" e(0), IC 1 3 cm-' 3.7 6.1 6.5 S.fe 9 
<»e'» JO 1 2 Cm""1 " 1.7 2.8 2.1 2.8 4.S 
v. y l.<j 1.7 '•».'" 1.5 0.9 (nirt) 
I e(0), ke¥ 0.49 0.94 " 0.64 0.66 1.5 
<T f t>, tcV . 0.33 : 0.4* 0.38 0.33 0.5 
1,(0), keV 0.31a 0.48b «r.38a 0.49* 0.55* 

'V 0.51 0.62 0.55 0.5* 0.76 
•By*. S 0.53 ' 0.52 0.23 0.35 0.52 
; r(0), * 1.7 2.2 I.f 1.2 2.2 
i ;, msec 13 22 27 21 27 
Z*ff 3.5 3.2 :.6 1.8 1 (nfn) 
CM H2 H2 02 «J H 2, 0 2 

From charge ex£l<«nge analysis, uncorrected. 
Estimated from the Artstmvich scaling. 
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Ffg. 2.20. Results of the "n e scan" with deuterium plasmas: (a) 
scalings of loop voltage, the central ard particle-average electron 
temperatures, and central Ion temperatures (from charge exchange and 
neutron analyses) with the line-average density; (b) variations of 
volume-average total (<«->) and electron (<8 >) poloidal betas, gross 
energy confinement time (T^) and effective charge ( Z e f f ) . 

and low M . 5 ) over the density range studied. 
This behavior sharply contrasts with the normally 
observed reduction of Z e f f with n~e. Both T e(0) 
and <T > fall with rising n , resulting in an in­
crease in loop voltage with n e, as expected from 
the constant le1f- The central ion temperature 
(both from charge exchange analysis and absolute 

neutron flux measurements) increases with n~e at 
low densities, as expected from the Artsimovich 
scaling. However, it tends to decline in the 
high density range. Therefore, both electron and 
total energy contents (or equivalently <e > and 
<e >) tend to saturate in the high density range. 
As a result, T, increases approximately linearly 



tiith n at lo* densities. But tne increase tends e 
to saturate at higier densities. Transport cal­
culations (done oy H. C. Howe, Piassa Theory 
Section} suggest that tf.is --ay te explained in 
terms of increased electron-ion coupling and neo­
classical ion heat conduction at high densities. 
Empirical confinement scaling {-,:* a :) is there­
fore lir.ited Dy neoclassical ion heat losses {for 
whici. t-jn"')» and this lisit is encountered at 
low density (relative to Alcator, for example} 
due to tne low fields and currents (resulting in 
relatively poor ion confinement) of ISX-A. The 
trend of -F with n is confirmed by larger num­
bers of data points for both hydrogen and deute­
rium discharges, as shown in Fig. 2.21, which 
also shows that t, values for 0 2 are higher than 
those for H 2. 

Values of T E obtained in ISX-A compare 
favorably with various empirical scaling laws. 
Values of tp are higher by a factor of 1.5 
(average) than those predicted by the Alcator 
scaling (i E = 3.2 * 10-1*- nft aVq7; sec, oC~, 
c«) (ftef. 21), and higher by a factor of 3.5 
(average) than the Hucill-Shefficld scaling 
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Fig. 2.21. Gross energy confinement time 
(t £ ) is • function of line-average electron 
density for veriou* hydrogen (open points) end 
deuterium (closed points) discharges. 

U- = 2.7 <n >'-•'-' a [ - 5 r B | - = e A?- 6 5 ; msec, 
h~'-- c^"3, "•• iG} (Pef. 22). indicatina that 
cont"-,n«rent is significantly better t'an in 
' -nt tofcj?-afcs operated at low &j. 

TfK> go-ia confinement at low BT has led to 
. til'*;* whicr- are among the highest achieved in 

c*»:.ica:ly 'eated tokamak piasoas. The highest 
.•-(•jj t*Vj& obtained in ISK-*. (2.2% at 12 kG) is 
comparable *ith the highest published value 
(Doctlet II, 2-1 - at 8 kG; Ref. 23). Values 
of .-.- *ere observed to increase with both current 
(as shown in Fig. 2.22) and density, indicating 
that -- rises with ohmic heating power. 

lapu.ities and their effects 

*o der~-«trated above, ISX-A has achieved 
unusually large values of t , *n6 &- for tokamfcs 
operc'ed at Ir« B-. The good confineaent appears 
to result from an unusualiy low level of high-Z 
contaminants. 

<MNL/M6/FED-7eTe 
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Fig. 2.22, Variations of toroidal betas 
with discharge current for th«-ee different 
values of toroidal field. The central betas 
C&f(0)] irt shown by open points and the volume-
average betas (<6T>) by closed points. 
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Inferred frtwr. conductivity, 2 »- steadily 
decreased from 3.5 to 1.7 over a two-month period 
of operation without gettering and appreached 
unity with titanium gettering. The trend of Z « 
correlated well with the residual gas analysis ' 
and the surface physics analysis of samples ex­
posed to lofcamak discharges (as discusseu in 
Sect. 2.2.5). Spectroscopic oeasurements in the 
vuv ranqe show that carbon, oxygen, end nitrogen 
accounted al~/st totally for the Z -- values. 
Radiation from iron (off limiters and walls) was 
low (-'l; of the OH power). Approximately one-
third of the OH power was transported to the 
w l l , as discussed in Sect. 2.2.3. This fraction 
is about ha!.' that observed in ORKAK, where a 
tungsten linriter was used. 

Effects of heavy metal impurities in plasmas 
were simulated by injecting a short (<0.2-msec) 
burst (<G.IX of the total number of electrons} of 
tungsten into an established discharge using Q-
switched laser irradiation on a thin film.2'* 
Figure 2.23(a) shows time histories of I, V, 6nd 
n with and without tungsten injection. The in­
jection produced an increase (*15i) in loop volt­
age and a small density rise, and led to 
disruptive instability. Figure 2.23(b) illus­
trates the evolution of a wall power signal and 
the cen*"-ji electron temperature with and without 
injection. The energy flux to the wall increased 
by a factor of two, and the increase mainly 
originated from the central core (as discussed 
in Sect. 2.2.3). At the same time T e(0) de­
creased by =40., resulting in a hollow T profile 
as shswn in Fig. 2.23(c). The decrease in T £ was 
20-30*. No such gross effects were observed with 
aluminum injection used \u conjunction with the 
impurity flow reversal experiment. 

These were the only hollow profiles ever 
observed in ISX-A, other than mild, transient 
ones upon strong gas puffing. Had a heavy metal 
limiter been used instead of stainless steel, 
the hollow profiles would likely have been more 
common, as suggested by results from ORKAK, P'.T, 
and DITE operating with heavy metal limiters. 

The above observations suggest that the good 
cor.f inement observed in ISX-A results from a low 
level of radiation loss. In this context the 

cost important feature of the experiment was the 
use of stainless steel 'ieiiters rather than tung­
sten or molybdenum. Good feedback control of 
plasma position and possibly the large gap (6-cn 
average) between plasma and wall also 
contributed. 

2.?.3 Measurements of Energy Flux to the Walls 
in ISX-A 

C. E. Bush K. C. Sanderson 

Time- and space-resolved measurements of the 
energy flux to the walls of ISX-A were made using 
pyroelectric detectors similar to those used on 
ORKAK. Two uncoilimated detectors were used to 
monitor the total power loss to the walls and to 
obtain most of the energy flux data on IS'.-A. A 
limited amount of spatially resolved energy flux 
data was obtained using an array of six detec­
tors. This array consisted of well colIimated 
detectors, each viewing the plasma along chords 
at different radii of the minor cross section. 
All detectors including the array were located in 
two adjacent torus sectors, both at least 160" 
from the limiter section. 

The radiometer monitors indicated that <20 
to 50%, and in general '-30*, of the input ohmic 
heating power was lost to the walls. The losses 
were probably detected by the radiometers as a 
combination of photons due to impurity radiation 
and as fast neutral particles resulting from 
charge exchange. The observed fractional pow*»r 
loss to the ISX-A wall was half the ^60% (ranging 
from 40 to '-80i) observed on ORHAK. On ORHAK 
there was extremely close time correlation be­
tween the radiometer signals and the intensities 
(from vuv spectroscopy) of impurity radiation in 
the 20- to 100-A portion of the radiated spectra. 
This was felt to be due to contamination of the 
ORKAK plasma mainly by tungsten from the tungsten 
limiter, but with additional contributions due to 
oxygen and gold. In ISX-A, where high-2 impuri­
ties were excluded, little correlation between 
individual vuv impurity line intensities and ra­
diometer signals was observed and none persisted 
throughout the discharge. The best correlation 

IL 
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Ffg. 2.23- Comparisons between discharge characteristics with and without tungsten 
injection. Continuous curves and closed points correspond to the discharge with tungsten 
Injection, broken curves and open points to the discharge without it: (a) time histories of 
I, V, and n ; (b) evolutions cf wall-energy flux from a pyroelectric radiometer and the central 
electron temperature; and (c) radial distributions of the electron temperature with and with­
out tungsten injection. 

for many discharges (but not necessarily the ma­
jority) was with the H. monitor, which viewed 
along a chord through the outer half of the 
plasma column; in this case there was one-to-one 
relative correspondence throughout the discharge. 
On the other hand, for another large group of 
discharges there were correlations between radi­
ometer signals and several impurity lines and 
charge exchange flux data, but during different 
time segments. The implication for those dis­
charges was that the losses to the walls re­

sulted from a combination of radiation from 
various low-2 impurities and charge exchange 
losses, each having varying degrees of importance 
at different times during the discharge. 

The radiometer signal for a discharge in 
which a double gas puff was used to obtain a 
relatively high density is shown in Fig. 2.24 
along with other discharge parameters. In 
general, with gas puffing the signal increased 
with increasing density during the dfscnarge out 
not as rapidly as the density during v-e early 
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Fig. 2.24. Comparison of radiometer signal 
( P , , ) with density as a function of tixe during 
a discharge. The relatively high density is 
obtained using neutral gas puffing (l_ = 145 fcA). 
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phases of the neutral gas influx. The result in 
this case was that even though the density, n , 
increased by a factor of four, the radiometer 
signal only doubled. In density scaling experi­
ments in which the plateau value of n was varied 

e 
from 1.5 to *5 x I 0 n , while I , B T ( -120 kA and 
12.8 kG, respectively), and other parameters were 
held constant, the radiometer signal (and PQ„) 
increased with n resulting in a relatively con­
stant fractional loss (P d ^ / P Q H • 30.-.}-
However, P , , , /?« , , vs n data did show a shallow waii un e 
minimum at n -. 3.3 x 1 0 1 ' , corresponding to the 
knee of the T , vs n' data shown in f i g . 2.20 of t e ' 
Sect. 2.2.2. The fractional loss was also rela­
tively constant for plasma curren' between '10 
and 133 kA for a given B.. 

A schematic drawing of the six-detector ar-
iay is shown in Fig. 2.25. Detector Al viewed 
along a chord through the center of the plasma; 
detectors A2A, A3A, and A4A viewed chords at 
radii of 9, 17, and 22 cm, respectively, in the 
inner half of the cross section; and A2B and A3B 
viewed chords at 9 and 17 cm of the outer half. 
A common rectangular slot served as the final 
collimating aperture for a l l detectors and re­
sulted in spatial resolution of 3 cm or better at 

S 

Fig. " 25. Schematic diagram of the six-
detector radiometer array for ISX-A. Cross-
hatched areas are the chords viewed by the 
detectors. AI is the detector which views the 
center; A2A, A3A, and M A indicate the detectors 
viewing along chords in the inner half of the 
plasma at 9, 17, and 22 cr. radii respectively. 
A2B and A3B view chords at 9 ».r.J w "-ra in the 
outer half. 

the center of each chord. A set of baffles was 
placed in front of each detector to reduce errors 
due to reflected stray light. 

Signals for five of the array detectors 
along with those for the two uncoilimated moni­
tors for a single discnarge dr^ shown ir, Fig. 
2.26. Unfortunately, detector A " which viewed 
the outer portions of the plasma, •<•: damaged 
soon after installation. These data are for the 
tungsten blowoff experiment in which a lu^er 
pulse was used to vaporize a small amount of 
tungsten, thus propelling it into the plasma be­
ginning at 100 msec into the discharge. The 
signals for detectors viewing the outer layers of 
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Fig. 2.26. Oscillograms of radiometer 
signals for the tungsten blow-off experiment. 
The sudden increase in signal halfway through 
the discharge is due to the influx of tungsten: 
(a) s fa i i ls fron the two uncoiliraated monitors; 
It) signals for detectors viewing the center 
and outer half of the plasma column; (c) signals 
from two of the detectors viewing the irner half 
(shot 5476). 

the plasma incrtise and peak much sooner than 
those viewing nearer the center. The middle 
three traces ["ig. 2.26(b)] sr.)w distinct time 
delays, which nay imply an inward rate of trans­
port of the tungsten. Detector A36 (at 17 en 
outside) peaks 5 or 6 msec before »*23 (at 9 cm) 
and 13 msec before A l , the c.ntral Selector. 
This time behavior may provide information about 
the transport of tungsten and other nigh-Z mate­
r ia ls in high temperature plasraas. 

In order to obtain a clearer picture of the 
time evolution of the radial ^vstribution of 
emission, the data of r ig . 2.26 are plotted as 
emission intensity vs radius in Fig. 2,27 for 
several times into the discharge. Without tung­
sten injection the signals remain fa i r ly constant 
over the duration of the discharge. The emission 

Fig. 2 . 2 / . Tine evolution of the d ist r ibu­
tion of energy flux intensity; data taken from 
oscillograms of Fig. 2.26. 

over the duration of the discharge. Tiie emission 
intensity prof i le at t = 123 msec differs very 
l i t t l e from that at t - 94 msec in trie absence of 
tungsten injection. With tungsten the signal 
from the central detector, A l , increases by a 
factor of s i x ; the outer (17-cm) detector signals 
only increase by a factor of three and decrease 
again while the signal from Al continues to in ­
crease. Volutr<2 emission data are normally ob­
tained by inverting intensity data such as t t a t 
in Fig, 2.27; however, with only f ive data points 
and due to the lack of data for the out*, edges 
(ft = 18-24 cm) Abel inversion was not applicable. 
A modeling approach is now in progress, and the 
distribution so determined is to be checked using 
gross energy flux data provided by the uncoI-
limated monitors. 

Although the six-detector array of ISX-A 
provided a considerable quantity of spatial in ­
formation, the need for i more extensive array 
was clearly indicated. Such an array is planned 
for ISX-B, for which a 12 x 12 detector arrange­
ment is being designed for application t*> non-
circular plasma cross sections. 
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2.2.4 Experimental Observation of the JtapuHtj< 

Flow Reversal Effect in the ISX Tokamak 

K. H. Burrel l 
J . C. DeBoo 
E. S. Ensberg 
S. K. Wong 
C. E. Bush 
R. J . Colchin 

P. H. Edmonds 
K. a. H i l l 
R. C. I s l e -

T. C. Jernigan 
H. Kara kani 

G. H. (toilson 

The inward transport o f impurity ion* in 
tokamak plasmas, which is predicted by neoclas­
sical theory and which was c lear ly seen i n the 
ATC tokamak,2'- poses a major problem. Impuri­
t i e s , especial ly high-Z impur i t ies , can be quite 
deleterious for fusion reactor plasmas. Accord­
i n g ! / , i t i s of interest to study impurity 
transport wi th a view towards methods of im­
pur i ty cont ro l . 

Neoclassical theory ' " ' " ' also predicts that 
• oo lo ida l ly asymmetric source o f protons or 
h t j t o f su f f i c ien t strength can reduce or 
reverse the inward transport of i r p u r i t i e s , thus 
providing a method of impurity con t ro l . The 
impurity flow reversal experiment was designed 
to test neoclassical theory, especial ly the 
predictions concerning these asyninetric source 
•.erms. 

In experiments performed on lc,: .'•'• we have 
found a substantial a l te ra t ion of the transport 
of an injected neon impurity when polo idal ly 
local ized in ject ion of hyV^gen gas is used to 
produce th.3 asyi.mietric sources. The observed 
chaiijC-s arc. qua l i ta t i ve ly consistent with 
expectations based on simple theoretical models. 
More quant i ta t ive comparisons w i l l oe reported 
la te r . I f these preliminary indications art-
confirmed by subsequent experiments, this 
technique could be the basis for a simple, 
compact impurity Luntrol technique for tnkamak 
plasmas. 

In order to explain the experiment, a short 
review of the theory is necessary. The funda­
mental physics that must be added to go from 
classical to neoclassical transport theory is 
the ef fect of guiding center motion on plasma 
t ranspor t . ' ' ' In the c'. ns ional regime, the 
important guiding center mot ion is the vor t ica l 
pa r t i c le d r i f t due to the inhomoqeneous curvet 

toroida". f i e l d . Tne d r i f t , coupied with th * 
radial pressure gradient, creates a small 
poloidal var ia t ion in the pressure of eacn 
species which, i n tu rn , dr ives a return flow of 
par t ic les along the magneti;: f i e l d . I t is the 
f r i c t i o n a l fo. -ce due to these paral le l flows 
that drives neoclassical t ranspor t . : • 

The essence of the flow reversal e f fec t is 
the use of polo idal ly local ized sources to a l t e r 
the para l le l proton f lows. This modifies the 
proton-impurity f r i c t i o n , thus reducing or 
perhaps reversing the inward impj»-ity t ransport . 
Theoretical calculations have shown that in the 
presence of asymmetric sources, the radia l f lux 
of an impurity r. of charge Z, is given by : 

• I ZjleB 

2q-'n i f / I ; p ( 1 Pj \ 

^ " P T l I ' ' W "»" " n 7 l T I 

(2.7. 

where the subscript i ( I ) denotes protons (im­
p u r i t i e s ) , q is the safety fac tor , ; . . is the 
pro ton- i rpur i ty co l l i s i on time, . s is the 
proton cyclotron frequency, B. is the toro idal 
f i e l f j , R is the major radius, r is the minor 
radius, and e is the magnitude of the electron 
charge. The quanti t ies .••.; an.J :,: are numerical 
factors of order unity which depend on the 
precise co l l i s i on model used. 

Equation (2.2.1) i l l us t ra tes that radia l 
transport i s driven by gradients in the density 
and temperature, but that the '.in Fourier 
components of the proton source a- and the he i t 
source a- can also af fect the f l ux . Neutral 
transport, calculat ions nave beer, done to see how 
large an H in ject ion rate must be used to xabe 
the source terms comparable to the other terr.>\ 
in Eq. (2 .2 .1) . For model p r o f i l e , s i r i l a r to 
those in ISX, on the order of 10 ; part ic ;.-•-, per 
second arc required, a rate close to the natural 
pa r t i c le loss rate from the Ir>X plasma, -low-
eve. , since gas is u ed as the source, the- source 
terms arc large only in t^e outer 1-2 cm of the 
p'asma. Thus, the flow reversal e f fect can a l te r 
impurity transport only in the plasma edge. 
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The poloidally asymmetric sources due to 
injection of H into the bottom of the plasma 
were 'onewhat enhanced by depositing a laye- of 
titaniJB gettering over the top half of the 
vacuum chamber every few shots, thus reducing 
hydrogen recycling there. (In addition, the 
titaniui.i reduced effective Z ir. the plasma from 
values around two to a value close to one.) Oue 
to the nine-fold symmetry of the ISX vacuum 
cumber, nine getter sources and nine feedback-
controlled gas injectors21 were used. 

The effect of the source terms has been 
investigated by observing the spectral lines 
produced by short bursts of neon ana aluminum 
introduced ;nto the plasma after the H : injection 
has been established. As shown in Fig. 2.28, 
the 1-nsec neon pulse was produced by a fast gas 
valve; the 200-;.sec aluminum burst was generated 
by a 0.5-J, 2C-nsec laser pulse hitting an 
aluminum-coated glass s^ae. ("• his latter 
technique is similar to one used on ATC. ") 

0#*. /OwS/f£0 rt'T* 

I 
» 

Fig. 2.28. Illustration showing equipment 
attached to the machine. 

According to Eq. (2.2.1), reversing the 
sign of B k reverses the sign of the contribution 
that the source terms make to r,. [With the 
source configuration used in ISX, a clockwise 
(CW) toroidal field causes the sources to 
enhance the inward impurity transport, while for 
a counterclockwise (CCW) field it reduces or 
reverses inward transport.] If similar plasnas 
can be obtained with both polarities of the 
toroidal field, this dependence on B. can be 
used to separate the effect of the source terms 
from that of other plasma parameters. 

In Figs. 2.29 and 2.30, we summarize a 
series of measurements that were made on CW and 
CCU discharges to verify that the plasmas were 

jim/rac/FCD r».*«» 

0 SO 100 150 

Fig. 2.29. (a) n e ( t ) for CW and CCW, 
H a ( t ) for CW and CCW; (b) V(t) for CW and CCW 
(CW inverted), I ( t ) for CW and CCW (CCW 
inverted). 
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Fig. 2.30(a), n e(r) and Te{r) for CM. 
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F*g. 2,30(b), n f (r) and Te(r) for CCH. 
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the saae. (To minimize problens with error 
fields, the plasma current was reversed whenever 
die toroidal field was.) While there *re sane 
differences during the breakdown phase prior to 
20 ssec, the plasaas are very siailar during the 
aain discharge phase when the H 2 injection takes 
place and when the neon and aluainua transports 

'.are''investigated. Both the gross discharge 
parameters in Fig. 2.29 (voltage, current, and 

: 'line-average density) and the edge processes 
'•- producing the H radiation are quite siailar for 
ppth polarities of the toroidal field. In 

; ̂ addition, the tiae behavior of the charge 
^egchange neutral flux is identical, indicating a 
; great similarity in proton parameters. Finally. 

£3JaM<adial profiles in Fig. 2.30 agree to within 
SSife error in the data. The spectroaeter and the 

radiometer do exhibit sane dissimilarities 
between the two directions. For exaaple. the 

^radiometer signal for CW plasaas is always 
' greater than or eq>ial to that for CCW plasaas. 
We will return to thi> point later. 

In Fig. 2.31, we present a saaple of the 
experimental spectroscopic data. It is clear, 
from these data (and those in Fig. 2.32) that 
the signal amplitude is definitely higher in the 
CW discharges, in agreement with the predictions 
of Eq. (2.2.1). •• • s . 

Calculations have shown that, if the back­
ground plasma does not change, the following 
ratio of amplitudes should vary linearly with 
the gas injection rate-

JCW * -TCW 
SCH * SCCW 

(2.2.2y 

This linearity is manifested in the high gas 
injection rate points in Fig. 2.32, Since 
Eg. (2.2.1) predicts that transport rates depend 
on the »j(r) and T t(r) profiles, and since a 
large decrease in injection rate probably alters 
these profiles, it is not too surprising that 
the result departs from linearity at low Injec­
tion rates. More detailed calculations are in 
progress to verify that the numerical values of 
the points shown fn Fig, 2,32 are consistent 
with Eq. (2.2.1) using the measured plasma 
parameters. 
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Fig. 2.31. Neon signal for CH and CCU. 
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Fig. 2,32. Plot of & vt r. Error fs one standard deviation. 
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Data in Fig. 2.32 Mere all taken for nearly 
the same value of line-average plasma density, 
n 2 1 0 1 3 or*. By varying the trigger time for 
the neon pulse. Me could study the change of the 
effect with plasaa density at a constant gas 
injection rate. In general, as density rose, & 
decreased. This is consistent with Eq. (2.2.1), 
since the sources appear there normalized by the 

' , local density. As part of the sequence, neon 
_ was injected into the plasm before the H 2 gas 

injection was established. A value of & - 0.<L- * 
C ..;', " "0-28 was found, i.e., essentially zero. 

..,,,•,„, Aluminum was injected simultaneously with: 
~'vi.**> "eon for several sets of discharges. In spite 
-,''".-,of an appreciable difference in the neon signal 

for the CM and CCW discharges in each set, no 
consistent variation in the aluminum signals was 
seen. Any changes Mere smaller than the 30* 
shot-to-shot variation in the amplitude of the 
spectroscopic signal. This may be due to the 
superior ability of the fast aluminum atoms to 
penetrate the edge of the plasma, where the flow 
reversal layer exists. The aluminum injection 
system 2 1" 2 5 produces atoms with energy of 
1.5-2.5 eV, while the neon is at room tempera­
ture. The lack of change in the aluminum signal 
can be used as an additional piece of evidence 
that the bulk plasma is the same for CW and CCW 
discharges. 

We also studied the effect of H 2 injection 
on the naturally occurring impurities. This 
study is complicated by the dissimilarity of the 
breakdown phase of the CM and CCW discharges, 
since this is the time when a large fraction of 
these impurities first enters the plasma. The 
radiometer data suggest that, just as with n>on, 
more intense impurity r»£fation should be seen 
from the CW discharges. However, no clear-cut 
directional dependencies were seen in the 0 H I , 
0 IV, and 0 VI lines, while the CCW signals were 
larger for Ar VIII, Ti XI, and Ti XII. An 
understanding of the behavior of the intrinsic 
impurities will be necessary to fully assert cne 
effectiveness of the flow reversal ter*.,lque. 

In conclusion, it appears that we have 
produced a significant change in the transport 
of neon ions in the plasma. That change is 
connected with the H 2 injection, since it does 
not exist without the gas injection and it 
varies as that injection rate changi s. The sign 
of the change and its qualitative behavior are 
consistent with the results of neoclassical 
theory. Because theory predic^^art^lfewill> ; 

increase with B. and R [see Eq. (272.1)], tfe ̂  
impurity flow reversal effect should be easier 
to see in the larger, higher field machines of 
the future. 

We would like to thank J. L. Dunlap, P. W. 
King, D. H. McNeill, and J. B. Hi I gen for their 
diagnostics and H. E. Ketterer, W. J. Redmond, 
and T. F. Rayburn for machine operation. 

2.2.5 Wall Impurities in ISX-A 
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L. Heatherly 
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P. Kioduszewsfci 
S. P. Uithum 

P.. A. Zuhr 

introduction 

Plasma-wall interaction studies, begun in 
ORKAK, have been greatly expanded in ISX-A. This 
expansion has been made possible by the implemen­
tation of a vacuum transfer and Auger analysis 
system to ISX-A, as well as a CAKAC-controtled 
residual gas ana yzer. In addition, ion back-
scattering has b.-en used to characterize silicon 
samples exposed to ISX-A discharges. Laboratory 
studies of hydrogen recycle phenomena have been 
confirmed and extended. With the exception of 
the backscattering studies, results of ISX-A wall 
impurities studies »re contained in papers pub­
lished as P*oce.ztUng* o.i the Titled IiUe-ituvtional 
Con&esience. on Pcoima-Solace htfviacUons in 
ContwUed fuilon Device*. 

A 

a 
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Plasma tell lapurity Experiments in ISX-A.32 

R. J. Colchin, C. E. Bush. P. K. Edmonds, -
A. C. England, K. W. Kill. R. C Isler. 
T. C. Jernigap. P. H. King. R. A. Langley. 
0. H. McNeill. K. Murakami, G. H. NeilsoR. 
J. E. Simpkins. and J. B. Uilgen. 

The ISx-A M S a tofcamafc designed for study­
ing plasma-wall interactions and plasma impuri-
ties. It fulfilled this role quite well, 
producing reliable and reproducible plasms which 
had currents up to 175 fcA and energy containment 
tines up to 3C msec. Kith discharge preefeanins. 
Z f- Mas as low as l.o> with titanium evapora­
tion. Z e f f approached K-0. Values of 2 ^ * 2 2.0 _ -

-s-"jwere found to be proportional to residual isou-^-, 
rity.gases in the vacuum system immediately fol-'^ i 

-" lowing a discharge. However, there was no clears,= 
dependence of Z _ ~ on base pressufe, Stainlessr 

_ steel lifters were used in most of the ISX-% ex­
periments. Upon introducing carbon lini&srs into 
the vacuum system, Z « increased to 5.6.; After 
12 days' of cleanup with tckanfc discharges, the -
carbon Ifniters tended tu givs slightly higher 
values of Z f- than stainless steel listiters.-; -
Injection of clO 1 6 ateas of tungsten into dis-

; charges caused the power incident on the walI to 
, doable and the electron temperature profile to 
become hollow. 

Surface Impurities Studies During the 
Startup and Early Operations of ISX Using a 

- Surface Analysis Station with Sample Transfer.32 

1. C. Emerson, R. £. Clausing, and L. Heatherly. 
ISX is a clean tofcamak built to study 

_ plasma-wall interactions and the role cf impuri­
ties in tokamak plasmas. The vacuum vessel is of 
all welded 3Q4L stainless steel construction 
suitable for ultra-high vacuus operation. A sur­
face analysis station was installed before start­
up and has since provided data on typical wall 
Material and a variety cf other materials exposed 
at positions between the surface of the first 
wall "id the Hijiter inner radius, ."ample* are 
introduced, from air, into the ultra-high vzcuum 
transport system without disturbing .he vacuum 
in ISX or the analysis system. The s^iples may 
then be specially prepared (by outgassin?, sput-

;<& 

ter cleaning, evaporation, etc.),' analyzed oefore 
exposure to the plasma, exposed to the plasma, . 
and subsequently reanalyzed (by AES, thermal.der' 
sorption, electron-induced desorption, or SINS). 
to determine what changes have occurred-.She --.__-
analysts station and a residual gas: antlyiBr^awl > 
plasoi-diagnostics have provided infernjatic* jbn <'. 
the initial "cleanup." chaoging.wall co^Uriwo,"'. 

'and hydrogen loading during the'sUrtup j w o d - ~; _ y>~ 
*s well as the subsequent rovt^^pera^fl ia Sa^-j^J^K-'c^' 
ISX-A„ -Siwinff the startup perib^ substantial ~~r~ j^ff;<£-
siilfwvcontamination was w d e » C bit tfcfeJR}£ " - N < . " r. 
been greatly reduced.?^ hy#oge» dis^jrge^cfea*^". 
iai has.proceeded. S^iMeVof oxidiieafst|t«iess . . . J'f 

:.steel were not-, cleaneCJft/an. oxwen^rtte Status,';' ..^ / c 
--• *- - > SfA?'- y ir .- , ; ^ 7 . . - < i . -rite?'/ 

but the surface ;wia>«*reiitly ;redwcetf;ta:« thin ;%> , 
. Mnwtoichlometric^wde. /Car^rpwas sif£ifi-£g' ~~f-^-. __ 

caotly removal bu£ not eliminated^tirely. ,m*-' ': '<&£ 
JKK toJcamajr-operations are mooj tored * y mean»-jpf K. c ^ 

' a special com?osite->am^iwlKch makesr pofsibl«;; 

estimaies of botli^te sUte of cleanliness jof t£e 
system and its rated?? cleanup. \ /y- > 
•_ The surface analysis stationcha^. also" played 
a key role in'several""impurities studiej^. Perti­
nent results of.experiments involving purposeful 
addition of oxygen to the system, the transport : 
cf stainless steel and other metals, hydrogen re - ' 
cycle. Mi the use of titanium in ISX-A are 
presented. , ^ - . , 

Sputtering and Chemical Attack of 304 
stainless Steel. Altmiinum. and Sold by Hydrogen 
Ions of iOO-ev Energy.32 R. E. CI losing, 
I. C. Emerson,'and L. Heatherly. 

Samples of polished antf oxidized 304 stain­
less steel, aluminum, and gold have been sub- -
jected to bOMoardMent by hydrogen ions ir. order 
to simulate effects expecu in tokamafc fusion 
devices. This paper reports on the sputtering 
and chemical effects of bombardment with 100- and 
200-eV fons with fluence levels of 2 x iO 2 1 ions/ 
oft* and 4 x 10*1 ions'em2, respectively. Under 
these conditions gold is badly blistered and 
eroded, aluminum is slightly blistered at 100 eV 
and substantially eroded at 200 eV, but few 
changes are seen in the case of polished •tain-
less steel. The oxide film (produced in a 30-min 

_?•/• ; 

-/-
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-.-•. .exposure to air at 500°C) on the polished stain-
'• less steel sample was. however, removed and only 

a very thin layer of substoichionetric oxide re-
wined on the surface after exposure'to either 
100- or 200-eV hydrogen plasmas. Sacaple tempera­
tures during bombardment Mere abcot S0"C for the 
100-eV ions and 65 eC for^the 200-eV ions. 

Only die major characteristics of the appa­
ratus will be described here. The plasma is a 
low temperature, partially ionized plasoa sup­
ported by electron emission from a hot cathode.~ 
The plasma discharge is inside a 3.?.-cra-diam 
stainless steel tube and extends approximately 10 
in. from the cathode to the main anode. Hydrogen 
ions are drawn fron the plasma and accelerated 

- through the sheath between the plasma and the 
wall to provide a high flux of hydrogen ions 
(1 wA/an 2). An external power supply can be used 
to bias the plasma with respect tc the wall and 
thereby provide ion bombardment at any energy be­
tween 30 and several hundred volts. The dis­
charges normally operate at a pressure near 10" 2 

Torr of hydrogen. For many experiments the 
sample surface includes the entire tube wall. 
However, small samples of wall material can be 
moved under ultra-high vacuum conditions from the 
discharge chamber to a separate chamber for sur­
face analysis. The entire system is of ultra­
high vacutim construction and is free of organic 
materials. Ion species accelerated from the 
plasma into tne wall are estimated to be about 
80S molecular ions and 20% atomic hydrogen ions. 

Aluminum, gold, and stainless steel samples 
were exposed to 100-eV ions at 50°C for an inte­
grated dose of 2 x 1 0 2 1 ions/cm2. The conditions 
of this exposure did not reduce the aluminum 
oxide surface layer, but evidence of the blister­
ing and tearing was found. The irradiated area 
on the gold sample shows evidence of both erosion 
and blistering. The stainless steel oxide was 
reduced in the irradiated area leaving a rough­
ened surface but with no blister? or sharply 
defined features. Unoxidiirt polished stainless 
steel samples had no eauly recognizable eroslon-
or bombardment-created features, although macro­
scopic optical reflectivity changes made it easy 
to Identify the irradiated area. The topography 

was developed by 200-eV hydrogerf ions incident on 
aluminum, gold, and stainless steel at 65"'C *ith 
a total dose of 4 x 10 2' ions/co2. T«e aluminum 
topography is shown to be mostly an erosion pi:x 
tern. Thfr gold sample also shows erosion and no '-' -_ 
blisters. The behavior of both the oxidized and C p 
.unoxidized stainless steel samples was similar to 
that observed in the 100-eV irradiation. 

Auger analysed of the samples were made c 

aftetr each exposure. These analyses revealed the 
-following points. 
. (1) T*a» oxide on the stainless steel is par­

tial ?y reduced with relative atomic con­
centrations being given by Fe = 1.0, Cr = 
0.6, Hi -5.3, and 0 = 1.2. 

(2) The aluminum oxide surface layer was not 
significantly icyutey^'n the 100-eV expo-
sure (as ndicated by (he aluminum Auger 
line shape-).c 

(3) The gold sompls ,exposed to 100-eV ions had 
approximately 20 at. ; of metal atoms from 
the stainless steel wall on its surface 
after the exposure. This can be used to 
estimate that the sputtering rate under 
these conditions is about 10~ e atoms per 
incident ion, assuming that all sputter­
ing is due to atomic hydcogen ions and 
none is due to plasma impurities or molec­
ular hydrogen ions. The irregular topog­
raphy of this sample probably introduces 
considerable error in the estimate, 
however. 

(4) The sample of gold exposed to 200-eV ions 
was so completely covered with sputter 
products that the Auger spectra showed no 
gold. 

Conclusions are as follows. 
(1) The plasma-wall interaction simulator 

produces a useful measure of the ability 
of materials to resist attack by low 
energy hydrogen ions. 

(2) Hydrogen ions of 100 eV i..i above produce 
significant surface damage in gold and 
aluminum under the conditions of this ex­
periment but do llttlf apparent micro­
scopic damage to 304 stainless steel. 



(3) Hydrogen plasaas of the type used in this 
experiment can reduce the oxides on stain­
less steel to a thir. substoichionetric 
layer of atomic dimensions. (Other ex­
periments in ISX-A have shown that higher 
purity plasmas can partially reduce AI 20; 
and reduce the oxygen level on stainless 
steel to <1 at. %.) 

Studies of Hydrogen Recycle from the Malls 
in Tofcamafcs Using a Plasma-Mall interaction 
Simulator.-2 R. E. Clausing, L. C. Emerson, and 
L. Heatherly. 

The recycle of hydrogen fron Mi ls and 
liniters plays a fundamental role in the opera­
tion of tokamafci for several reasons: (1) tne 
average proton confinement tine in the plasma * ' 
short with respect to plasma pulse length, and 
therefore each proton is . on the average, re­
cycled several tines to and fron the walls; and 
(2) the Mi ls nay clastically or inelastically 
reflect the hydrogen but, according to our 
measurements, at least half or more of the hydro­
gen incident on the Mi ls nay be buried in the 
N i l and thermalized, and most will return to the 
plasma volume on a time scale which is on the 
order of 10" l sec. 

He have studied details of the hydrogen 
recycle phenomena from 3041 stainless steel using 
a plasma-Mil interaction simulator. Low energy 
(30 to 233 eV) atomic and molecular hydrogen ions 
»n used. The evolution rate from SJ-faces bom­
barded with a flux of 6 x 10 V S ion5/sec/cm2 has 
been measured for several conditions and appears 
to be controlled by complex diffusion phenomena 
and perhaps, in some cases, by surface recombina­
tion rates. The evolution rate reveals effects 
due to diffusion from the highly supercharged, 
near surface region. We interpret the prompt de-
sorptioo process in terms of damage to the crys­
tal structure in the near surface region. The 
measurement; *>i*re made in the simulator but were 
found to correT> 'jt well with observations made in 
ISX-A. 

2.2.6 Charge Exchange Heasuimuts on ISX-A 

6. H. teilson J. T. Hihalczo 
J. B. Wilgen 

Ion behavior in ISX-A was inferred from mea­
surements of the energetic (0.3 keV < E < 4 ke¥) 
charge exchange neutral atoms escaping from the 
plasma. For this purpose, a mass-energy neutral 
anaiyzer (described later in this section) view­
ing along a fixed midplane chord 6* from perpen­
dicular was used. (Thi-_ orientation avoids 
difficulties resulting f m particles trapped in 
field ripples.) In a typical shot, neutral 
fluxes at seven energies spanning a range of 
10.6:1 were measured simultaneously with a basic 
time resolution of 2 msec. In this report, we 
discuss the interpretation of these data in terms 
of ISX-A plasma parameters, namely: 

(1) ion temperatures and neutral atom 
densities in pure (H* or 0*) plasmas. 

(2) relative H° and D° emission from mixed 
plasmas, and 

(3) directional similarity in IFR experiments. 

T. and n in pure plasmas 

The determination of ion temperatures (T.) 
and neutral atom densities (n ) from measured 
charge exchange flux has been described previ­
ously 1 3 in connection with OwHAK data. The 
methods used have been adapted for analysis of 
iSX-A data, for which the most notable difficul­
ties are the "thickness' of the plasma to neu­
trals due to the high value of n £a (s2 x 1 0 I S 

cm' 2), and the lack of profile information ove to 
the inability to view different chords through 
the plasma. The method is basically one in which 
a charge exchange spectrum calculated from a 
plasma profile model is fitted to the measured 
data. ?n the ohmically heated plasmas under con­
sideration, T f is determined by the shape of the 
spectrum and n Q(0)n {(0) by the amplitude. Be­
cause T. profile shapes cannot be measured, they 
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*re assumed for Kneeling purposes, and the calcu­
lated values of T- and nn- are then consistent 

» o t 
with the assumption. Error analysis is done by 
varying the profile assumptions tthin extreme 
but realistic limits. 

Figure 2.33 shows the variation of central 
T. with line-average electron density in D 
plasaas for which I and &_ were fixed and the 
external gas puff rate was varied. The open 
circles represent values calculated from the 
slope of the neutral spectmn, with approximate 
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Fig. 2.33. Variation of T { with line-
average density In deuterium plasms. 

attenuation an<i profile corrections applied. The 
solid (Jots and error tars are determined by the 
profile BGdelifK} procedure. The dot'- in consis­
tent with a parabolic T- profile, and the error 
bars with profiles respectively broader and Tore 
peaked than parabolic. Relative corrections in­
troduced by this method *n greatest at nich den­
sities, reflecting the progressively increasing 
severity of plasma thickness effects with 
density. 

At low densities, the ion temperature is ob­
served to be consistent with ftrtsimovich's 
scalir.j.2* in which power delivered to tons is 
assumed to be let by heat conduction in accor­
dance with neoclassical 'plateau* scaling. Tne 
decreasing trend at high densities is a signifi­
cant observation. Neoclassical transport 
simulations of this experiment (by H. C. Howe, 
Plasma Theory Section) suggest that ion losses 
dominate the power balance at the high densities 
due to increased ion heat conduction and to en­
hanced electron-ion coupling. It is noted that 
the electron temperature is also observed to de­
crease with density (see Sect. 2.2.2 of this 
report), although it remains somewhat higher than 
the ion temperature. Furthermore, »he charge 
exchange data *r^ in agreement with temperatures 
inferred from measurements of the absolute flux 
of D-D neutrons (see Sect. 2.2.9). 

In Fig, 2.34. central neutral densities, 
n (0), are plotted against density tor both H+ 
and 0* plas&as. This quantity is calculated fror. 
values of n(0)n.(0) obtained in the profile 
modeling analysis procedure. The 0* data corre­
spond to the points in Fig. 2.33; the H* data 
were obtained in a similar experiment, performed 
at slightly higher toroidal field. Both curves 
indicate that n(0) falls approximately exponen­
tially with plasma density in otherwise similar 
plasmas. The low values of n (0) obtained, es­
pecial;/ at high densities, imply a very low rate 
of local plasma production by ionization. This 
supports the conclusion that plasma must be pro­
duced at the edge and transported to the center 
by some convective mechanism, as has been 
suggested.JS 

L 
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charge exchange with density in H and 0 
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Mixed species plasmas 

The mass analysis capability of the neutral 
ina]yier is useful in the study of mixed H*-0* 
plasmas. In order to study confinement and neat-
ing of particles introduced by gas puffing ' -e 
experiments were done in which a tenuous H + 

plasma was initiated using a hydrogen gas feea 
which was then turned off and replaced by a sub­
stantial deuterium gas feed. The time evolution 
cf both H- and D° charge exchange neutral flux 
was monitored at several different energies. The 
observed behavior is plotted in fig. 2.35. Deu­
terium replaces hydrogen on a time scale of 20 
msec; •after this, transient K- accounts for about 
20% of the measured flux at all energies for the 
remainder of the discharge. This is in spite of 

t*ie fact that durir.g this tine there is no ex­
ternal hydrogen feed, while the density is still 
rising dramatically due to the deuteriun feed. 
Full interpretation of these data will require 
a "xidel for neutral transport ia mixed plasmas. 
This is now be-'ng developed. 

IFR experiments 

An important requiresent for the IFR experi­
ments done on ISX was plasaa similarity with 
respect to CW and CCM operation (see Sect. 2.2.4 
of this report). Charge exchange neutral data 
are one index of such sinilarity inasmuch as they 
reflect the behavior of ions and neutrals in the 
plasna. In Fig. 2.36 we present the tine evolu­
tion of absolute neutral flux at a typical energy 
and the t ne-evolved ion temperature obtained 
from complete spectra for CW and CCM discharges. 
Eased in these !r*asureffi*?«its, as well as nuaerous 
other indexes t.-iese conditions were sufficiently 
si-iiar for IFR studies 

Mass-energy neutral particle analyzer 
for ISX 

C. H. 'ieiison 
C. F. Barnett 

J. A. 

J. F. Lyon 
L. A. MassennjU 

Ray 

A seven-channel neutral particle analyzer 
incorporating mass and energy resolution has been 
constructed, tested, calibrated, and implemented 
on ISX-A. As Fig. 2.37 shows, it consists of a 
as stripping cell followed by a seven-slit, ISQC 

magnetic noroentum analyzer. Each slit defines a 
momentum beamlet which is effectively mass-
analyzed by means of an electrostatic energy fil­
ter and detected by a channel electron 
multiplier. 

The analyzer has been calibrated for inci­
dent H° in the range 0.5 keV < I < 10 keV using 
H- gas at »8 x 10" 2 Torr in the gas cell. The 
apparatus and procedure are identical to those 
used in previous calibrations of electrostatic 
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Fig. 2.35. 0 - H puffing experiment: (a) time evolution of gas 
feeds and electron density (T. calculated from asymptotic slope of CX 
spectrum); (b) mass-energy analyzer permits separate measurement of H° 
and D° charge exchange spectra. 

analyzers for ORMAK. 3 6 The mass-energy charac­
teristics of the present analyzer Mere determined 
experimentally and found to be in jood agreement 
with those calculated from the geometry, slit 
widths, and field settings. The net oetectioi. 
efficiency was measured for each channel; results 
for a typical channel t r t presented in Fig. 2.38, 
and deviation over all channels was within 101 of 
the average. 

This instrument was used on ISX-A to measure 
central ion temperatures and central neutral atom 
densities in both H* and D* plasmas; the mass 
resolution featur was also employed in mixed 
species particle confinement experiments. Re-
suits of these measurements are described in this 
sactiop. The am]yzer will be used in Injection 
experiments on ISX-B to resolve, by means of mass 
identification, the fast ion and thermal ion 
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Fig. 2.26. Charge exchange data show acceptable directional 
s hilarity for IFR experiments. 
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Fig. 2.37. Diagram of mass-energy neutral analyzer showing major 
components. 
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Fig. 2.38. Measured net detection e f f i ­
ciency for channel 3 of analyzer. 

distributions. Further testing and calibration 
are necessary for this application, and these 
wi l l be done while ISX modifications are in 
progress. 

2.2.7 Some Surface Plasma Studies in ISX-A 

A. C. England 
0. L. Ounlap 

W. Namfcung 
R. V. Neidigh 

Four diagnostics rave been used in mon­
itoring the plasma near the limitors in ISX-A. 
Correlation has been observed between low fre­
quency signals from (1) an MHO loop, (2) double 
Langmuir probe current, (3) current between the 
outside limiter and the vacuum tank, and (4) 
l ight from singly charged iron impurity atoms 
(Fe I I ) . Characteristic frequencies are in the 
range of 6-9 kHz. A necessary condition for 
observation of signals on the double probe 
current, the l imiter current, and the Fe I I 
l ight is for the MHD loop to show oscillations. 
Large, nonoscillatory signals in the Fe I I l ight 
are also observed when Instabil i t ies cause large 
currents to the l imi ter . 

Double Langmuir probe measurements In the 
shadow of the l imiter have shown that tlie elec­
tron temperature 1s ^20 eV and the 1on density Is 

-.2.5-3 x 1 0 : i cm"': with modest gas puffing. I f 
these values are typical for the plasma in con­
tact with the l imiter, then ths floating poten­
t i a l of the l imiter can exceed 50 V. The 
l imiter- to- l iner current measurement has shown 
that currents >10 A can flow through a small 
external resistance; these currents are consis­
tent with this observation. 

These various observations suggest that 
conditions are propitious for the formation of 
-nipolar arcs. However, there is no evidence to 
suggest that any of the observations is evidence 
of a unipolar arc. 

Double Langmuir probe 

W. Namkung A. C. England 

The double Langmuir probe was used to study 
the temporal behavior of the ion density and 
electron temperature of the scrape-off plasmas at 
three different locations relative to the l imi ter . 
In these experiments the limiter was moved and 
the Langmuir probe was fixed. During gas puffing 
modes of operation, the outer positions (1.4 and 
3.2 cm from the limiter edge) show a sudden drop 
of the ion satu tion current (proportional to 
n. T ' / 2 ) while <i > is increasing in the main 
plasma column. Analysis shows that this transi­
tion is due mainly to a density change of more 
than a factor of f ive with l i t t l e change of T 
(<10 eV). At the innermost position (0.64 cm), 
both the density and temperature change by less 
than a factor of 1.5-2 with moderate gas puffing. 
On the other hand, the same behavior has been 
observed with maisive gas puffing, namely, <n > > 
5 x 10 1 3 cm" 3. In order to explain this phenom­
enon, i t is suggested that there may be two 
distinct layers in the scrape-off plasmas and 
that the boundary is moving inward toward the 
l imiter . The existence of the boundary has been 
confirmed indirectly by a sudden shift of the 
plasma column during the feedback control experi­
ments. 
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2.2.8 Time-Resolved Electron Temperature of a 
Tokamak Plasma by Soft X-ray Energy 
Spectrometry 

ORNL/DWG/FED 7 8 - 4 9 6 

G. R. Dyer Edmonds 

X-ray-deri /ed electron temperatures have 
been obtained on ORMAK and ISX-A using a sof t 
x-ray energy spectrometer wi th a cryogenic S i (L iJ 
detector. Electronics especial ly designed fo r 
high counting rates allows pulse-height analysis 
o f a signal pulse i n 1 usee, the duration of the 
l inear ampl i f ie r pulse above the basel ine. Count 
rates are l im i ted by pi leup to " - l0 5 /sec. I f TO3 

counts are considered adequate fo r a single 
spectrum, then one spectrum per 10 msec raay be 
acquired by th is spectrometer. 

Energy resolut ion i s compromised by both 
short pulse shaping time and int» ins ic resolut ion 
of the present multichannel analyzer; basic 
resolut ion is 500 eV, adequate fo r the tempera­
ture measurements desired ( i f measurements are 
made on the high energy t a i l o f a spectrum). 

The apparatus co l lects % rays along a 
central chord of the plasma, w i th no provision 
for spat ia l scanning or o f f -ax is sampling. 
Because the chorda 1 measurement samples a l l 
regions of the plasma, from coldest to ho t tes t , 
p r o f i l e e f fec ts must be accounted for in temper­
ature ca lcu la t ions. Figure 2.39 shows a p r o f i l e 
o f electron densi ty , N , and temperature, T , as 
a funct ion of radius, R, for several 0RKAK-
produced discharges. 

Note that T is not maximum at center. The e 
calculated x-ray in tens i ty along a chord through 

th is p r o f i l e i s obtained from the equation: 

1(E) - C £ 
**(*) - t / U R ) 

R P/?(R) 

The plot of Ln [(E) vs f is shown in Fig. 
2.40. Departure from a linear relation is 
negligiole, and the temoerature derived from the 
plo. is 280 eV, ver^ close to the peak profile 
temperature of l>» eV. 
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Fig. 2.40. Calculated Ln( I ) vs energy, E. 



Results of several calculat ions of t h i s 

type lead us to believe that maximum plasma 

electron temperature may be app-oximated ade­

quately b> the simple equation 

HE) 

where 

- n e 
T e / 2 

max 

max 

E/T, 
max 

Ln 1(E) 

and that p ro f i l e ef fects nay by neglected. 

Temperatures are calculated by a s t ra igh t -
l i n e , least-squares f i t computer program using 
tii« above equation. Figure 2.41 shows a corn-
pan- .m of x- ray- and laser-derived temperatures 
f o r an electron heating study done on ORHAK. In 
general the agreement is good. 

The present system has several disadvan­
tages. In spi te of i t s high counting ra te 
acceptance, i t has a l im i ted dynamic range in 
the sense of plasma parameters n and T , 
because x-ray in tens i t y depends on n* and on 

-E/T 
e . Intensity at the detector must be 
adjusted by movable apertures to be --10'-/sec 

maximum and must be monitored to ensure that i t 

remains in an acceptable range. 

Even w i th 10- counts included, a single 

spectrum is subject to f a i r l y large s t a t i s t i c a l 

var iat ions because the exponertial nature of the 

spectral d i s t r i bu t i on rapid ly diminishes the 

number of counts i n higher chainels. This makes 

the least-squares f i t uncertain. 

The single-channel , / r tem in the present 

arrangement can only treasure along a f ixed 

central chord, so data for p r o f i l e ca lcu la t ions , 

censi ty , e t c . , must be obtained from other 

diagnost ics. The T calculat ion assumes a 

Maxwellian electron veloc i ty d i s t r i b u t i o n , 

neg l ig ib le p r o f i l e and absorption e f fec ts , and 

counting rates which are r e l a t i ve l y wel l behaved. 

I t is d i f f i c u l t to check some of these assump­

t ions wi th the present ,ysten. 

On the ot^er hand, the r.ystan is r e l a t i v e l y 

simple. I t co l lec ts data rout ine ly and rapid ly 

once i t las been adjusted and provided constant 

plasma jarameters are maintained. I t uses no 

absorbing f o i l except fo r tne bery l l ium entrance 

window and thus r :n measure over a greater T 

range than r;.i a f i x e d - f o i l system. I t p-ovides 
T measurerients w i th in two minutes of a d i s -e 
charge, with moderate time resolut ion and 
generally in good agreement with other diag­
nost ics. 

2.2.9 Neutron Measurements c . ; $A -A 

J . T. Mihalczo A. C. England 
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Fig . 2 .41. A 35-shot average of e lectron 
temperature vs t ime. 

Measurement of the neutron co jn t ing rate ir, 
•He proportional counters placed around ISX-A 

and absolute ca l ib ra t ion of these detectors with 
a •' ' , ;Cf neutron source located in the center or 
a t , nine port boxes on the plasma axis allowed 
the determination o f the ion temperature. For 
thes, low temperature plasmas (central ion 
temperoture of 300-500 eV), the neutron y ie ld is 
very sensi t ive to temperature (a factor of ten 
in y ie ld corresponds to --100-eV change in temper­
a tu re) . Ion temperatures ontained from neutron 
••eaction rate<; w i l l be compared wi th those from 
charge exchange f luxes. N<- itron reaction rate 
measurements were also used to study the ef fect ' . 
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of gas puffing (both H, - D and D. - H ) and 
the effects of injecting hydrc gen pellets into a 
deuteriun plasm. 

2.2.10 Diamagnetic Measurements 

A. C. England G. R. Dyer 
J. T. Mihalczo J. W. Pearce 

Preliminary diamagr.etic measurements have 
been made on ISX-A, at.a two different coil 
systems have been tried. The first had the 
diamagnetic coil wound on one of the NHD (Mimov) 
loop support frames which was positioned over a 
bellows. The bucking loop was mounted on the 
same frame but was sensitive only to the TF 
variation. This coil system proved to be unsatis­
factory, apparently because of the shaking of 
the coil supporLS. It was found to be impossible 
to buck out the variations on the diamagnetic 
loop from the loop fensing the toroidal field 
only. 

The second system had the diamagnetic loop 
wound directly on one of the stainless boxes 
making up the vacuum tank. The bucking loop 
consisted of four thin coils mounted directly 
over the ceil on all four sides of the vacuum 
tank. The coils were fitted between the vacuum 
tank and the fiberglass torque cylinders on the 
inside and outside; on th? *op and bottom they 
were fitted between the bo/, and the flanges on 
*.he ports. 

The coil on the bellows would have been more 
desirable because it would have been sensitive to 
rapid diamagnetic signals. The L'R time of the 
bellows is 7 0 ysec^,Mitf 4m*W(we^ic fluctuations 
with a characteristic period longer than th's 
could have been seen. 

The coil oir tnc oox could only observe 
diamagnetic fluctuations with periods of <4 msec 
due to the decay of the eddy currents 1n the 
thick (0.5-in.) walls. 

Diamagnetic measurements on ISX are 
extremely difficult because of the TF supply in 
use. The SCR-controlled, 12-phase supply gives 
a magnetic field ripple on the flat top of 

--0.15J at 720 Hz. In addition, there are strong 
modulation! at 30 and 120 Hz and a small ripple 
at 60 Hz. 

Special high performance notch filters at 
30, 60, and 120 Hz were built to eliminate these 
components, and low pass filters with 3-dB points 
at 100 and 500 Hz eliminated the 720 Hz signai 
and its higher harmonics. 

Rogowski 7oops on the OH, vertical field, 
and radial field b'ises were used i.o sjbtract 
direct pickup. However, only 'n pickup has been 
observed and is easily subtracted. 

To date, signals have been obtained which 
appear to be true diamagnetic signals. However, 
the data tos not been correlated with calcula­
tions based on Thomson scattering end charge 
exchange measurements of temperature and inter­
ferometer measurements of density. 

2.3 ISX-B 

2.3.1 Introduction 

•ISX-B is a new research tokamak which is to 
replace the present ISX. The device is designed 
with a rectangular cross-section vacuum chamuer 
and a versatile PF system will allow the creation 
and control of circular, elliptical, or D-shapcd 
plasmas, with vertical elongation of up to 
1.8:1. In addition, two neutral beam injectors 
will be installed to inject up to 1.8 MW of 
neutral beam heating power into the tokamak. 
The combination of plasma shaping and high power 
heating will allow the study of the equilibrium 
and stability limits of noncircular, high beta 
plasmas. 

2.3.<! Design Description 

The tokamak, illustrated in Fig. 2.42, 
consists of a stainless steel, rectangular 
cross-section torus with a major radius of 93 cm 
and plasma dimension jp to 54 x 100 cm (deter­
mined by the limiters). The vacuum vessel has 
been designed for good experimental access, with 
164 diagnostic and pumping ports. The two 
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F<g. 2.42. ISX-B tofcamak. 

neutral beams wi l l be Injected tangentlally 
(both In the same direction) through two 28-cm-
diam injection ports. A morr complete design 
description of the vacuum vessel is given in 
Ref. 37. 

The new poluidal coi l system wil l be mounted 
on two fiberglass cylinders which are concentric 
with the vacuum vessel, similar to the present 

ISX coil system. The fiberglass cylinders also 
serve as the torque restraint system for the TF 
coi ls. 

ISX-B wi l l use the same iron core, TF 
coi ls, and power supply and support stand as the 
present ISX. Most of the pololdal coil supplies 
wil l be the same. 

w 
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2.3.3 Progress in 1977 and 197b Schedule 

The ISX-B project Mas approved by OHFE in 
August 1977. Designs of the vacuum vessel, 
poloidal coil,, and torque cylinders were con-
pi eted, ar«! fabrication of these components was 
starte-j. Engineering design for «rost of the 
p'ctrical Modifications and for the neutral 
bean installation was completed. The neutral 
beans are being fabricated by the ORHAK Upgrade 
progran and are now in the final assembly phase. 

The schedule calls for shutting the present 
ISX machine down at the end of February 1978. 
The transition period will last until the end of 
August, at which time the tokanak, neutra1 beam 
systems, and associated power supplies shoulc be 
installed and ready for testing. 

2.3.4 Experimental r.oqram 

The primary goal of the ISX-B program is to 
study the stabi l i ty and transport of noncircular, 
high beta plasmas. Table 2.4 l i s ts the expected 

plasma properties with ohnic heating only, and 
with 1.8 and 3 Ml of injection power, assuming 
that no large HHD instabi l i t ies occur. The 
neutral beams wi l l i n i t i a l l y inject about 1.8 NW 
into the plasma, but can be upgraded to 3 MM i n 
the future. In addition, the machine has special 
provision for apparatus which w i l l allow several 
unique experiments on ISX-B. 

High beta s tabi l i ty end transport experiments 

Measurements of basic plasma properties 
(density and temperature prof i les, energy con­
finement times, impurity levels, e t c . ) are 
presently being carried out on ISX. This capa­
b i l i t y wi l l be carried over to ISX-B, u t i l i z i n g 
rjch of the same equipment. New diagnostics f o r 
the measurement of the two-dimensional properties 
of the elongated plasma are under construction. 
Some problems to be investigated are: 

(1) How does plasma confinement depend on 
plasma shape and beta? 

Table 2.4. Plasma parameters expected for ISX-B for three 
values of neutral beam injection power 

>inj * °" P«nj " ' .BKJ> p i n j * 3 «"* 

V T 1.2 1.2 1.2 

e * b/a 1 1.5 1.5 

I , kA 130 200 200 

' l lml ter 3.5 3.8 3.8 

n , c«i"J 4 x 1 0 u 4-8 x 1 0 1 1 *15 x 1 0 " 

Te.ev 450 •(.1500 -.1500 

T i f eV 300 1-1500 1.1500 

Z e f f '2 <2 <2 

•v . msec 30 c 28 56 •40 

8. J 0.5 3-6 jlO 

"These numbers have been achieved on ISX-A. Tor ISX-B we assume 
that * R • T A f ( n B / r A ) 2 o J / 1 • o 2 . "here f (n g /n A ) • ("g/n^r with 
a • 0 .5 -1 . n« and n. are thr f ine densities 1n the respective 
tokamaks. We assume that bov. density and temperature profiles 
are parabolic, and the temperatures quoted »rt volume averages. 
Scaling laws for a nonclrcular plasma with 9, . > P^ have not 
been experimentally investigated. Consequently, the numbers for 
rlnj • 1.8 and 3 NW are estimates based on extrapolations of 
present knowledge. 

cf, • 21 msec was achieved In hydrogen (ISX-A). 
t. • 30 msec was achieved in deuterium (ISX-A). 
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(2) What are the -naximum beta stabi l i ty l imits 
for a plasma subjected to massive heating, 
and how do these limits change as a 
function of plasma elongation and 
triangularity? 

(3) How do tokamak plasmas Knave when the 
injected power i s 5-K times the ohmic 
heating power? 

Ripple injection experiment 

A diagnostic neutral beam injector (40 kV, 
3 A) which w i l l direct the beam vert ical ly 
upward through the center of the plasma is to be 
installed. Two co i ls , located under the machine 
and adjacent to the diaghos'.ic injector, w i l l be 
able to cause a ripple in the toroidal magnetic 
f i e l d , with the f i e ld perturbation being large-
at the bottom of the machine than at the top. 
This f ield wi l l allow an experiment to test the 
concept of ripple >'r.jec>.ion, which, i f successful, 
would allow the heating of reactor-size tokamaks 
with neutral beams of much lower energy than 
would be required for direct in ject ion . r -
These experiments are to be carried out in 
collaboration with PPPL. 

ECRH experiment 

Seven ports have been designed on the 
vacuum vessel to allow the injection of micro­
wave energy from the inside of the torus. The 
frequency of this radiation wi l l be at the 
electron cyclotron frequency at some location in 
the plasma and wi l l allow the study of electron 
cyclotron resonant heating in a hot tokamak 
plasma. This work, to start in 1979 provided 
funds are available, wi l l use a 200-kU source at 
28 or 35 GHz. The experiments ire designed to 
study the effects of CCkH a'one, both for bulk 
heating and for p. eiontzation, and to use ECRH 
in conjunction with neutral beam heating to 
modify the plasma profi le and to study the 
effects on high beta s t a b i l i t y . " 

Buttle divertor 

Design studies have been cosseted for the 
use of a bundle divertor on ISX-B, and provision 
has been made in the vacuum vessel and pcloidal 
coi l design fcr i ts instal lat ion. This experi­
ment is designed to help in the reduction of 
impunities in the plasma and to study the effects 
of ioch a device on a high beta, noncircular 
tokaoafc plasma Results from uITE ' i.^Jicate 
that plasma refueling must be done in conjunction 
with a burKi»e divertor experiment. To that end, 
plans exist for injecting solid hydrogen pellets, 
of submi 11imeter diameter in to the machine.""! 

2.3.5 Charge Exchange Diagnostic System for 
ISX-B ; 

J . T. Mihalczo J . F. Lycn 
G. H. Neil son R. E. Horsham 

The neutral particle diagnostic system for 
spatially resolved ion measurements on ISX-B 
employs a diagnostic neutral boam charge exchar.;-. 
analyzer combination (both a tangential ana^zer 
and a perpendicular analyzer »rray view the 
diagnostic *.:--~r;. Among the uses of this system 
dre loca' 'an temperature measurements in single 
(K or r, or mixed (H and D) plasmas, measurement 
rf ripple-enhanced trapping of the diagnostic 
f a s , and measureiaent of beam attenuation. The 
tai ler.tial analyzer has been tested on ISX-A and 
is i esc r used in Sect. 2 .2 .6 . The perpendicular 
a m / and diagnostic beam configuration are shown 
in Fig. 2 .4} . 

Some features of the diagnostic beam are 
horizontal translation to provide radial profi le 
capability and variable energy up to 40 keV. 

Some features of the perpendicular array are 
simultaneous mass-energy analysis (H and 0) up to 
50 keV by use of a velocity f i l t e r , 
electrostatic analyzer combination; energy 
spectral determination within 10 msec by syn­
chronously varying the electr ic fields in the 
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F:g. 2.43. Perpendicular analyzer, diag­
nostic beam configuration on ISX-B. 

neutral bean heating experiments an_ intended to 
replace ORHAJC as the principal tofcanak physics 
device in the ORNL program. Because of budget 
constraints and changes in fusion program 
priorities, work on the tokanak part of ORHAK 
Upgrade was stopped in t-ebruary 1977. and the 
available resources were concentrated towards 
completing the vertical field power supply and 
the neutral bean systems for use in high beta 
experinents with ISX-B (Sect. 2.3). A later 
reev luation of tokanak research needs led us to 
conclude that the principal objectives of ORMAK 
Upgrade will be effectively net by the combi­
nation of planned high beta experiments in 
ISX-B and the proposed LPTT (Sect. 2.5). Con­
sequently, there are no plans to complete the 
OPMAK Upgrade tokanak. 

Two neutral bean systems consisting of beam 
lines, electrical supplies, and related instru­
mentation will be completed for use with ISX-B. 
The new accel power supplies being purchased will 
not be ready for ISX-B initial operation; for an 
interim period ISX-B will time-share modules of 
the existing 150-kV power supply system. 

velocity filter and electrostatic energy ana­
lyzer; multipoint capability by simultaneously 
viewing the diagnostic beam with several analyzer 
modules; and variation of the analyzer viewing 
angle from -T to +14° from perpendicular. A 
photograph of a single perpendicular analyzer 
module with four detection channels is shown in 
Fig. 2.44. This module will view the plasma 
center, and other modules will have two channels 
each and will view the off-center position. 

2.4 ORMAK UPGRAOE (NEUTRAL BEAM SYSTEMS FOR 
ISX-B) 

L. A. Berry 
J. D. Callen 
A. R. Kei>v 

C. M. Loring 
H. C. McCurdy 
C. C. Queen 

W. L. Stir l ing 

The original purpose of the ORMAK Upgrade 
program was to desfgn and construct a new 
research tokamak designed specifically for 

2.4.1 Neutral Beam System Oesign 

The beam lines for ISX-B are basically the 
same design as previously provided for PLT, with 
minor modifications to simplify certain features 
and to facilitate a future increase of pumping 
in the drift tube region. The two neutral beam 
systems initially will have a target capability 
of 1.8 MW of neutral beam power injected into 
the ISX-B plasma. The injection capability can 
be increased to 3 MW by proposed modification of 
the beam lines and replacement of the 60-A, 
PlT-type ion sources with the 100-A sources 
being developed under the neutral beam program; 
the electrical systems initially installed, with 
the possible exception of the decel supplies, 
are designed to be adequate for driving the 
100-A sources. 

Physical characteristics and performance 
goals of the neutral beam systems are given In 
Table 2.5. 



F ig . 2.44. The single perpendicular analyzer nodule wi th four 
detection channels. 

2.4.2 Progress in 1977 

The pr inc ipa l a c t i v i t i e s were detai led 

design of the neutral beam systems (which was 

about 70. completed), purchase and fabr icat ion of 

system components, and assembly of beam lines 

anc e l ec t r i ca l systems as components were 

received. 

Tokamak systems 

The 5-MW, 1000-2000-V power Supply pUnmyi 

for the ORMAK Upgrade ver t ica l f i e l d sy.ter, w i l l 

be used instead to dr ive the ISX-B outer r,oi l<. 

The c.upp 1 y WAS del ivered by Reckon Corporation 
in October \'iV <:nd ins ta l led in the enclosure 
that houses tne 72-H'A TF power supply. Elec­
t r i c a l and instrumentation i ns ta l l a t i on wi l1 be 
completed during the conversion of ISX-A to 
ISX-B. 

.'Wu t / a J_b_ea m_s/sjteni^ 

Procurement and fabr icat ion of beam l ine 

w.-.t.anical opponents were about 80 completed; 

a'.sf 'bly of be-im l i n t s wa'. started and about 2h 

c.;;r,iieU;d. S:'nce the cryocondensing pumps 

-typeir »o be a c r i t i c a l ".c>iedule i tem, para l le l 
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procurement eft i . ' ts were init iated wit* two 
potential suppliers: Arnold Engineering 
Developnent Center (Air Force) d<v3 tnitfeJ 
Technologies Research Center. 

A purchase order for two accel power s<iP-
plies with capability for d r i v ' ^ IQO-A source; 
was placed with Universal Voltronics Corporation 
at a purchase price of S738 K and vendor-
estimated delivery cf 44 weeks (July 197&). The 
source and modulator tables were redesigned to 
be adequate for 100-A sources, >nd major compo­
nents were purchased and received. Assembly of 
the modulator tables was a&ojt 90" completed, 
and the source tables were about 50': completed. 
An existing ORMAK decel supply was modified, and 
tests indicated that i t would be suitable for 
ISX-6 nejtral bearr.s. Modification of two addi­
tional ORHAK supplies was in i t iated. The neu­
tral beam systems wil l be completed in 1978. 

2.S LONG FULSE TECHNOLOGY TOKAMAK 

John Sheffield 

Tne LPTT proaram is proposed to support * n i 
speed up the realization of a PEPR-T-*S by pro-
viding extensive systems integration and proto­
typical component tests in collaboration with 
various industries. LPTT wi l l have supercon­
ducting coils in a modular assembly allowing 
very good access, which wi l l permit tests of: a 
variety of high beta poioidai systems; a variety 
of plasma cleaning techniques, including a new 
ctyle of bundle divertor'wh'.n.r is great poten-
'', 1 for use in a reactor; an'c a variety of 
heating methods, i n i t i a l l y including neutral 
Injection at a level sufficient to give reactor 
level thermal power densities. Operation is 
proposed with pulse lengths of at least 20 sec 
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tni with the possibility of a high d'ity cy . le . 

LPTT systems " i l l be designed for eise of nair.-

tenar.ce and ir. the l i rr i t for rertjte nar.dl in-;. 

I t i'- considered that while the ultimate test of 

renote handling is in the r.ostue radioactive 

environment, Chts rs not necessarily the best 

enwirofi-*fit to iron out prob'.er.s and establish 

opttsiitr. designs. 

i t idles have see' -v-**- to " W " : * / f e 
region of r ini- i j r s:ze fs-' L"T »i is* «c.*s" 
satisfy t i e conceited 30aIs 0* the s".s'«~ >'d 
the constraints set £./ phy:ss ar* tes'rs'.s-:, 
This work has teieft ted f's>- t i e ;re-.'!S'»s des:~'. 
studies at CP.V. of C W - i : aid "£=•. A :o.i-a« 
design, which is representative of the -:'.i-t»~ 
size region has the following parameters. 

Pulse length 

Major radius 

Minor radius 

Maximum plasma noncircularity 

Number of toroidal coi ls 

Stage 1 (low f ie ld) 

Toroidal field 
Plasma current 
Heating power 

10-15 kG 

0.1-0.6 HA 

-5 MM 

_.2Q sec 
230 a-. 

65 or. 

1.6 
16 

Stage 2 f" ah field} 

Basic 

ah 

Extended 

25 KG 50 kG 
I MA 1.5 W 
12-24 m •24 MW 
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DIAGNOSTIC DEVELOPMENT 
C. F. Barnett- R. V. Keidigh 
D. A. Erisson2 J. A. Ray : 

S. E. Greco5 P. A. Staats1 

D. P. Hutchinson1 B. H. Thomass 

(.. H. Ha' K. L. Vander Slut's1 

Mtfxacjt. Owing the past year the far-infrared 
or subnillimeter diagnostic research program 
resulted fn three major developments: (1) an 
optically pumped 0.385-um 0,0-laser ostillator-
amplifier system was operated at a power level 
of 1 MX with a line width of less than SO MHz; 
(2) a conical Pyrex submitIimeter laser beam 
dump with a retention efficiency greater than 
10* was developed for the ion temperature 
Thomson scatterir.g experiment; and (3) a new 
diagnostic technique was developed that ukes 
use of the Faraday rotation of a nodulated 
submitlimeter laser beam to determine plasaa 
current profile. Measurements of the asymmetri -. 
distortion of the H (6563 A) spectral line 

a 
profile show that the effective toroidal drift 
velocity, dv.{/dT-, may be used as an indicator 
of plasma quality and as a complement to other 
ion temperature diagnostics. 
3.1 HIGH POWER SUBMILLIMETER L ERS 

FOR THOMSON SCATTERING 

During the past year research continued on 
the development of a 1-KM submitHmeter laser 
to be used to measure the ion temperature of 
plasmas in the next generation of tokamaks. For 
Such tokamaks, with plasma densities of 1 0 u , 

1. Physics Division. 
2. Graduate student. North Carolina State 

University, Raleigh, North Carolina. 
3. Sumner student, LaSalle College, Phila­

delphia, Pennsylvania. 
* . On sabbatical leave from the University of 

Mississippi, University, Mississippi. 
5. Sumner student. University of Texas at 

Austin, Texas. 

the requirements of the laser system are: ( I ) 
1 MM of output power.: (2) a pulse length of at 
least 200 nsec; (3) laser and viewing dumps with 
a rejection ratio of better than 1G"-; and (5) 
spectral purity (peak-to-valley ratio of pulse 
amplitude) of no less than I P -

Early in the ytar a decision was mode to 
concentrate en D20 (0.385 urn) as the laving gas 
because of i ts high efficiency of converting 
optical pump power to iubmillimeter power. 
Briefly, the optical system is composed of a 
continuous wave, tinted C02 laser whose output 
forces a I50-J, pulse-i C02 laser to oscillate 
near the absorption punp 1ine of D20- The 
output from the CO; pump is split, with part of 
the beam pumping an unstable resonator-oscillator 
and the other part pumping a beam-expanding 
optics amplifier. Since most submillime.wr 
lasers tend to operate in a superradiant mode, 
precautions rust be taken with the amplifier to 
establish single mode amplification. Thus, the 
amplifier is 1 m long, and the beam-expanding 
optics makes use of a large volume of 0 20 gas 
to provide the required power. Me havi operated 
the system successfully at low power levels. 
The frequency spectrum was determined using a 
Schottky diode as a detector; the time profile 
of the spectrum was obtained by a Tektronix fast 
transit digital analyzer. Fourier analysis of 
the time profile gave the frequency spectrum of 
the output pulse. For the C02 pump laser, the 
full width at half maximum (FHHM) of the time 
profile and frequency was 100 nsec aw» 5 MHz, 
respectively. The characteristics of the oscil­
lator output were 320 nsec and approximately 
2 MHz. Figure 3.1(a) and 3.1(b) shows output 
characteristics of the complete system. The 
time profile in Fig. 3.1(a) has an FMHM of 
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Fig. 3 .1 . (a) Tine profi le of 0.385-ym 
D20 laser oscillator-amplifier system operating 
at 200-kW output power; (b) Fourier transform 
of the time prof i le of Fig. 3 .1 (a) . Frequency 
at FWHH is approximately 4 MHz. 

150 nsec, and the frequency prof i le has an FWHK 
of 4 HHz. At frequencies exceeding 50 MHz, no 
signal Mas observable. 

With the system operating in this configu­
rat ion, the maximum power obtainable was 200 kW, 
being limited by the coupltr.j of the CO? pump 
power to the D 20 pump l ine in the amplifier. 
This l imitation is determined by an offset of 
325-MHz difference in the tuned C0 7 pump l ine 
and the D ;0 l ine . This decreased coupling was 
overcome by placing a 5-m-long, 15-cm-diam 
extension at the exit end of t ie amplifi -. 
With fu l l pump power, 1 MW of D.O pc;*er has been 
obtained with an FWHM pulse width of 100 r>sec 
and an FWHM frequency of 5 MHz. The frequency 
spectrum of the complete system is shown in 
Fig. 3 .2 . There is sore evidence of low level 
narrow-band superradiance for this configuration. 
The system appears to be operating as a pure 
Raman, two-photon laser at low pressure (1 Torr) 
and as a mixture of a Raman and a normal transi­
tion laser at higher pressures (5 Torr) . 
Studies are under way to further improve the 
power output and reproducibility of the high 

power pulses with the use of a small, atmo­
spheric pressire C0 ; laser containing an inter-
cavity Fabry-Perot interferometer to injection 
tune the 150-J CO; pump laser. The expected 
tuning range is -1.5 GHz, which wi l l permit 
operation of the pump C02 laser at the D ;0 pump 
l ine aiid eliminate the need for the 5-m exten­
sion of the amplifier system. 

OfflfL/ DWC/ FED-78 -«00 

200 300 
FREQUENCY (MHi) 

500 

Fig. 3.2. Frequency profi le of D70 sub-
millimeter laser operating at I-MW power level 
with 5-m-long, Ib-cm-diam extension to the 0,0 
laser amplifier. 

3.2 LASER BEAM DUMPS FOR SUBMILLJMETER 
WAVELENGTHS 

One of the many problems encountered in the 
measurement uf plavma ion temperature by Thomson 
scattering is the extreme smallness of scattered 
signal compared with input power. For most 
plasmas of interest this ratio is 1 0 M l * . Thus, 
highly eff icient laser beam and viewing dumps 
are essential to prevent the desired signal from 
being greatly exceeded by the reflected prirary 
beam. Vacuum requirements and the long wave­
lengths preclude the use of many of the conven­
tional beam dump techniques. 

A large hemiellipsold mirror was constructed 
for maturing the retention efficiency of various 
beam dump designs. In the tests the dump was 
placed at one focus of the mirror, and a detector 
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was positioned at the other focus. Submillineter 
radiation, generated by a pulsed, superrad -t 
D2Q laser, was focused through an aperture 
(1-cm-dian) in the back of the elliptical mirror 
onto the dump. A gold mirror with a reflectivity 
greater than 98? was placed at the sane position 
as the dump and used as a reference. Because i t 
is easily constructed, a pyramid cone configura­
tion was used to evaluate several Materials, 
including Incite, flint glass, carbon spheres 
(250'300-iriR-diaH) epoxyed to an aluminum surface, 
and a circular cone of Pyrex. The reflection 
coefficients of the Lucite, flinl glass, a«d 
Pyre* were measured to be less than 10"''. 
Studies indicated that to provide reflection 
coefficients of 10"'' the ratio of tm length of 
the dump to its entrance diameter shouid be at 
least 10. Former refinements are being made to 
the drawn Pyrex cone design for the ISX-B 
experiment. 

3.3 FARrQnY PITAii N FOR MEASURING PLASMA 
CURRENT ^ N S I T Y PROFILES 

When tokamak plasmas are studied experi­
mentally, it is important to be able to measure 
the poloidal magnetic field and the toroidal 
plasma current, as these parameters confine and 
heat the plasma and a-e responsible 'or MHO 
stability. Theoretical analyses have shown that 
in some cases the poloidal magnetic field, and 
thereby the plasma current, can be determined by 
directing a linearly polarized electromagnetic 
wave through the plasma and measuring the 
Faraday rotation of the polarization. Sine the 
rotation angle is proportional to the square of 
the wavelength, the longer the wavelength, the 
easier it becomes to measure the rotation angle. 
However, it fs desirable to use shorter wave­
lengths to improve the spatial resolution and 
wave transmission. As a result, even at far-
infrared (FIR) wavelengths, techniques are 
required to measure rotation angles which, for 
present-day tokamak experiments, may be only a 
fraction of a degree. Ouring the past year we 
exoerlmentally Investigated the possible use of 

polarization modulation techniques in a submil-
limeter wave polarimeter to Measure such >mall 
rotation angles with accurate time resolution. 

The experimental configuration is shown 
schematically in Fig. 3.3. The source of the 
system M J a 393-jn (cw) HC00H laser, pumped 
with a CO, laser. The FIR laser beam passed 

gum, OK TT-ton* 

Fig. 3.3. Experimental configuration for 
the submillimeter wave polarime.'er. 

through two wire grid polarizers, a plasma 
simulator, and a polarization Modulator that was 
driven by rf current. The polarizers were 
tounted in crossed orientation. For small 
modulation, the amplitude of the output signal 
at the modulation frequency was directly pro­
portional to 6B sin (2e ), where em is the 
amplitude of the niodulation angle and e is the 
angle of the simulated plasma rotation. In 
preliminary bench tests, ferrite polarization 
rotators were used as the plasma simulator and 
the rf modulator. A liquid helium cooled InSb 
detector and lock-in amplifier were employed to 
measure the low level laser signal. The simu­
lated plasma rotation and the output of the 
lock-in amplifier are shown in Fig. 3.4. In 
Fig. 3.S, both theoretical and experimental 
results for simulated plasma are summarized, 
with the modulation angle given as a perjmeter. 
A polarl7ation sensitivity of 26 fflV/mllllradlan 
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Fig. 3.4. Simulated and measured rotation 
angles at a modulation frequency of 9.1 kHz. 

2.4 A PLASMA QijAt-TY INGiCATO? FOP TOKAKAKS 

R. V. Seidigh 

The asymmetric distortion of the H (6563 A) 
spectral l ine profi le radiating from the 0RMA.K-
produced plasma bears the signature cf i ts 
pro'in velocity d i s t r i b u t i o n . ! , r The relation 
of the effective toroidal d r i f t velocit>-4o the 
ion temperature, dv - /dT. , may be used as a 
shot-to-shot plasma quality indicator sincr-
dv-./dT. appears to be sensitive to injected 
hydrogen gas (gas puffing) and neutral injection 
which, in turn, a l ter Z f f (see Fig. 3 .6) . 

0«M(_A>*GAED rr -» jsR 

was achieved at a modulation ancV ..' 149 .T.il l i-
radiar.s with a FIR laser power of 4 mW. The 
system was installed at ISX-A for preliminary 
tests, but because of large losses of submilli-
meter power in transmission, low sensitivity of 
the available detector, and extremely high 
x-ray fluxes, the signal at the modulation 
frequency was ir.iirtinguishable from the noise. 

OMN.-OWC 7 T - J O W 

20 40 t o eo IOC 

SIMULATED PLASMA ROTATION ANCLE (mraa) 

Tig. 3.5. Pre.*4 ;ted and measured rotaticr. 
angles at a modulation frequency of 9.1 kHz. 
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Fig. 3.6. Gas puff optimization. Neutral 
beam injection and maximum ohmic heating raise 
the impurity level ( Z . , ) . The optimized hydro­
gen gas puff raises the density and also the 
toroidal d r i f t velocity, indicative of a lower 
Zeff. The effect Is noticeably less i f the 

liner has been discharge cleaned with oxygen. 
The dashed horizontal l ine was the average 
dv^/dT^ found in ORMAK I with a single-channel 
rapid-scan spectrometer (Ref. 1 ) . 

Although the source of H. radiation is 
predominantly the cold edge of the plasma, the 
intensity of radiation in the wings of the line 

I 



profile is sufficiently above the noise level to 
permit, analysis of dv ;/dT. in the energy range 
up to ten tirnes th«?rral, as shown in Fig. 3.7. 
This is a worthwhile complement to the ion 
temperature oeterminec fror; charge exchange 
analysis of tde high energy tail of the distri­
bution function. 

Oa»i/D««/rf O r r -nr 

« w » SHOT no. ts*«»-»r 
TOftWOM. "ti.0 • U »G 
OH cu**Car>roi* 
drcrmm oe«iT».j j i r f *» r ' 
GMMC HOTIWG W ( Y H CO-MJCC-
TKWl 

RF.FE ICES 

Z. J . Sigmar. J . F. Clarke, R. V. Neidtgh, 

and K. L. Vander S lu i s , Phys. Rev. L e t t . 33, 

1376 (1974). 

R. V. Neidigh and D. J . Sigoiar, "Hot-Ion 

D is t r ibu t ion Function in ORMAK, the Oak 

Ridge Tofcamak." to be published in Plasma 

Phys. and as OftNL/TK-6198. 

F ig . 3.7. Spectral l ine p r o f i l e of H a 

(6563 A) . The l i ne width and displacement of 
i t s center of gravi ty are measured at in tens i t y 
levels of 2 , 8 , 18, 32, and 50% o f maximum and 
are re? bced to ion-temperature and to ro ida l d n f t 

> ;ye loc i ty , respect ively. 
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Hm.txa.rf. While £! *SK< theory fe*s £•***• ev j l v ' c j 
toward sore real ist ic ewdels cf macnetically 
confined p l s i w i for «aore than two decades now, 
very significant advances, were « < » *». OflKL in 
the past year. Theoretic*) techniques were 
developed for rel iably model tag the f i n i t e b«:ta, 
nonclrcular, resist ive, f in i te coll is total i ty 
plasms confined in tokaeaks and in the ELHD 
Bumpy Torus. An important indication of the 
realism of these theoretical models Is the fact 
that many of thee are bei , compared in very 
detailed ways with present experimental results. 
The intensive interplay between theory and 
experiment Las led to. Improvements in both and 
also to a significant deepening of our under­
standing of plasma confinement. 

In cBT theory the' primary emphasis has been 
on developing methods for calculating the self-
consistent ambtpolar potential because i t dorai- (-
nat.es plasma transport. Stimulated by experi­
mental measurement of this import* t element of 
plasma confinement, one-dimensionai kinetic and 
f lu id transport codes have been developed to 
take into account the numerous and highly non­
linear effects of the ambipolar potential on 
t'anspcrt. A very encouraging result of this 
work is that the plasma parameters, including 
temperatures, densities, and arnoipolar poten­
t i a l , can be predicted within a factor of about 
two using a total ly neoclassical model, i . e . , 
with no need to introduce anomalous transport 
processes. Other E3T theory studies this past 
year include consideration of macroscopic and 
microscopic instabi l i t ies and microwave heating 
processes. 

The MHO theory group has continued i ts 
pioneering work in developing the concept of 
high beta tokamaks. This work includes consid­
eration of the dynamic evolution of injection 
heated plasmas to high beta; tre «>F systems 
(Including in detai l the iron core effects in 
ISX-A and -B) required to position, control, and 
shape these plasmas; and the stabi l i ty of these 
plasmas against ballooning modes. The balloon­
ing mode s tab i l i ty question has oeen examined 
wir.h i n i t i a l value, semi-analytic (BALOON), and 

codes. The nr.'t^r «ctsc tfwse s ta tes >; that 
volune-aKera-je betas ir. tre rar^e, cf 5-10s 
should be achievable. Another t#jtr KrD theory 
development is the very s.*oce:.st'iif correlation 
of the resistive KKi studies, witr. the otifcrvec 
-«sacroscopic nodes in tokanaks. As reported Ust 
ittr, the r. « 1/n * 1 resistive modes have been 
shown to instigate internal disruptions in 
tpiramfcs. This past jttr i t was shown that the 
theoretical nonlinear saturation level of the 
2/1 resistive nodes agrees in detail and also In 
scaling with the 2/1 Kimcv oscillations 
observed in GRHAr. Further, f t was shown t tot 
an unstable coupling between the 3/2 and 2/1 
modes causes a drastic rearranystent of the 
current profi le in the very short growth tine i f " 
the 2/1 mode; this has oeen proposed as the 
mechanism causing the disruptive ins ta t i l i t y . 
The 2/1 theoretical growth period is consistent, 
with the disruptive instabi l i ty t i s * in tofanafcs 
froo IT-3 to PLT - about three orders of magni­
tude in tine scaleT ri 

The R»str s ta ' t l ing new development in 
kinetic theory this pest year *hr* the demonstra­
tion from both numerical and analytic-investi­
gations that , contrary to most d r i f t wave 
l i terature , the collisipeless d r i f t wave is 
not unstable.in a smoothly sheared magnetic 
f i e ld . The region near the rational surface 
where the wave phase ve loc i ' / exceeds the elec­
tron thermal speed (ar4 which has been neglected 
previously) introduces just enough damping to 
overcome the growth from other spatial regions 
so that the overall frcde is damped. Even though 
the coltisionless d r i f t wave is damped, the 
trapped particle modes are s t i l l unstable. 
Another major development in the kinetic theory 
of tokamaks was the introduction of the "wgne-
t ic f lutter" model., in whtyh microinstabflities 
break up the flux surfaces into microscopic 
islands and thereby provide a new and more 
plausible mechanism for explaining the anomalous 
radial electron heat transport in a tokamak. 
The remaining kinetic theory activities-were 
directed toward an increasing degree of realism 

http://Hm.txa.rf
http://nat.es
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Other developments this prt?.t y£*r include 
improved computational tools fcr c^yul^-fcr^*-.. 
irpurity ionization, reconfcicvjMon; and tr»E2'- *" 
pert; a moltispecies neutral mode.!-, and, telle? 
fueling studies in collaboration with ex^ j rh^r -
ffientv performed or- ISX-4-. 

A nornber cf new developnvents emerged fjrj-m 
the plassa en5ineerlr.g <jr&-jp-< Fjro»-pellftt 
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drif t-dissipative tr*pj!ed oartfcle nwdes ^overr 
transport. A new microwave-assisted tt«»rtup 
scenario has beon proposed which has the poten-' 
tial of h.-lpinq to burn rapidly througfr th» 
early irm^zation stage in a tdkawiai: and-thereby 
significantly reduce the.voliiQC required during 
the breakdown phase. Neutral beam heating 
scenarios have been pr-oposed in which medium 
energy_(<150-keV) injection, into a low density 
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work is suomarized are: !*tD theory ( 4 . 2 ) , 
kinetic theory ( 4 . 3 ) , and transport simulation 
( 4 . 4 ) . The EeT theory work (4.1) has i ts owr. 
research projects on KHO theory, kinetic theory, 
and transport sini lat ion. In the plasma engi­
neering area ( 4 . 5 ) , relevant research work is 
further developed and synthesized into models 
that are used in the design of advanced fusion 
systems - THS, Dero, EBTR, etc . Final ly , the 
cooputer support act ivi t ies during the past year 
are sumnarized in Sect. 4 .6 . 

-c- t- ~c.% r 4^.1 EBT THEORY 

%&%.C/^ ^ C D.̂ Bu-Batchelor L. E. Deleanu 

Z^^XW C c ^ r ^ ^ t o l d f i n g e r 
*? - ' ->:-£- ^r- X.Heilrict, Jr 

- E. 6. 
D. B. 

r 

Harris 
Nelson 

>/ ~ r<tC r - u ^ O w * ! ^ C - E..-F. Jaeger 

•C- r- . ^ ^' A:'H.,Krftzv- - /t l . 'A. Spcrj. 
.-£*£?- T.NC£Jucker-<' - r < * Tolliver 

-Cs" ~-^Z ^' H. Weitzner , : , 
~ s^ - Heoffassical transport caiculatfefs pres-

'^M entf^ provide/rhe""focus.iFur theo?* atiSoci/tte>l 
,»<_.wtth EPT.^Ip'-the pa'-t year ther- has been a 

included self-cor.si stent electric fields (Sect. 
4 . 1 . 5 ) . S t i l l further increases in realism 
shoi-ld be forthcoming in the nent year. 

Studies of microwave heating (Sect. 4.1.8) 
and stabi l i ty 'Sects. 4 .1 .6 , 4.1.7) are also 
important facets of the theoretical description 
of EBT. For exasple, the stabi l i ty boundaries . -
for the dissioative s>odes studied (Sect. 4 .1 .7 j : ~ 
are quite similar to those obtained fros MHO 
(Sect. 4 . i . 6 ) . Pressure profiles which are 
stable to the modes are compatible wit^i the 
requirements of neoclassical transport and do 
not now appear to pose a significant l i r . i t on 
the plasma beta. 

Calculations of Kiagnetic equilibria and ~ 
particle orbits are presently less visible. 
These calculations undergird roost of the other 
theoretical worjt ana now are playing.an impor­
tant part in design studies for future EBT 
devices. -

Re I •» ted work on electron c/.Tolron heating 
as s p e c i f i c i t y related to tokar.-sks *a% also 
been performed (Sec t . 4. E. H). 

rapid p o t i o n i n \ W * l a s , i « \ ; t r a n £ £ t t . ^ o r y . , ; . « r J ^ c r a s s i c £ Q r j f f ^ o r t J n J g T - -

i r. The^BOst receprjf*s«Tts of radial ly ffisolv^i-
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• • < 

v. 

_ %r^rUf>ort cajVulationsilSect. 4 . 1 J * J are 'fn -
^.-Hreasonablfe/agreement..'vJjrR expertecntat oft^r*- '~v-

vat ion. In part irnlar, the sign of tfie"*;eff- -*~l-
/< • " > ^ —•• ''•• . » - . " . - r v p 

cociSvs^Cflt ambip$*«relectr,ft f ie ld T i inegat fW. ' -
. ^jLAyreement wl^h experimental observation," , ;-

£arlier_calc<»l»tions W i e t h e reroially resolved' _, 
trarcpjjrt co<JtCftectv 4^T.2) y>wlved positive 
electric;.-fieWv; the £ey is the proper choice of -
i n i t i a l conditions. Valuable insights into the 
choice of i n i t i a l conditions were provided by 
work"associated"with Kinetic model calculations 

V(Sect . ;4 .1 .3) and in the refinement of expres-
sfofis- for the transport coefficients (Sect. 
4 . 1 . 4 ) . . Thus the present Yddially resolved 
npoclasr-rcal trsacport calculations with self-
consistent ftlectric tislds arc a significant -
»dva«ce c>ver. the iait^al transoort modeling which 

E. F. Jaeoer" i5.'A. Spon'j 
C. t . Hedrick, Jr . v 

In ERT, neoclassical transport coefficients 
depend c r i t ! e j l l y on the aipbioolar electric -
f re ld . . Tr.es«; coefficients, calculated for 

•arbitrary radial frrectoU. f ie lds, are applied in 
a one-d'mcnsionaT; rartiijl transport calculai.on 
which, for tfce f i f s t tisae.i treats the electr ic 
fierU i ir l f -ccn^istendy. This 'purely vivssicoIO 
raod>ipredicts wsnyfeajures^of. exuerinental -
opera t\an, * Eluding »teady-»tate solvttons 0 
with radialhj Owara iJs'Mting-.swbicolar f ie 'ds . ~ 

.4 .1 .2 A_UiBM»riciLl_>fodeXJ^J.'^'Ji.lJ. ri'i£2.o ri 
in EBT2 

E. F, Jaeger C. I . Hedrick, Jr. 

.Group leader 

Neutral and charged p&Hii l t t densities and 
temperatures are calculated" as functions of 
radius for the toroidal plasma in the EBT 
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experiment, -nergy-dependent ionization and 
cnarge exchange rates, anbipolar diffusion, and 
self-consistent radial electric field profiles 
are included. Variation in magnetic field due 
to finite plasma pressure, effects cf energetic 
electron rings, and transport due to drift 
waves and magnetic field errors are neglected. 

- - - Diffusion is assumed to be neoclassical with 
enhanced losses at low collisionalities. The 
nodel reproduces ratty of the observed features 
of EBT operation in the quiescent toroidal (T) 
node. T' : self-consistently calculated elec­
tric field is everywhere positive (not as in 
experiments) unless enhanced electron collision-
al i ty is included. Solutions for advanced 
EBT's are obtained and confinement parameters 
predicted. 

4.1.3 ft Kinetic Transport Model EBT-

E. F. Jaeger C. L. Hedrtcfc, Jr. 
J. S. Tolliver 

A bounce-averaged drift kinetic equ«tion 
is solved for the toroidal plasma in EBT. The 
distribution function is assumed isotropic in 
pitch angle and is calculated as a function of 
radius and speed using finite differences on a 
2-0 grid. A Fokker-Pianck representation of the 
collision operator includes Coulomb, cricrowave, 
ionizing, and charge exchange collisions. !oV 
and electron fluxes, computed aV'integrals of 
the distribution function, are of comparable '^ 
magnitude for ambipolar potentials which are 

^ approximately self-consistent. Initial results 
assume an unperturbed distribution function 

:••- Hkicii is Maxwellianf however, this is not a 
necessary assumption in the model. Careful 
accounting of loss regions where electric and 
magnetic-poloidat drifts cai.-.el (superbanana 
p»rtic'ie orbits) leads to ion loss rates which 

an in some cases two orders of magnitude 
greater than electron rates. In these cases, 
radially inward pointing, self-consistent 
electric fields occur with potentials on the 
order of a few tines tite ton temperature. 
These negative field results are in approximate 
agreement with experiment and appear to be 
stable to the electric field runaway encoun­
tered in positive field cases. 

4.1.4 Kinetic Transport Properties of a Bumpy 
Torus with Finite Radial Awbipolar Field1* 

D. A. Spong E. G. Harris 
C. L. !!edrick, Jr. 

Bumpy torus neoclassical transport coef­
ficients, including finite values of eh" radial 
ambipolar field, have been calculated. These 
are obtained by solving a bounce-averaged drift 
kinetic equation in a local approximation for 
perturbations in the distribution function 
(away from a stationary Maxwellian) caused by 
toroidicity and radial gradients in plasma 
density, temperature, and potential. Particle 
and energy fluxes, along with the associated 

_ transport coefficients, are then calculated by 
•'-— taking appropriate moments of the distribution 

function. Particle orbits aT*-treated by 
breaking them uptrrto a vertical drift compo­
nent (due to toroidicity) and i-o precessionaV-
drift (as a result of E x 8 and drift due to 
the bumpy toroioVr field). The kinetic equa­
tion hasneen salved using both a functional 
expansion method and ADI finite difference 
techniques. The resulting transport coeffi­
cients exhibit a strong dependence on the __ 
ambipolar electric field and plasna collision-
ality. In the large electric field limit, our 
results are in close agreement with the earlier 
work of Kovrizhnykh. 



4.1.5 A Simple Neoclassical Point Model for 

lWnsj»ir t j»r , d_jk±l K'S '_n EBT-

C. L. Hedrick, J r . E. F. Jaeger 

D. A. Sponq G. E. Guest 

N. A. K ra l l * J . B. HcBride" 

G. W. Stuart* 

A simple neoclassical point model is pre­
sented for the EBT experiment. Solutions for 
steady state are der ived. Comparison wi th 
experisiental observations i s made, and reason­
able agreement i s obtained. 

4.1.6 Macj^scopic ^S tab i \ j t y j iw l j . I - ' 3 ' t s 

in EBT'-

0. B. Kelson C. L. Hedrick, j r . 

MHD s t a b i l i t y l i m i t s are determined for 
EBT. The r e l a t i v i s t i c hot e lectron annuli are 
considered to be r i ' j i d , modifying the magnetic 
f i e l d but not in teract ing w i th the i n s t a b i l i t y . 
A modified energy p r inc ip le is used, and the 
s t a b i l i t y problem is reduced to determination of 
the eigenvalues of an ordinary d i f f e r e n t i a l 
equation along each f i e l d l i n e . A threshold hot 
electron current is required for s t a b i l i t y ; i t s 
value agrees wi th experimental measurements. 
The calculat ions show that s tab le , high beta 
equ i l ib r ia are eas i ly generated. 

4.1.7 A prel iminary Invest igat ion of Trapped 

Part ic le I n s t a b i l i t i e s in E3T-' 

D. B. Batchelor C. L. Hedrirk, J r . 

An invest igat ion is presented of the role 

which trapped par t ic les might play in the d r i f t 

wave s t a b i l i t y of EBT. The model adopted con-

General Atomic Company 

Science Appl icat ions, Inc. 

s i s t s of a bounce-averaged, d r i ' t k inet ic equa­

t ion with a Crock c c ' l i s i o r operator. Care has 

been taken to r o c e i , :t least in in eienentary 

w«y, the features which dist inguish the physics 

of EBT fro--, tr.at of toraraks namely the large 

magnitude arc ve loc i ty space dependence of the 

poloidal d r i f t frequency : , the r e l a t i v e l y 

small c o l l i s i c n a l i t y . / : . , t i e enhancenent of 

. p f f fo r passing pa r t i c l es , and the closed 

nature of the f i e l d l ines . I n s t a b i l i t i e s which 

have a somewhat d iss ipat ive character are fou'.d; 

however, the precessional d r i f t i s a s ign i f i can t 

s t a b i l i z i n g inf luence. In most cases the modes 

are completely s tab i l i zed when .,*/< r_ ' f o r 

normal gradient?. For reversed gradients 

(•..*/.. < 0 ) , s t a b i l i t y is great ly enhanced. 

4.1 .o Status of tne Theoretical Study of 
Microwave Hea^inj in EBT̂  

D. b. bA'...r:e}nr 

The basic strategy of the theoret ical study 
of microwave heating in EBT is ou t l i ned , and the 
current status of the various aspects of the 
study is described. There are four broad areas 
which arc being investigated: ( I ) heating and 
wave damping mechanisms, (2) the geometrical 
opt ics of microwave propagation i n EBT, (3) 
r e f l ec t i on and mode conversion ef fects at regions 
such as cu to f f and resonances wher<! the geometri­
cal opt ics approximation breaks down, and (4) 
nonlinear eff> ts such as ponderomotive e f fec ts 
and parametric decay. Detai ls are given of the 
geometrical opt ics code which has been developed 
to do ray t rac ing in a rb i t ra ry 3-D plas-ia 
e q u i l i b r i a . Examples are given fo r plasma 
parameters character is t ic of EBT-I and EBT-II . 
Detai ls are also given of the stochastic heating 
model cur rent ly in use with the 1-D transport 
code ana of the l inear wave damping model used 
in the ray t rac ing code. The most pressing 

problems of 
directions for future work are indicated. 

physics yet to be addressed and the 
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4.1.S E J ^ t r c ^ ^ j e lytron "ie d_L'rS ' n Toka.raks' 

Tokamaks ray be e f f i c i e n t l y heated a: 
electron cyclotron resonance by launching of the 
extraordinary wave fro.' the inside of the torus 
wi th a sinple waveguide aperture. For typ ical 
tofcanak parameters, 5G< of the incident energy 
is absorbed in one traversal of the resonant 
surface. There i s an e f fec t i ve rax TEW. density 
for l inear heating at tht? point where the p1as~a 
frequency is equal to th« cyclotron frequency. 
The bulk of the plasma electrons is heated, 
increasing the perpendicu ar energy with no 
tendency to accelerate a r i c h energy t a i l of the 
veloc i ty d i s t r i b u t i o n . The ordinary wave ray be 
launched fr&r. o-.tside the .orus wi th sosewnat 
smaller neating e f f i c iency . Heating rates and 
veloci ty d i f fus ion coef f ic ients ara presented. 

4.2 »:Q THEORY 

c. H. An J. .̂ Holnes 
G. Bate^an J. r. Munro, Jr 
B. Cdrr^ra^ D. B. Nelson' 
L. A. Charl! ion Y-K. '•!. Peng 
R. A. Dory D. J. Strickle*-
H. ?.. Hick- G. Vaha'a 

The purpose of the MUD group is to formu­
late and apply flui<! node Is of plasra behavior. 
Such models, because of their relative sim­
plicity, allow ruch greater understanding of 
configurational space effects than do the 
kinetic models which underlie them. Of course, 
velocity space effects are less well treated by 
fluid models. In this past year considerable 
progress was made in understanding the resistive 
instabilities which dominate present f.okamak 
behavior. The major and minor disrupt.ve 
instabilities and the Mirnov oscillations appear 

Tokamak Experimental Section 
Group Leader 
*Secfon 4.2 Coordfnat.." 

to be quantitatively understandable in terms of 
resfstive instability theory and calculations 
Sects. 4.2.1-4.2.8). Methods for detecting 
island rotation in a resistive plasma have also 
Deen developed (Sect. 4.2.21). Looking ahead, 
nar.y of the Units on operating tokamaks at 
r.igher beta have been elucidated (Sects. 4.2.9-
4.2.13. 4.2.15, 4.2.16). By proper plasma 
shaping using well chosen poloidal field design, 
equilibria with beta of 5-10. can be maintained 
which are stable to ideal KHD modes (Sects. 
4.2.14, 4.2.IS, 4.2.19, 4.2.20). The ISX-B and 
PCX experiments are designed to test these 
predictions, and they will provide valuable 
comparison between theory and experiment during 
the next few year:. 

4.2.1 Nonlinear Numerical Algorithms for 
- r-!^yJIf2- Jf a rlniL^jies.1: 

B. V. Waddell H. N. Rosenbl-ith* 
D. A. Monticello* R. B. White* 

B. Carreras 

This lecture consists of a summary of th-* 
numerical methods that have recently been devel­
oped to study the nonlinear evolution of tearing 
modes in tokamaks. The essential features of 
tearing modes can be described by the resistive 
MHD equations. The numerical algorithms 
described here ar^ based on a reduced set of 
2-0 KHO equations that are numerically tractable. 

T*o distinct types of numerical methods are 
described in detail. In the first method, 
referred to as the KASSLESS algorithm, the 
inertia is neglected. On the other hand, in the 
second method, referred to as the MASS algo­
rithm, the inertia is retained and consequently 
the scheme is capable of handling a larger 
variety of problems. Codes based on these two 
algorithms give similar results for the non­
linear evolution of the m « 2 tearing mode. 

Institute for Advanced Study 
*Princeton Plasma Physics Laboratory 
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4.2.2 Interpretation of Tokamak Sawtooth 

Osci l lat ions 1 1 

B. V. W'addell 
J . D. Callen 

G. L. Jahns 
H. R. Hicks 

Sawtooth oscillations appear to be the 
result of a cyclic process in which the plasma 
core is resistively heated until the safety 
factor drops below unity, causing the m = 1 
tearing mode to become unstable and ultimately 
to flatten the electron temperature and safety 
factor profiles. A systematic model based on 
this hypothesis is shown to provide a consistent 
interpretation of ORMAK experimental data, 
including for the first time an explanation of 
the accelerating growth rate of the m = 1 pre­
cursor oscillations and the repetition time of 
the sawteeth. 

4.2.3 Internal Disruptions in Tokamaks 1 2 

G. L. Jahns H. Soler 
B. V. Waddell J. D. Callen 

H. R. Hicks 

We study the hypothesis that sawtooth 
oscillations or internal disruptions are the 
result of a cyclic process in which the plasma 
core is resistively heated until the safety 
factor drops below unity, causing the m = 1 
tearing mode to become unstable, to grow with an 
accelerating growth rate, and ultimately to 
flatten the electron temperature and safety 
factor profiles. A model based on this hypoth­
esis compares favorably with experimental data 
from ORMAK in explaining (1) the rate at which a 
sawtooth rises, (2) the radial dependence of the 
precursor and main sawtooth oscillation ampli­
tudes, (3) the accelerating growth of the m » 1 
precursor oscillations, and (4) the repetition 
time of the sawteeth. The heat lost from the 
central region during the internal disruption 4s 
found to transport diffusively through the 
exterior plasma with a conduction coefficient 

that agrees within a factor of two with the 
value inferred frotn the observed electron power 
balance. 

4.2.4 Comment on 'Singulation of Large Magnetic 
Islands: A Possible Mechanism for a Major 
Tokamak Disruption" 

B. Carreras 
H. R. Hicks 

B. V. Waddell 
S. J. Lynch 

In Phys. Rev. Lett. 39, 1618 (1977), it was 
reported by White, Honticello, and Rosenbluth 
that for S = 10'-, the m = 2/n = I magnetic 
island grows exponentially for a certain safety 
factor profile until it saturates at a width.of 
0.7 a, where a is the minor radius. Here, m and 
n are the poloidal and toroidal mode numbers, 
respectively, and S is the ratio of the skin 
fime and poloidal KHD time. It has been found 
that these results were severely affected by the 
numerical error due to the coarse poloidal grid. 
Specifically, if a fine poloidal grid is employed, 
rather than exponentiating the island grows 
algebraically. It attains a ma/imum width of 
0.48 a, relaxes, and eventually saturates at 
0.33 a. (This comment will appear in the 
July 1978 issue of Phys. Rev. A.) 

4.2.5 Interaction ofJearinj Modes of 0i fferent 
Pitch in Cylindrical Geometry1' 

H. R. Hicks 
J. A. Holmes 

B. Carrerai 
B. V. Waddell 

General Atomic Company 

In cylindrical geometry, we have conducted 
a preliminary analysis of the hypothesis that 
the major disruption in tokamaks is due to the 
interaction of tearing modes of different pitch. 
For a flat safety factor p-ofile having a value 
of 1.4 at the plasma center, we find that the 
m • 3/n - 2 tearing mode, which is linearly 
unstable, Is strongly destabilized nonlinearly 
by the m « 2/n * 1 mode. Other modes are non­
linearly destabilized, particularly the m » 
1/n * 1 and m » 5/n • 3 modes. Due to the 
development of Islands of many different pitches, 

L 
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the toroidal cirrent density is severely de-
forned. The corresponding region of island 
activity can extend essentially from the plasma 
center to the l initer. Presumably, this defor-

' nation of the field lines can lead to rapid 
^transport of heat and particles from the plasia 
center to the l initer. The destabil iza tion of 
-.4- . 
the n = 3/n = 2 node is significant because it 

ipay correspond to the observed vertical asym-
;^netry of some of the major disruptions in PLT. 
;?S4|2.6 Analytic Model for the Nonlinear 

Interaction of Tearing Modes of 
Different Pitch in Cylindrical 
Geometry1!* . m B. Carreras 

H. 
B. V. Waddell 
Hicts 

An analytic model has been developed for 
describing the nonlinear interaction of tearing 
nodes of differert pitch in cylindrical geometry 
for equilibria characterized by flat safety 
factor profiles. The analysis shows that the 
B * 2/n « 1 tearing mode can destabilize odd 
n modes, particularly the 3/2 mode. The model 
compares well with our 3-D code with respect to 
the time evolution of the 0/0, 1/1, 2/1, 3/2, 
and 5/3 modes. Scaling rules are obtained for 
the position and location in time of the maximum 
or peak in the 3/2 growth rate. The character­
istic time of destabilization of the odd m modes 
predicted by the model correlates well with the 
observed time scale for the major disruption in 
tokamaks. 

4.2,7 Disruptions in Tokamaks 1 5 

B. V. Waddell 

Both minor (or internal) and major (or 
external) disruptions will be discussed. First, 
the following model will be analyzed. Sawtooth 
oscillations (or internal disruptions) are the 
result of a cyclic process in which the plasma 
core is resist!vely heated until the safety 
factor q at the plasma center drops below unity, 
causing the m « 1 tearing mode to become unsta­

ble, to grow with an accelerating growth rate, 
and ultimately to flatten the electron tenpera-
ture and safety factor profiles as nagnetic 
reconnection occurs. In order to explain the 
experinental data, the modification of the n = 1 
tearing node growth rate due to dianagnetic 
drifts must be taken into account. This nodel 
compares favorably with experinental data 1 6 in 
explaining (1) the rate at which a sawtooth 
rises, (2) the radial dependence of the precur- ^ 
sor and main sawtooth oscillation amplitudes, 
(3) the accelerating growth of the n = 1 pre-. 
cursor oscillation, and (4) the repetition tine 
of the sawteeth. This favorable comparison with '"' 
experiment indicates that nagnetic reconnection 
is probably an important phenomenon in labora­
tory plasmas. 

Secondly, the hypothesis that the major 
disruption is due to the interaction of low mode 
number tearing modes of different helicitywill 
be discussed. The experimental evidence indi­
cates that probably the most important inter­
actions are those between the m = 3/n = 2 and 
m = 2/n = 1 modes and between the m = 1/n = 1 
and m = 2/n = 1 modes; here m and n are respec­
tively the poloidal and toroidal mode numbers. 
Numerical results from RS3 (a 3-D version of the 
MASS code 1 7) will be presented. For example, 
the results indicate that for current profiles 
that are flat in the plasma interior, the 
m - 3/n = 2 tearing mode can be nonlinearly 
destabilized by the presence of the m • 2/n = 1 
mode. In fact, nonlinearly the width of the 
magnetic island corresponding to the m « 3/n > 2 . 
mode can become larger than that corresponding 
to the m • 2/n * 1 mode, 

4.2.8 Theoretical Explanation of the Poloidal 
Magnetic Field Fluctuations in Tokamaks 

B, Carreras B. V. Waddell 
H. R. Hicks 

By applying elementary nonlinear tearing 
mode theory in 2-0 cylindrical geometry, the 
amplitude of the oscillations in the m • 2 
poloidal magnetic field (Wrnov oscillations) at 
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^,'i^r the limiter as a function of the safety factor 
; at the limiter can be predicted quite reliably; 

• :• here m fs the poloidal mode number. The input 
•̂ "' 0> required is the rjdial electron temperature 

profile, from which the safety factor profile 
can be calculated in standard fashion. The 
saturation amplitude of the n * 2 tearing node 
is calculated from the safety factor profile 
using the nonlinear L' analysis which requires 
that the node saturate at the magnetic island 
width where &' is the discontinuity in the flux 
eigenfunctioi- across the associated Magnetic 
island. This gives an absolute result (no 
rbitrary factors)..for the anplitude of the : 

perturbation in the poloidal Magnetic field -
everywhere and, in particular, at the Ifmfter. 
A detailed analysis of ORMAK and T-4 profiles 
gives results that are in surprisingly good 
agreement with the experimental data. 

4.2.9 MHO Stability of Flux Conserving; Tofeawr 
Equilibria1 * 

R. G. Bateman Y-K. H. Peng 

Large-scale MHO instabilities of flux 
conserving tokamak equilibria are studied com­
putationally. Stable equilibria are found with 
average beta up to 5%. As beta is increased, 
the observed instabilities take on a strong 
ballooning character, concentrating near the 
outer edge of the torus with a mix of poloidal 
harmonics. 

4.2.10 Theory of Ballooning Modes in Tokamaks 
with Finite Shear'9 

Dobrott 
B. Nelson 

J. M. Greene 

H. H. Glasser* 
M. S. Chance* 
E, A. Frieman1-

We studied ballooning instabilities in 
tokamafcs of arbitrary coss section and finite 
shear. These azimuthally localized, ideal HHD 

General Atonic Company 
^Princeton Plasma Physics Laboratory 

ir.odes have large toroidal node numbers but 
finite variation along the field and across the 
flux Surfaces. Stability is determined by 
solving a second order ordinary differential 
equation on each flux surface, subject to the 
proper bounlary conditions. Qualitative agree­
ment is achieved with the Princeton PEST sta­
bility code. 

4,2.11 High Pressure Tokamaks*'• 

R. G. Ba-teman 

The successful development of the neutral 
beam injection method of heating tokamaks has 
opened up a new range'of theoreticelly-predicted 
phenomena to be explored. This article, 
t«tended for the nonsp^cialiiV, reviews the 
existing experimental observations and theore­
tical understanding of tefcasak sw-uiHbriuR and 
large-scale stability. Then a survey is pre­
sented of the new phenomena, such as flux con­
serving sequences of equilibria and pressure-
driven ballooning modes, that are expected to 
accompany the significantly enhanced plasma 
pressure to be produced in tokamaks now under 
construction. 

4,2.12 High Beta Tokamafc Instabilities1'' 

R. G. Bateman 

Theoretical predictions using the ideal MHO 
model indicate that large-scale ballooning modes 
should appear when the average beta is raised 
above 1-2* in present-day tokamak geometries or 
5-101 fft more optimized geometries. The nset 
of instability fs predicted to be sudden and the 
behavior of ballooning modes to be strikingly 
different from the sawtooth and Hirnov oscil­
lations experimentally obi- ved at low beta. 
Conditions close to the predicted ni>,et were 
achieved in ORKAK with no noticeable change in 
plasma behavior. Experiments are pbnnud for 
ISX to test the beta limit. 

k 
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„JI:E:I3 Stability of Tokaaaks with Etongatec 
"*" Cross Section 

G. H. An R. G. Bateman 

Fixed bowery MHO instabilities are 
•^jfofidied computationally as a- function of dia- ^ 

".sf^»agnet-isB and current profile in highly elon-
toroidal equilibria. It i i found that -

paramagnetic plasmas with either- peaked or broad 
current profile as well as" mildly dianagnetic 

S«HS with peaked current profile are stable 
arge-scale instabilities whenever the q-

at the magnetic axis is greater than or of 
unity. However, even slightly diawgnetic 
s with broad current profile and highly 

ongated cross section are subject to a bal-
oooing instability for q-values well above 

riinity at the magnetic axis. 

'4:2.14 Tokaniak Ideal HHD Instability Analysi*. 
Code ERATO 

R. A. Dory 
I. A. Charlton 

Y-K. M. Peng 
D. J. Sigmar 

The ERATO code cf Centre de Recherches en 
Physiques des Plasmas, Ecole Polytechnique 
Federate de Lausanne, was made available by Prof, 
f. Troyon and Drs. R. Gruber, D. Berger, and 
C. Bernard. The code uses a finite element 
technique to evaluate the energy principle for 
tokamak equilibria. Semiminor revisions were 
made to run on the National KFE Computer Center 
system, to allow increased resolution, and to 
accept input equilibria from the ORNL equilibrium 
codes The ERATO code bas been used to analyze 
high beta and FCT tokamak equilibria for sta­
bility within the ideal MHO model. Results to 
date suggest that flattened current profiles 
stabilize ballooning or internal modes. However, 
flattening the current profiles makes kink or 
external modes more unstable unless a coMucting 
shell is provided near the plasma surface. If 
tne ratio of shell distance to plasma minor 
radius is 10-205, then equilibria st.i:,le to both 
types of mode;: have been found with average beta 
values as high as &%. 

4.2.15 Intense Weutrat Beast Heating in the 
Adidbatic Approximation-'-

D. B. Nelson 

A simple method is exhioited for accurately 
f»itowing the dynamic evolution of a toroidal, . 
arbitrary beta plasma under neutral beam beat­
ing. While the method'used is also being applied 
to more general transport calculations, for 
these calculations it is assumed that the heating 
is rapid compared with resistive diffusion or ~1 
cross-field heat conductivity. Thus.the plasma -
evolves adiabatically, i.e., according to the •'• ' 
ideal MHO equations. It is found that high beta 
states can be attained with a wide variety of 
initial conditions- and heating profiles. The 
final profiles and plasma stability vary greatly, 
depending upon the de. isition profile chosen. 
Skin currents can be avoided by proyamning the 
Pf coil system to con*re 1 plasma size and shape 
during the evolution. It is not necessar, to 
program the TF coil currents. 

4,2.16 Inductive Effects in Flux Conserving 
Tokamafcs22 ^ 

R. 6. Bataman 

Scenarios are worked ou~ in straight cir­
cular cylindrical geometry fcr the evolution of 
flux conserving sequences of equilibria as the 
plasma is heated or compressed. It is shown 
that force-fret currents are induced when the 
low pressure region at the edge of the plasma 
is compressed against a flux conserving wall. 
A force-free surface current is induced if there 
is a vacuum region between the expanding plasma 
and the wall. These edge currents run opposite 
to thi? direction of the current in the main body 
of the plasma. The force-free currents can b# 
avoidec' or reversed at the edge of a plasma with 
diffuse resistivity profile by programming the 
total longitudinal current as the plasma is 
heated or compressed. 

,» ^ajts-ftfl 
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4.2.17 The Ripple Bundle Divertor Tor Tokamaks 

J. Sheffield R. A. Dory 

The bundle divertor, designed for density 
and impurity control, has been successfully 
applied on the DITE tokanak. In this applica­
tion i t is sub j e t to high stresses and is 
restricted to short pulses and low toroidal 
fields. A new version is made possible by 
fitting the vacuum vessel close to the toroidal 
coils, which allows the plasma to _-xist in the 
outer regions of higher TF ripple. This ripple 
bundle divertor should operate at lower stresses 
and for longer pulses at higher magnetic fields. 

4.2.18 Plasma Magnetics for D-shaped, Air Core 
Tokaroaks 

Y-K. M. Peng R. A. Dory 
J. A. Holmes D. J. Strickler 

The location of the EF coils, whether they 
are interior cr exterior to the T c coils, is 
expected to have a large impact on the design of 
tokamak reactors. A closely related plasma 
niagnetics problem is how far can the coils 
recede f.om the plasma and still maintain the 
D-shaped equilibrium over a wills range of F 
values. Free boundary MHO equilibrium calcu­
lations have been carried out to answer the 
latter question. It is found that properly 
placed EF coils exterior to the TF coils will 
work but will require an order of magnitude 
increase in currents. The interior and th'j 
exterior coil arrangements are shewn In Fig. 
4.1, with the corresponding MUD equilibria 
shown in Figs. 4.2 and 4.3, respectively. A 
comparative study is made of the power supplies 
required by interior and exterior coils. It is 
showr that the Interior colls need power supplies 
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Fig. 4 .1 . Generic EF coils that are interior 
( I I , ID, 10) and exterior (EI, ED, EO) to the TF 
coils. Either the interior or exterior coils can 
be used alone to maintain high beta, D-shaped 
equilibria. The dotted lines indicate a group 
of coils connected in series and using a single 
power srpply. 

tha 'n cder of magnitude below those 
rt the exterior coils, while the latter 
art n .ess difficult to build thon the former. 
A hybrid uF coil concept is proposed that com­
bines the interior and the exterior coils to 
retain their advantages in avoiding large inte­
rior coils while lowering the power supplied to 
the exterior coils by an order of magnitude. 
The MHD equilibria maintained by the hybrid 
coils are shown in Fig. 4.4. 

4.2.19 Hotcircular MHD Equilibria and Shell-like 
Poloidal Field System in ISX-B 

Y-K. H. Peng R. A. Dory 
D. J. Strickler D. W. Swain* 

ISX-B will h.jv? neutral beams up to 3 MW to 
explore plasma beta limits in a tokamak. One of 
the limits is expected to come from ideal MHD 
ballooning instabilities. To ensure adequate 
flexibility in achieving high beta and to permit 

Tofedisak Experimental Section 
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Fiy. 4.2^ FCT equilibrium flux plots 
with various .-. values for IMS, using only 
the interior coils shown in Fig. 4 .1 . The 
plasma edge is represented by the inserted 
and closely spaced flux contours passing 
near but within the separatrix. 

rig. 4.3^ FCT equilibrium flux plots 
with various e values for TNS, using only 
the exterior coils shown in Fig. 4.1. The 
plasma edge is represented by the inserted 
and closely spaced flux contours passing 
near but within the separatrix. 

large access for beams and diagnostics, a "shell-
like" PF system was designed for ISX-B. The 
system contains an inside and an outside set of 
coils that carry currents opposite to the plasma 
current to drive the plasma current and produce 
the vertical field that centers the plasma column 
radially. Shaping coils with Interchangeable 
connections are added roughly above and be loa­
the plasma chamber to produce shaping fields 
(Fig. 4.5). Free-boundary MHO equilibrium 
calculations show that cross sections of D shapes, 
inverted D shapes, and ellipses can be obtained 
with vertical elongations up to two, averaged 
betas up to 9», and large safety factors 
(Fig. 4.6). 

4.2.20 Poloidal Field Modeling for the Iron Core 
ISX 

Y-K. M. Peng 
T. C. Tucker 
D. H. McNeill"1 

R. A. Dory 
W. 0. Cain* 
W. R. Ming+ 

The ISX tokamak uses an iron transformer 
core with a single return leg and a vacuum 
vesse'i with a magnetic flux diffusion time of a 
few nwec. During each plasma discharge, the 

Magnetics and Superconductivity Section 
+Tokamak Experimental Section 
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_ Ffg. 4.4. Flux contours tor equilibria 
(6 * 5.31) maintained by a hybrid EF coil 
system with various distributions of currents 
between the exterior and interior sets. 
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Fig. i.5. The shell-like EF coils consist 
of ar. outside group (01-04), an inside group 
(11-13), and a shaping group (IS1, IS2; 01-D3; 
0S1-0S3). Alternative connections are also 
built in to Increase the flexibility of plasma 
shaping. 
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image field from the iron core has a strong 
effect on the plasrta equilibrium position and 
cross section. To model the magnetic field, we 
employ a 2-0 axisymne.tric ano'ytic model (Fig. 
4.7} and a 3-D tetrahedral iron element model 
6FUN3D2- (Fig. 4.8). In the plasma chamber, the 
2-D and 3-D results are found to agree within a 
few percent when the iron is not saturated. The 
variation of the field strength in the toroidal 
direction is also found to be within a few 
percent. The calculations agree with the 
measurements within the experimental error (Fig. 
4.9) T---.-J results justify the use of the 2-D 
model in HHD equilibrium calculations. However, 
the results by the 2-D and 3-D models agree with 
the ineasurements only to within 20% along the 
horizontal leg of the TF coils (Fia. 4.10). 

4.2.21 Perturbed Magnetic Field Phase Slip for 
Tokamaks-1" 

G. Vahala L. Vahala* 
J. H. Harris R. 6. Bateman 

B. V. Waddell 

Given a set of rotating helical current 
filaments within a cylindrical plasma and a set 
of fixed magnetic field detectors at the edge of 
the plasma, a mathematical model is used to 
investigate the observable effect of rotation or 
longitudinal motion in the intervening plasma. 
If the soft x-ray sijnals from magnetic islands 
indicate the instantaneous position of the 
helica", -urrent filaments within the plasma, 
then the phase difference between the x-ray 
signal and the magnetic fluctuations should 
provide a diagnostic of tokamak plasma rotation. 
The relative motion between the islands and the 
surrounding plasma is measured by the "slip" 
S(r) « u - kv z(r) - my()(r)/r, where u is the 
rotation frequency of the islands and v is the 
plasma velocity. 

College of William and Mary 
University of Wisconsin 
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Fig. 4.6. Some examples of HHO equilibria computed for ISX-B using 
the coil system shown in Fiq. 4 1. 
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Fig. 4.7. Two-dfmensiona' iron model and 
the PF coil arrangement in JSX. 

The plasma velocity is added to Rosenbluth's 
reduced equations to compute *he phase differ­
ence between the island position and the 
perturbed magnetic field at the edge of the 
plasma as a function of the slip for a variety 
of resistivity profiles. The current profile 
within the islands is taken from the nonlinear 
computer results of W-.ite, Monticello, Rosenbluth, 
and Waddell. For peak'd conductivity profiles, 
the phase difference is -̂ served to saturate and 
the n to decrease at large values of the slip. 
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4.3 KINETIC THEORY 

C. 0. Beasley, Jr. 
J. D. Callen 
P. J. Catto 
E. C. Crime, Jr. 
J. Denavit 
R. H. Fowler 
P. W. Gaffney 
J. E. HcCune 
H. K. Meier 

V-K. H. Peng 
J. A. Rome 
K. E. Rothe 
0. J. Sigmar 
J. Smith 
M. Soler 
W. H. Stacey, Jr. 
K. T. Tsang 
W. I. van Rij 

J. C. Whitson 

Research in this area will be broken down 
into the subgroups 4.3.1, Analytic High Beta 
Equilibrium Studies and Neoclassical Transport; 
4.3.2, Anomalous Transit; 4.3.3, Energetic 
Particle Orbits; and 4 ', Numerical Transport 
Studies Using the Coll. onal Plasma Model. 
After pointing out selected highlights, a 
systematic account of published papers and 
eports wil] serve to describe last year's 
progress. 

Group Leader 

1977 was a particularly eventful year. 
Highlights in Sect. 4.3.1 include the analytic 
existence and accessibility proof of flux con­
serving, high beta tokamak equilibria and an 
exact unifieJ theory of the neoclassical ault i -
species transport coefficients for arbitrary WO 
equilibria in the banana-plateau regime. 

Our work in anomalous transport theory. 
Sect. 4.3.2, led to several surprises. A careful 
analytic-numerical investigation of the radial 
eigenmode structure of the universal instability 
showed, cot, letely unexpected stability - in the 
electrostatic approximation as well as in a 
finite beta treatment. A quantitative quasi-
linear calculation of the velocity space insta­
bilities due to alpha particles in a tokamak 
fusion plasma revealed the possibility for 
substantial anomalous alpha losses. 

The flutter mode1 of anomalous electron 
transport due to magnetic islands caused by high 
node number drift instabilities has provided a 
new and more viable mechanism for explaining the 
anomalous radial electron heat transport in a 
tokamak. 

By improving previous work on electron heat 
pulse propagation, i t was shown that the ot-
served cross-field electron heat loss rate in 
present-day tokamaks can ' * consistently in­
terpreted as a purely dif'usive process. 

Concerning energetic particle orbits. Sect. 
4.3.3, the concept of ripple injection (which 
may be necessary for beam penetration in large 
devices) progressed substantially. A coopera­
tive effort between ORNL and PPPL resulted in a 
magnetic desig.1 for ripple injection into ISX-B 
and 7FTR. 

The CPM is discussed in Sect. 4.3.4 in u s 
of its basic content, application to neociassit 1 
equilibria, and nonlinear evolution of drift 
modes. 

4.3.1 Analytic High Beta Equilibrium Studies 
and Neoclassical Transport 

Until recently, the bulk of neoclassical 
theory papers focused on the calculation of 
transport coefficients at the expense of a 
f*efu1 treatment of the und*»r1ylm; MHD equi­
librium. The advent of powerful neutral beam 
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heating and the economic necessity for igh beta 
reactors now necessitate an analytic fo. njlation 
of circular and noncircular finite beta *. ji-
libria (first 5 topics in S c * 1.3 11. ft-»' 
istic geometry is the motivation also . 
investigation of banana drift difrusics due to 
field ripples (topic 6), while a fresh look at 
the impurity problem for near equal mass-species 
led to the discovery of an impurity screening 
effect in the Pfirsch-Schluf?r regime (topic 7). 

High Pressure Flux Conserving Tokamak 
Equilibria25 

J. F. Clarke D. J. Sigmar 

An analytic theory is developed to calcu­
late poloidal beta e. and the diamagnetic 
parameter ?. for axisymmetric toroidal HHD 
equilibria confining high pressure, plasma 
[6 1- 0(a/R)] under the constraint of flax con­
servation. To satisfy the equilibrium equa­
tions, the plasma current increases with pressure 
as p 1 ' 3 . Previously calculated equilibrium 
limits on poloidal beta are avoider 

Analytic, High Beta, Flux Conserving 
Fquilibria for Cylindrical Tokamaks 2 s 

D. J. Sigmar G. Vahala 

Using Grad's theory of generalized differ­
ential equations, the temporal evolution from 
low to high beta due to adiabatic and nonadi-
abatic (i.e., neutral beam injection) heating -f 
a cylindrical tokamak plasma with circular cross 
section and peaked current profiles is calcu­
lated analytically. The ....luence of shaping 
the initial safety factor profile and the beam 
deposition profile and the effect of minor 
radius compression on the equilibrium is ana­
lyzed. 

Fundamental Time Scales for Flux Conserving 
Tokamak Heating and Certain Global FCT 
Equilibrium Properties21 

D. J. Sigmar 

Because the existence of high beta flux 
conserving equilibria has been established, it 
becomes important to analyze the accessibi1it> 
of these equilibria via auxiliary heating, to 
discuss the resistive decay of the safety factor 
profile, and to extend the viriai theory to 
noncircular plasma cross sections. 

Neoclassical .nyiort of a Hultispecies 
Toroidal Plasma in Various Collisionality 
Regimes 2 7 

S. P. Hirshman 0. J. Sigmar 

Continuously valid expressions for the 
neoclassical transport coefficients are ana­
lytically calculated for a multispecies plasma 
in the low to intermediate collision frequency 
regimes. The modification of the transport 
problem which results when a single h»avy 
impurity ion species is in the collisiona! 
regime is presented. Consistent with the 
detailed balancing principle, a qualitative 
change in the magnitude of the long mean-free-
path particle flux is shown to arise whenever 
there is more than a singW collisionless 
species. A novel calculation of the bootstrap 
current permits the computation of a complete 
set of transport coefficients throughout the 
various collisionality regimes. 

Neoclassical Transport in an Elliptic 
Tokamak 2 8 

K. T. Tsang 

Neoclassical transport for an elliptic 
tokamak in all collisional regimes is investi­
gated by the technique of partitioning the 

0FE/D0E 
Princeton Plasma Physic Laboratory (-IOW with 
FED Theory Section as an ORNL Wigner Fellow) 
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velocity space. It is found that in a tokanwk 
of mderate elongation, particle and ion heat 
confinement tines are increased by a factor of 
a 2, where <j is the ratio of the vertical minor 
radius to the horizontal mi».or radius. Ripple 
diffusion in an elliptic tokamak is also studied. 
Ion heat conductivity due to ripples is reduced 
by a factor of approximately c 2. 

Banana Drift Diffusion in a Tofcanak 
Magnetic Field with Ripples2* 

K. T. Tsang 

The drift motions of trapped particles in a 
toxanak field with ripples lead to a new trans­
port process in large tokamaks in addition to 
the diffusion process due to particles trapped 
in the ripplss. This problem is studied by 
solving the bounce-averaged, drift kinetic 
equation with a model collision operator. I t is 
shown t u t t*c "banana drift diffusion" is 
proportional to the collision frequency when the 
poloidal banana drift frequency is smaller than 
the effective collision frequency. This result 
is contrary to earlier predictions, but in a 
reactor reni_ie, this loss me .̂ianisr. is shown to 
be unimportant. 

Temperature Screening Effect in Two-Ion-
Species Pfirsch-Schliiter Transport3° 

K. T. Tsang E. C. Cmme 

The partic'e and heat flux problems in the 
collisional or Pfirscn-Schliiter regime for a 
two-ion-speciec tofcamak plasma are solved by 
using a kinetic approach with exact fokker-
Planck collision operators. Theie solutions are 
appropriate for analyzing the behavior of 
impurities in the low temperature plasma edge 
region, whert impurities first enter the plasma 
from the ou'side. We find that low charge 
states of low mass impurities can be screened 
effectively from further penetration of the 
t>)a$ma. 

4.?.2 Anomalous Transport 

In this area, part of the effort was 
directed at advancing fundamental techniques, 
sue i as deriving a gyrokinetic equation (a 
mettod to retain fully the two-dimensional 
tfi^ewnde structure of trapped p?rticle insta-
bil i: ies) and developing the "flutter model." 
Part Jf the effort went into calculating speeffic 
trans, *>rt problems. 

For sample, we scrutinize the often made 
assumption that fusion-bom alpha particles will 
be contained classically during their slowing 
dewn period (see *pic I ) . 

In the collisionless limit of the parameter 
space, *he collisionless drift instability has 
long been assumed to ê absolutely unstable in a 
sheared magnetic f ield. Me have derived an 
improved eigenvalue equation for the collision­
less dri l t instability in tokamaks which does 
not rely in the often used perturbation expansion 
in the stillness of the growth rate (topic 2) . 

Numeiical work has also been carried out to 
check this analytic result. We have concluded 
that, confary to the prevailing view of drift 
waves as p-esented by Pearlstein and Berk,3 1 the 
so-called absolute universal instability" is 
not univenal at al l (topic 3). This startling 
finding is having a substantial effect on our 
understanding of the role drift waves may play 
in tokamak ilasma confinement. Since present 
tokamak experiments operate near the transition 
between the banana and plateau regimes of 
collisional ty, we have investigated the col­
lisional ef'ects on trapped electron insta­
bilities {tcpic 4). 

The usial treatments of the trapped elec­
tron instabilities ignore the fact that trapped 
electron orbits are concentrated around the 
outside of tie torus; hence, the driving term 
has a poloidil angle dependence. If this 
poloidil variation is retained, the problem 
becomes two-limensicnal. Until recently, only 
numerical so utfons of this problem had been 
published in the literature. By 1gnor.ni the 
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ion magnetic drift term, we were able to obtain 
anelytic solutions of the two-dimensional eigen­
value problem for trapped electron instability 
(topic 5). 

The effects of impurities en the trapped 
electron node have been investigated (topic 6). 
As a vehicle 'o investigate the relevant insta­
bilities in tokamaks, we first derived the 
linearized gyrokinetic equation with collisions 
(topic 7). 

Small resonant cagnetic perturbations can 
cause significant dist-rtions of the magnetic 
surfaces in tokamaks. It has previously gone 
unrecognized that since the high node number, 
drift wave type turbulence is probably not 
purely electrostatic, it is, in fact, accom­
panied by magnetic perturbations that can induce 
densely packed magnetic island structures and 
thereby strongly affect radial plasma transport 
in tokamaks. The islands are discussed in 
topic 8. The ensuing anomalous electron trans­
port due to field line "fluttering" is treated 
extensiveiy in topic 9, the basic ideas of which 
have appeared in the open literature and as an 
invited paper at the 1977 DPP-APS meeting. 

Finally, in topic 10 we report on the 
experimental demonstration of the diffusive 
-.Hure of radial electron heat transport in a 
tokamak. In the original investigation of the 
space-time evolution of electron temperature 
perturbations induced by the internal disrup­
tions (topic 10), it was fjund that while the 
electron heat transport is a diffusive process, 
the electron heat conduction coe.ficient gov­
erning it seemed to be about an order of magni­
tude larger than that governing the background. 
In more recent work (topic 11) this paradox was 
reconciled by: (1) a more careful treatment of 
the "initial conditions" prevailing after the 
internal disruption; (2) a more careful treat­
ment of the region near the initial perturbation; 
and (3) refinement of the data. The net result 
was to produce a number of new methods for 

analyzing the data and a conclusive demonstra-
tion that radia' electron heat trans^ir* in 
ORMAK was a microscopic, diffusive process. 

Anoroalous Alpha Particle Transport 
in Thermonuclear Tokamak Plasmas 5 2 

D. J. Sigmar H. C. Chan 

Due to the stronc local izaticn of the 
fusion-bom a'oha particles in ve'ocity and 
c ̂ .figuration space and thei; .oupling to 
Alfven waves in the background plasma, the 
relaxation of alphas is anomalous. In a finite 
system, the enhanced electromagnetic fluctua­
tions can produce rapid serial losses of alpha 
pop " tion and energy. These losses p event the 
alph.. Jocity distribution from attaining a 
stable collisional equilibrium, thus maintaining 
a steady-state turbulence level. A self-con­
sistent numerical quasi-linear calculation is 
performed for a low frequency mode, showing the 
evolution of the alpha distribution and yielding 
the anomalous loss rates. 

Improved Eigenvalue Equations for the 
Collisionless Drift Instability 
in Tokamaks33 

P. J. Catto K. T. Tsang 

Previous work has considered the validi.y 
of the perturbation theoo technique of solving 
the radial differential equation for the col­
lisionless drift wave in a tokamak only near 
marginal stability for the most unstable radial 
eigenmode. The present work extends the pre­
vious result and determines more exact eigen­
value equations (for all even and odd spatial 
modes) that are valid for arbitrary growth 
rates. Away from and perhaps near marginal 

Massachusetts Institute of Technology 
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stability, these more complete eigen/a'ue 
equations are required in order to accurate".., 
calculate growth rates. 

"Absolute Universal Instability" Is Wot 
Universal3<t 

K. T. Tsang P. J. Catto 
J. C. Uhitson J. Smith 

The roots of an improved analytic eigen­
value equation for the absolute universal or 
coilisionless drift instability in a sheared 
magnetic field are found numerically and com­
pared with the eigenvalues obtained from a 
numerical solution of the exact differential 
equation. The startling result is that both 
techniques predict stability, no matter how weak 
the shear or now large the transverse wave 
number, in contradiction to all previous work. 
Stability is due primarily to the stabilizing 
influence of the nonresonant electrons. 

Colli signal Effects on Trapped Electron 
Instabilities3' 

K. T. Tsang J. 0. Callen 
P. J. Catto 

The effects of collision, on di'.sipative 
trapped electron instabilities are evaluated by 
distingjishing between the perpendicular and 
parallei electron v»lo<-ity components when 
calculating tripped ar i untrapped electron 
contributions The growth rate is obtained for 
all regimes of collisionality and rer*'""". to 
previous results in appropriate limits. It is 
shown that the dominant effect of finite 1-
lisionality is to determine the number of 
trapped and untrappeJ electrons. It is also 
shown that collisional br ijdening removes the 
resonant electron response only for collision 
freauencies greater than or equal to ten times 
the wave frequency, . > 10 ••>. For sue* large 
•>J~, ior.-ion collisions are found to exert a 

far stronger stabilizing influence than does 
broadening. 

Analytic Solutions of the Two-Oimensional 
Eigenvalue Problen for the Trapped Electron 
Instability in Tokamaks ? 6 

K. T. Tsang P. J. Catto 

The radial localization of the destabilizing 
trapped electron term that is caused by the 
J'ifferences in the pitch of the magnetic field 
and the mode structure is shown to result in a 
completely new form of the dispers on relation 
tor the trapped electron instability. 

Dissipative Trapped Electron Modes in the 
Presence of Impurities 3 7 

K. T. Tsang 
The effect of impurities on low frequency 

drift nodes of a toroidal1v confined plasma is 
investigated by the gyrokinetic equation. It is 
assumed chat the electrons are in the banana and 
the ions in the plateau regime. Impurity col­
lision damping is found to be significant in the 
usual trapped electron mode. A new instability 
due to the impurities c<in occur for nornal 
profiles and impurities peaked at the center, 
ar.1 quasi-linear considerations show that 
impurities will be driven outward if such an 
instability occurs. 

Linearized Gyrokinetic Equation 
with Collisions 5 9 

P. J. Catto K. T. Tsang 

A like particle collision operator is 
derived for arbitrary values of the product of 
poloidal wave number times gyroradius by em­
ploying an ordering in which gyroradius correc­
tions are retained in lowest order and the 
radial dependence appropriate for sheared 
magnetic fields is included. In addition, 
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neoclassical drift, finite beta (plasma pres­
sure/magnetic pressure), and unperturbed to­
roidal electric field modifications are con­
sidered. 

Magnetic island characteristics in tokamaks 

J. D- Callen G. G. Kelley* 
B. V. Waddell 

The concept of a helical flux function is 
developed and utilized to investigate the 
magnetic topology in tokamaks when there are 
small, helically resonant magnetic perturbations 
present in the plasma. Generally speaking, the 
perturbations produce complicated magnetic 
island structures whose details depend on the 
character of the magnetic perturbation. Ex­
pressions are derived for the magnetic island 
width [ • • ) , field line trajectory within an 
island, and length of field line required to 
trace out an island (2sRN). For helically 
resonant magnetic perturbations (8) which 
decrease as x' a away from a rational surface, we 
find i -v ^ B / n q ' ) 1 ^ * 2 * and N -v. (nq'5)" 1 *. 
B - U ( ^ ) ( i q , r ( ^ ) / ( a + 2 ) > w h e r e q l J s a 

measure of the magnetic shear and n is the 
toroidal mode number of the helical perturba­
tion. 

Possible Effects of Drift Wave Turbulence 
on Magnetic Structure and Plasma Transport 
'n Tokamaks3>) 

magnetic perturbations (e.g., B ^ B > \' KJ/XJ ^ 
lCT1*) which cause field lines to move rapidly 
allow the parallel transport process to con­
tribute to radial electron heat transport, tfe 
hypothesize that the small magnetic perturba­
tions (3/B < 10~ 3) accompanying drift waves at 
any nonzero plasma beta (ratio of plasma pres­
sure to magnetic energy density) are large 
enough to produce significant effects in present 
tokamak experiments. The helical magnetic com­
ponent of drift waves produces magnetic island 
structures whose spatial widths (6 -- 0.5 cm) can 
easily exceed the ion gyroradius. In a drift 
wave oscillation period, electrons circumnavigate 
a -nagnetic island, whereas the slower moving 
ions see only a tilt of the magnetic field 
lines. Thus, electrons try to diffuse radially 
more rapidly than ions; however, a radial poten­
tial builds up on a very short time scale to 
confine the elt-t-ons electrostatically and 
thereby keep the particle diffusion amcipolar. 
Nonetheless, this parallel electron diffusion 
process does cause net radial electron heat 
conduction through an ensemble of closely packed 
island sttuctures. The heat conduction coeffi­
cient is estimated to be xl ^ (3/16)(v + y)i ?, 
where v is the electron-ion collision frequency 
and y is the drift wave growth rate, or inverse 
island correlation time. Other effects which 
these magnetic flutters may have on plasma 
transport and runaway electron processes art-
also discussed. 

J. 0. Callen 

A new mechanism is proposed by which low 
.level, drift wave type fluctuations, such as 
those observed in the ATC and TFR experiments 
(e$/T < 10" 2), can cause anomalous radial 
electron heat transport in tokamaks. The mode' 
is based on the fact that since transport 
processes parallel to the magnetic field are 
many orders of magnitude more rapid than per­
pendicular ones, very small, helically resonant 

Experinental Measurement of Electron Heat 
OiffusivJty in a Tokamak''0 

J. 0. Callen G. L. Jahns 

Electron temperature perturbations produced 
by internal disruptions in the center of ORHAK 
are followed with a multichord soft x-ray 
detector array. The space-time evolution is 
found to be diffusive in character, but the 
conductfor coefficient determined from a heat 
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pulse propagation trade? is larger by a factor of 
2.5-15 than that implied uy the measured gioss 
energy containment tij":-. 

On Measuring the Electron Heat Diffusion 
Coefficient in a Tokamak from Sawtooth 
Oscillation Observations1*1 

Extensions of Guiding Center Motion 
to Higher Order1*2 

M. Soler J. D. Callen 

A number ot new methods are discussed tor 
determining the electron heat conduction coef­
ficient y in a tokamak from the experimental 
observation of the space-tine evolution of the 
temperature perturbations induced by internal 
disruptions. In ORHAK the various average 
values of v and the radial iepei.dertce of x ere 
found to be consistent with an<J more precise 
than the x6(»") determined by cot ventionally 
analyzing the electron power bal-mce equation 
The net result of these measurements is to prove 
conclusively that the dominant radial electron 
heat transport mechanism in tokamaks is a 
microscopic, diffusive process. 

4.3.3 Energetic Particle Orbits 

Concomitantly with the success of the ORNl 
neutral beam development program we have main­
tained our theoretical effort in this area. The 
very high energy particle drift orbits due to 
injection or to the fusion process show signif­
icant deviations from standard orbit theory for 
thermal particles, necessitating extensions of 
the guiding center motion to higher order 
(topic t). <s an alternative to the very high 
energy bea* development needed for heating of 
reactor-size machines, the concept of "ripple 
injection" will soon be tested. He « we report 
on a magnetic design for ripple-as:i .ted be3m 
injection into the ISX-B and TFTR tokamaks 
(topic ?). In this context too new computer 
codes vere generated, both of which allow for 
the realistic rr^gnetic ffeld geometries needed 
for the next generation machines (topics 3 
and 4). 

T. 5. Northrop J. A. Rome 

In a static ragnetic field, some well-known 
guiding center equations maintain their form 
when extended to next order in the magnetic 
moment series. The differential equation for 
guiding center motion which describes both the 
parallel and perpendicular velocities correctly 
through first order in gyrcradius is given. The 
question of iow to define the guiding certer 
position through second order arises and is 
discussed, and second order drifts are deriveJ 
for one usual definition. 

The toroidal canonical angular momentum, 
P,, of tht guiding center in an axisynraetric 
field is shown to be conserved using the guiding 
center velocity corrtct through first order. 
When second order motion is included, P̂  is no 
longer a constant. 

Tfie above extensions of guiding center 
theory help to resolve the different tokamak 
orbits obtained, either by using the guiding 
center equations of motion or by using conser­
vation of P.. 

> 
Magnetics Design for Eipple-Assi'.ced Beam 
Injection into the ISX-B and TFTR 
Tokamaks''3 

R. J . Goldston* D. L. Jassby* 
h. H. Towner R. H. Fowler 
J. F. Lyon* J. A Rome 

T. Brown5 

A test of ripple-assisted neutral beam 
injection wil l be performed on the ISX-B device 
in 1978-79, using a low power beam with Ww -- 10-

D 
20 keV, and possibly also on the TFTR device 
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ca. l r '3? wi th a Mgh power fcl-keV t--ear->. lr. *.oth 
cases, the Gptiri«> co i l cor.f i q i ra t i on for 
establ ishing the require? v e r t i c a l l y asy^r-etric 
TT r;pple consists o ' a pair of trapezoidal 
current loops Inc i ted between the TF cc>i 1 > and 
the sacuum v.ssel and bracketiro th'_- . W . i c a l l y 
inject.-d bea . This report d is r r ibcs t*ie design 
of the r ipp le t o i l s for ISX-B, the r ipp le con­
tour* in the e l l i p t i c a l I'>X-L and c i rcu la r TFTR 
piasmas, and the objectives and parameters of 
the ISX-E experiment. The formation of magnetic 
islands in the plasma is examined for an arbi 
V.ZTJ nunber of r ipp le in jec t ion locat ions. 

FLOC A Fie ld Line Orbit Code for the 

S ^ J L P A iLPPl 6- In jec t ion into Tokamaks''1-

R. H. Fowler D. Y. Lee 

P. W. Gaff.ie/ J . A. Rome 

A computer code i s described which is used 
to study r ipp le beam in jec t ion into a tokamak 
plasma. The co l l i s ion lcss guiding center equa­
tions of motion are ir.tegrateo to f inJ tne 
orb i ts of single p r t i c l e s jn r e a l i s t i c magnetic 
f ie lds for r ipo le i n j e c t i j n . '.n 01 der to 
determine whether the r ipp le is detrimental to 
the p»asma, the magnetic f iux surf-M.es •••e 
constructed by integrat ion of the f i e l d l ine 
equations. The numerical techniques are de­
scribed, use of trie code is ou t l ined, a program 
l i s t i n g is provided, and the results of sample 
cases are presented. 

MP.."JL?. ir££l9-J*fid 0.. •'iPPJLf.? JPIL J-.0*!? 

R. H. Fowler J . A. Rome 

D. E. Post (PPPL) has developed a Monte 
Carlo beam deposition code (FREYA) which allows 
for a rb i t ra ry in jec t ion geometry. We modified 
this rode to account fo r the noncircular, 
sh i f ted f lux surfaces which characterize nigh 
beta e q u i l i b r i a . This code now employs t i e 
squ i l i b r la calculated by i'.:: Oak Ridge Equi­
l ib r ium Code to allow us to study in ject ion 
scenarios which resu l t from low density and/or 

s^al l ricwr. st>;rt:;p. T^.is code is r.o« ..r.ier-
Tiin'". further n o t i f i c a t i o n f-° account ' f t^e 
fas", 'or. o r L i t s . 

•'.. i.S The_Cpj Usional PIasrra_ Model 

C. 0. Beasley, J r . J . E. McC-jne 
«. Y. Meier K. E. Rothe 

D. •;. Sigr.ar W. I . van Ri j 

The CPM effort focuses c-> a conputer code 
which solves the kinetic equation for each 
plasma species. Besides beir.g used for a 
variety of production ru..s, the code and its 
underlying theory are presently extended to 
incljde the gyrokinetic equation (see topic 7). 
In 1977, fundamfnta! papers definj/15 £_he C£K 
were published (tupics 1-3}. Its first app!--
ration, to neoclassical equilibria, was also 
rfc.nrirtF>rf i\r nnh1icfrtr.a f t r tn i r *" /I C.\ P i r r f 

re. suits on the nonlinear ?voluMon of drift 
modes ar,j given in topic fc. 

In the course of deriving the gyrokinetic 
equation for general equilibria using symbolic 
software techniques to handle the algebra, a 
complete!;• new software package called WRITE was 
developed (topic 8). 

The CPM[r A Ve.105.i ty Orthogona 1 f unction 
Representation for the Distribution 
runct.ipn of < Ccllisional Plasma' 

H. K. Meier W. I. van Rij 
C. 0. .".easley, Jr. J. E. McCune 

A veiocit,-space, orthogonal function 
representation has been .eveloped for the 
distribution functions of a collisional plasma. 
The choice of functions is determined by several 
criteria: (I) the functions must provide an 
accurate representation of the Coulomb collision 
operator; (2) the representation must be effi­
cient, In that physical plasmas be represented 
by as few terms as possible in order to minimize 
both conputer time and storage requirements; and 
(3) the collision and Vlasov operators must lead 
to simple expressions which can be rapidly and 
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easily calculated. The collision operator in 
the representation used he^e is developed both 
for the nonlinear (general distribution func­
tions) and approximately linear (approximately 
Maxwellian distribution functions) cases. Some 
numerical results are discussed, and exoressions 
for macroscopic observables in terms of the 
expansion amplitude are also given. 

Kinetic Eouations for the CPK" 

W. I. van Ri i 
C. 0. Bea>1ey, Jr. 

H. K. Meier 
J. E. HcCune 

Using the CPK representation, expressions 
are derived for the Vlasov operator, both in its 
general f om and ^ the drift kinetic approxi­
mation following the recursive derivation fc/ 
Hazel tin-?. The expressions for the v^rator-: 

boring components of the CPK representation. 
Expression", for various macroscopic observables 
in the dri f. k in̂ -tic approximation are a'so 
gi/en. 

Numerical Stud/ of Drift Kinetic Evolution 
of Collisional Plasmas in Tort - 7 

f. 0. Beasley, Jr. 
H. K. Meier 

J. E. McCune 
W. I. van Rij 

Preliminary numerical results for the 
dynamics cf toroidally confined plasmas in the 
drift kinetic, Fok>.r-Planck description are 
discussed. These solutions were obtained by 
using the C M (described in detail elsewhere). 
An initial value problem was solved in wh -h 
collisions and par'.icle dynamics compete in a 
given magnet'- field to set up a c; isi-equi-
librium. The plasma (guiding center) distri­
bution function and many macroscopic quantities 
of interest are menitored. Good agreement with 
corresponding but more approximate theories is 
obtained over a wide range of collisionality, 
particularly with regard to the neo-lassical 
particle flux. Confirmation of earlier results 
for the distribution function is achieved when 
due account is taken of the differing collision-
alfty of particles with differing energies. 

Electrical Conductivity of Tokamak Plasmas 
calculated by CPM Codes"" 

C. C. eeasley, Jr. D. J. Signar 
w. I. van Rij K. K. Meier 

j. E. McCune 

He have used the CPM to calculate the 
parallel conductivity for several values of 
collisionality, 2 ,,, and aspect ratio, using 
parameters characteristic of present experiments 
(e.g., ORMAK) as -.ell as in the slideaway 
regime. The accurate treatment of the Fokker-
Planck collision operator in combination with 
toroidr rapping effects, in the regice of 
finite values of E/EnRFirrR' removes the am­
biguities introduced by the ad >ioc model treat­
ment of this problem by Hui, Windsor, and 
Copp-.~ -

Calculation _o_f a Self-Consistent, Low 
Frequency EJectrostatJc Field 
in Toroidal Jk_ometry' 

C. 0. Beasley, Jr. 
W. I. van Rij 

H. K. Meier 

J . E. JfcCune 

We derive an asymptotic series in u~", 
the inverse square plasma frequency, for the 
.elf-consistent, cu ' f ree, low frequency 
electric f ie ld in t o n . The derivation is 
consistent with the d r i f t kinetic ordering and 
may be used in either instabil i ty or equilibrium 
calculations. We also provide an interpretation 
o.' past formulations of the statement of quasi-
neutralHy as applied to neoclassical equil ibria. 

Numerical Study of Drif t Mode behavior 
Using a Self-Consistent Drif t 
Kinetic Expansiun'J l 

W. I . van Rij 
C. 0. Beasley, Jr. 

H. K. Meier 
J . E. HcCune 

We derive the perturbed distribution func­
tion for low frequency dr i f t modes in cyl in­
drical plasmas, correct to f i rs t order In the 
(ku/k | | U ) ? .veries expansion for the self-con­
sistent electrostatic f ie ld derived 1n Ref. 50. 
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r e l a t i o n ' , , ~.a'e a r i~<>rtr ,•; -..-jr p a r i son o f tne 

e /p io- , io r , -.o!>jt i <r, f o r f . * e l e c t r o s t a t i c 'T-'< 

w i t n the Poisson s o l u t i o n ar:-: i /«- t i ' ;a r-»- t r ie 

n o n l i r e a r behavior of <Srif t rrA*:. 

• j / r o k m e t i c r- ' jUjUor. j . .03 r .a tura l 

v a r i a b l e ' . , p a r t I 

h . Meier 

A drift kinetic eguat;on for low frequenc/ 
instabilities including finite Larmor radios 
terms -&•'..'< • derived for arbitrary (high beta) 
toka^ak equilibria, in Part i the Viasov equa­
tion is first transferred (as Cat.o did) to 
iragnetic field line velocity-space coordinates 
without specifying the MUD equilibrium. By 
constructing the eigei.fur.cti.'ms of the lowest 
o.'rter Viasov operator (including 't*e finite 
gyroradius tern) such that its eigenfunctions 
are rigorousl/ separable [.0'.) e*p (i_-; - i>-.), 
whe . is the gyroingle. • and - ore a certain 
pair of poloidal and toroidal angles, and v 

and • Art: integers], the configuration space 
variables ('•, r) ar<; defined rather than vicro-
duced arbitrarily. These natural variables and 
eigenfunctions peewit a rigorous and numerically 
economic forrulation of the gyroMnetic problem 
for arbitrary beta equilibrium. This will be 
shown in Part 15. 

".UB.!I!1 i*. OISSPlA Mac_roprpara£) User; s 
Manual''5 

H. K. Meier 

A PDP10 program called WRIT,, has been 
written which considerably simplifies the task 
to computer-generate text, slides, viewgraphs, 
etc., of complex mathematical expressions. This 
program constitutes an interface between the 
user and 01SSPLA,' ' a widely used computer 
graphics software package. 

A'.i^S 

•.. A r ru r i - iS 

i . A t te r .berger 

I . C i l l e r * 

f.. C r i r * . J r . 

«- •- -osar 

Id. * . r o j t e r . 7 

* - C. rfowe 

A. T. * e r s e 

.:. " . Munr.-., J r . 

le c-; r>t>nuing success o f n e r v a l i n j e c t i o n 

* » r.e h e a t i n g h«s brought so^e key elements <j 

approach to an eco ro r tea rSy c o m p e t i t i v e t oM~*> 

r e a c t o r !n»o ' . r a o e r for .us. The higr , pc<er 

d e n s i t i e s wn ich a re t / p i c a ' . c-f r e c e n t r e a c t o r 

concep tua l d'.-Mgns f ~ r c e d e w - l e d attenti~..r> to 

be pa id to t r e prot. i er.s =f i m p u r i t y genera t i on 

and t r a n s p o r t , c o l d gas and p e l l e t f u e l i n g , aed 

t r a n s p o r t i n h igh beta p lasnas . The pat?! t o the 

h i g h b e t * tokaraak r e a c t o r leads <: rect.Vy thvoa-jh 

such contemporary exper imen ts as tSX-A ?a<i 
t r - . *> . . . * • ' . • - . » i . *• , > , . / • - -

these processes against experimental reiuits has 
improved our technical gr^sp of irportar.t ;s,jes 
in several areas in the past year. 

Tr,e reactor hiqh-Z ir.purity transport 
question can be studied by analyzing in detail 
tie behavio' in present experiments of lower-/ 
impurities (such as carbon, oxygen, alurcinurc, 
and neon), for which the basic neoclassical 
theory of transport can be tested as a 'efer-
ence. Advances (Sect. 4.4.i) on both the atonic 
physics and diffusion problems have been made, 
and a tentative recycling w>del has been pro­
posed for comparison purposes (Sects. 4.4.2, 
4.4.?). 

The development of a successful strategy 
for reactor fueling for long pulse lengths 
requires the development of a more successful 
node! for particle confinement. Anomalies which 

Group Leader 
'Section 4.4 Coordinator* 
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have been disclosed by present, cold -ids n'cc-

t ior. techniques nay be resolved wi th t h * 'd of 

multispecies neutral -33s TKKICIS developed in the 

past yar (Sect. 4 .4 .2 ) . r 'e l let in jec t ion into 

a tokamak discharge ha- been ncc*\ec fo r tne ; 

f i r s t *ime and so«ne features. .0? the ex^c-rio*nt 

predicted in advance (S«rct. 4.4..<). 

High beta FCT eq'ji'"^fcr.a have oeef. siyjus to 

be accessible, granted txitfr presently favurtd 

and more pessimistic models for d i f f us i ve trans­

port (Sect. 5 .4 .3 ) . I t his become clear as a 

r e s u l t , however, that the T i k i ' s to beta an<! 

confinement car, be expected to come froe. fv-*» 

classes o f HKL' 1>.staf;i1itiec- (such as ta i l oon-

ing ) , which w i l l t * t r iggered by increase: 

pressure. -

4.4,1 Physics lactases 

0, £. Amuri os T. Anrano 
E. C. Cruse, Jr. 

Kunerical Calculator- of Jgspurity Chaise 

E. C. Crura-, J r . D. E. ArnuriuS' 

The numerical calculation of imparity 
charge state distributions jsing the computer 
program IMtDYH is discussed. The time-dependent 
corona atomic physics model used in the calcu­
lations is reviewed, and general and specifi'. 
treatments of electron impact ionization and 
recombin*t'on are referenced. The romplete 
program and two example* relating to tokamak 
plasmas are given on a microfiche so that a user 
may verify that his version of the program is 
working properly. In the discussion of the 
examples, the corona steady-state approximation 
is shown to have significant defects when the 
plasma environment, particularly the electron 
temperature, is changing rapidly. 

S-.nrouTir.es_*or_ ijipuyuv. *l>A.VJ*Ii5!L!. 
i.vizatiorw ar-d fecoohinajjon 

Z. I- ^raur-ius 7. Asians 
t. C. Crumt, jr. 

•Additional vibrojtines for general use were 
d«st-*osed for calculating nGneqtjilibrtiB elec­
tion 'if̂ .aft *» citation, ionization, and recom­
bination cf impurity elements of significance to 
recor.t (e.g., ATC) ana current (e-.g., ISX, PLT, 
TFfi} toKasafc cxperisten'.s. Anoi;g the new impurity 
elements treated are alusin^t and neon for 
impurity injection experiments, and the sub­
routines for ire* and oxygen i»ere upgraded. 

4.4.2 I{AjW£f_nischarge t*odeling 

Two-soecies neutral transport model 

H. c. Howe U. E. Arnurii.., 

!n a plasna consisting of two hydrogen 
isotopes (hydrogen and deuterium or deuterium 
ar.d tritium), the neutral particle transport is 
described by a Bottzmann equation for each 
neutral species. These two equations are 
coupled by charge exchange of the neutrals of 
one species with the plasiia ions of the other 
species. This provide? <ach neutral population 
with a volume source and sink term in addition 
to electron ionization. We have developed a 
code which solves for the neutral density and 
energy profiles in a slab geometry using simpli­
fied collision uperators to describe the charge 
exchange coupling. Global neutral panicle and 
energy balances are calculated along with the 
energy balances are calculated along with the 
energy spectrum of emerging neutrals and the 
The code is teing used to analyze charge ex­
change data from recent experiments in ISX-A In 
which deuterium was puffed into a hydrogen 



C/t'S'.-'S. Co-illed <•!*.' a V.iO-Sj«-'.!«-'. :.'•!".-•! 
Van'. ;.'<•-* C-sde, *''«• r--»*e-:i r<s.t?re " . .:!'.'» 
be-in-; .;.ed to ir,.<--.'.i ,>ff- «v-t- . t , ,-e ;r.«.:rd 

plasra pir.ch r.;-.t be ir.r itjded f r»,i. der.-.it. 
e-.a-ttion ir. order to reproduce T.r.t: ;,••?<:'•>•:'.'.' 
0? the puffed deiteri lT" 10 the Center r, ',' -
hydrogen plasma. 

Transport simulation of pel!«--:. f,,e! in;; 
ir, VJ 

H. r . . Howe. 

A t ran'.port nodel of pellet injection 
provide-', a description of recent observations t t n 

ISX-A and predicts results for i'X-B. A new 
I D cylindrical transport code (PPOCTPJ uses a 
simple predJotor-ocr '.tor rcthod to solve the 
convei.tional tire-df;pcndent »-<ju*tion'» for 
.d-r.s;'., , l»-..,j»-rai..»re-., iii'i rieias. :ne pel If'. 
model, developed ;rt conne-c'ion witn re-actor 
fueling studies (Sect. •!.•,.!}, intlu/es ablation 
and depo'-itior. of the injected b/dro'j'-n or, 'In/ 
Surfaces; the ablition node I agrees we!! with 
pellet injection results fror; OFKAK. 

In the transport rode I , neut als fror. the 
wait and from the gas inje-tion valve f re-ate a 
plasma source in the outer regions or the 
plasma. The neoclassical pinch transport', so-ie 
of this plasma to the r.'-nter, while r;o >t of fne 
particle', rec/cle to the- wall (which act', a', i 
partial getter). An roitrary particle diffusion 
level balances both trie neutral source and t"? 
neoclassical pinch and rer rodur.es observed 
prepellet density levels for a diffusion coef­
ficient of D 1-10 cm /msec, [he pallet mode! 
provide', a density deposition profile. The 
addition of this d.msity to the p' v.ca densi'y. 
combined with an adiabatie decrease o f the 
plasma temperature, jives initial conditions for 
the evolution of the- plasma after the pel let is 
injected. 

The model predicts the two major experi­
mental signature', of a pellef injected into 
ISX-A (see Sect. f..H). The density increases by 
•\-3*1 due simply to depositing all the pellet 
particles in the plasma, i.e., simple particle 

':\<:'-'.rr.r V T ; e-.--:t «•"•--. ;• '. t e e r e . i l l , r-d i n c r ^ S * 
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. ' . '• t 'l ".•: '.Z'"-. ''.'• S-S.-'-r i^'. - or.'. t';':1 ; . r * -d i ' ". : C ' S 

-.*-. e f f o r t s . 

~rC- ~.'de-i /C.ta'ie d—Sre.i^s v. tee :.re:C-
Jertl'.r. / a lu * i>- iu'j-i'. or.fr ef;':*';/ i'.'-f i '*^er,t 
t i - e , wh'U- t re Currert der,'.: *,- prcf j ' .e ••'. ' ; ! < ; 
constant u-/ ( i i » corcerv-i l icr.. Trie j-;cay t i _ e 
( - ! , -:sec) •'. '. on-.;-.tent wit), t'-c s tser j t - i le - . * / 
t i r e . T*\c- der.ci',- t e n i / i c r .sfter tr-c- pe l le t •-. 
!n;cc..ed i'. o re variable- ac-i ; : r . t i ! ! teir.-: 
•: od<-led. 

y..d*-t in-j -if IS/-b ^ e j i c . e/;<c ! r ent ' *'-dt-
C.it-' t r - i t f i : ; / c;r se rva f Or; w i l l pr?•/••:•.- "Od!-
ri-_.->'_ i:;n i;f ;.';e rjrt-erit Sen . l t / f'ii'.'i: •> ' \r-f". 
J'. tfie »i'jr.{,er r,f ;..!«".ietc-'. ;>-i J P'-Hftl d <• ". cot 
exceed the r.i-v.-r i,f .-.art ic les ;r. f.«- : ! . : ' . - : . 
Larger pa l le ts cool the- ^lasr.i erir.jy. to -.-tie 
tr.«- M i n e t i c d \ *"*wj', ion t i r e less t'.-tr. ?r>_- - - ' e ' -
t'or- (•r.i-r'i/ cor.t !c>r>"-r*. ' i ' * - . "re rt-:<j\t,ir.-~. 
•jfr.ti i c , of the c:*rsvnt .'.fi.-icnel r;,}/ li.-ad to 
di'.C'ir'tiCr. a:.d, it. •>'.,.C , 'arnr pellet..-, c..,.-..'-; 
great ly en'..tr.ee-1 'f:'r, ac t i v i t y ir. t-.e f i / -A 
e/per i^ents. 'o ' / i ' . tair. the l:.X-', pias-.-» so l e ! / 
with pe l l e t in ler.t tor. in trie presence of th is 
theoret ical ! i " i f . to •.'•• . ' - i ' . - t •,:.•• W- ,H 
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na iota in a plasi'M density of r.. s * \'y e n " ' . 

l i ' j n i r i t / r ecyc l i n j rsodel for vnv 

spectroscopic data artaly. is 

! i . f . Arnurii/s F.. (.. f.rume, Jr . 
i i . C. Howe 

An extension of an imparity recycl ing nodel 
used by the TFR Group has been nade to n'.sist 
in the analysis of vuv spectroscopic data from 
ORHAK and 15X. The extension allows for more 
freedom In the choice of diffusion velocities 

k 
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injection of energetic bra"is of neutral hydro-
genir particles. We Kill first discuss the 
proc* .ses which are inportant to an understand­
ing of the neutral beax injection process in a 
tokamak, and then Jiscuss those areas for which 
atomic and molecular data ar^ particularly 
needed. Me conclude with an assessment of the 
accuracies required and with sou* estimation of 
the priorities which should be assigned. 

TokamaV Transport Simulation Models' l 

J. T. Hogan 

We describe the Oak Ridge Tokamak Transport 
Code. This code computes the number, momentum, 
and energy balance for particles and follows the 
evolution of tokainak poloidal and toroidal 
fields. The magnetic geometry is two-dimen­
sional, with soljtions of the Grad-Shafranov 
equation providing flux surface topology. The 
velocity-space description cf fast injected ions 
is also two-dimensional, and the Fokkei-Planck 
equation is solved for the injected species. 
Transport pet ie involves six coupled nonlinear 
partial differential equations, while the treat­
ment of the plasma-wall interface requires the 
solution of 14 zero-dimensional rate equations. 
The XSORN neutron and photon transport code has 
been adapted to serve as a neutral gas transport 
moduie. 

Some examples illustrating problems of 
current interest a-e presented. 

treated in the version of the code described 
here include effects of plasma transport, 
neutral gas transport, irr.purit/ diffusion, and 
neutral bear, injection. Each process can be 
modeled by a parameterized analytic formula "r 
at least one detailed numerical calculation. 
The prograr logic of eacr. module is presented, 
followed by detailed descriptions of each 
subroutine used by the module. The physics 
underlying the models is only briefly sitrarized. 
The trar.sport code was written in IBH FORTRAN-IV 
and implemented on IBH 360/370 series computers 
at ORNL and on the CDC 7600 computers of the HFE 
Computing Cen*.er of Lawrence Livermore Labo­
ratory. A listing of the current reference 
version is pro/ided on accompanying microfiche. 

^-|[£?rJ?.Bd.nJL'P-n t xf!£rJ r i e. n. t_. 0- ,LAT^. : 

L. •>. Crisham K. Bo! 
.J. T. Hoqan 

The transport of a tokarMk plasna freed 
from contact with a material limiter is studied. 
A snail compression in major radius of the 
plasma in the ATC tokair.ak produces a free­
standing discharge, similar, except for scale, 
to a possible configuration of the TFTR. The 
density evolution is readily modeled by a 
numerical transport model calculation. The 
experiment provides a success'ul preliminary 
test of the feasibility cf this technique. 

4.5 PLASMA ENGINEERING 

A User's Manual for the Oak Ridge Tokamak 
Tjv - sport CooV'7 

J. K. Munro, Jr. 
H. C. Howe 

J. T. Hcg*n 
D. E. ArnuriL. 

A 1-0 f.okamak transport code is described 
which simulates a plasma discharge using a fl'jid 
model which includes power balances for elec­
trons and ions, conservation of mass, and 
Maxwell's equations. The modular structure of 
the code allows a user to add models of various 
physical processes which can modify the dis­
charge behavior. Such physical processes 

S. F.. Attenberger 
J. N. Davidson 
f>. A. Emmert 
W. A. Houlberg 
D. G. McAlees 
J. R. HcNally, Jr. 
A. T. Mense 

Y-K. H. Peng 
J. A, Rome 
K. E. Rothe 
W. M. Stacey, Jr. 
D. J. Strickler 
N. A. Uckan+ 

R. H. Wieland 
Pljsma engineering applies and coordinates 

specialized theoretical plasma physics tech­
niques and models to applied areas of fusion 

Princeton Plasma Pnysics Laboratory 
fGroup Leader 
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energy research, development, and engineering as 
needs arise or are anticipate!!. 

?/*.5.1 Plasma Systems Activity 
A. T. Hense 
J. R. KcNally, Jr. 
W. A. Houlberg 

J.>N. Davidson 
S. E. Attenberger 
S. L. rtilora* 

r 
i. 

The Plasma System Activity this past year 
mainly concentrated on studying the effects of 
various "cold fuel" fueling profiles, including 
j$he self-consistent effects of discrete pellet 

< • \t el tag, on plasma'behavior. 
A preliminary study has beep, initiated to 

J|y||onsider possible schemes for steady-state 
t̂okaMak reactor operation by mainlairing the 

'̂ 'plasma current during the transferer "recocting 
phase" with neutral beam-driven currents. The 

fiiior. i '.f^-prciicei 
seed currents has also been addressed in pre­
liminary -tudies. 

The electrostatic plasm siieatn problem 
(which -.ay occur at divertor collector plates 
and limiters) has been generalized to include 
multispecies. 

Effects of fueling profiles on plasma 

W. A. Houlberg 
S. L. Milora* 

A. T. Hense 
S. E. Attenaerger 

A summary of the plasna fueling study is 
presented here; the details of the -tudy are 
reported in Ref. 6*. The following points have 
been observed. 

(1? There appears to be no experiential 
evidence or theoretical restriction (to date) 
which would dictate that cold fuel must be 
injected directly into the hot central core 
region of a tokemak. Even classical processes 
appear to be sufficiently fast to balance 
central Ion losses due to fusions. 

(2) By reducing the pellet penetration 
requirements in the plasma, a .'"'.-sequent reduc-

Plasnta Technology Section 

tion in pellet velocity is achieved. This 
reduction in pellet speed is on the order of tern 
and is independent of the ablation physics model. , 
for the pellet. Using the experimental wort •f '•-'"' 
Foster and Kilora on pellet injection perfmrmi' 
on ORmic, 6 5 a suitable pellet velocity for « I W .... . 
device appears to be in the neighborjnod of -3 
*m/sec. - i '.'.. 

(3) Present-day nicroinstability theory" c 

tends to indicate a potential problem wiiicm 
could develop in a reactor-gr; Je plasma. The 
so-called dissipative-trapped particle insta- . -:. 'J 
bilitiesmay occur, the nonlinear consetpences r r .' 
of which may be anomalously Moji energy and s %v-> •". 
particle loss rates. The lowest ''order, "form) 'of ,-^jt/^ 
the theory shows that these modes depend sensi­
tively on the plasma density gradients. (They 
usually depend on temperature gradients in 
higher order.) Control of the cold fuel- fueling 
profiles appears to have a profound effect on 
the density gradient dependencies of these, 
instabilities. Edge fueling tends to flatten 
the density (vn + 0) over tnr hot central,plasma 
regions. Near the edge, wtere vn is. sb>ef, the 
temperature is held low due to the dominance of 
the cold fuel. The net effect is to redut:a the 
energy losses from the plasma due to thesu 
modes. In addition, self-consist.-Hit 1-0 trans­
port studies of neutral beam-heated, full-bore 
start*? tend to indicate that gas puffing is a 
less than optimum way to fuel if these trapped 
particle modes are present; thus some degree of 
pellet injection appears necessary (see Figs. 
4.11,4.12). 

(4) For a TNS-size device it was found 
that 2-nun radius, 1-kn/sec-pellets did a suit­
able job of -aintaining the plasma at any 
desired operating density. Typically, pellet 
injection rates on the order of 10 to 20 pellets/ 
sec were required to maintain a volume-averaged 
density, n, cf 8 x 1 0 1 3 cm"'. The pellet depo­
sition profile was computed self-eonsistently 
using the ablation theory of Parks, Foster, 
Kilora, and Tumbull. 6 7' 6 8 Oscillations in edge 
density and temperature occurred, but because 
they occur on » short time scale compared with 
the local energy confinement times, the local 

"A 
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Tig-4-11- Evolution of tte density 
profile over 8 sec for a snail pellet, high 
plasma density case. A 2-ww-radius pellet -

. is injected at 10 3 m£sec whenever the plane 
density drops below n = 10lq> en ' 1 , resulting 
in §77 inriieu* injected oaring tne simulation. 

plasm beta (« density X tenperatwre) was essen­
t ial ly unaffecGed. Also there were no iosion 
power oscillations because al l tte f«sion events 
occur in the central plasma core and .thus are 
not affected by edge oscillations (see Fig. 
4.13). Deeper penetration wovld, of course, 
have a nwre instantaneous effect on the fusion 
power. 

(5) There was at one tine a concern about 
Muether a signifiuni. fraction of neutral bean-
injected power would ie attenuated at tte plasic 
edge doe to tte pellet ablation (density) spi*». 
Our 1-0 nonerical studies seen to indicate thtt 
nc problen exists here witless, of coarse, too 
large a pellet is used. In that'case, the 
plasma propertips used to decide the pellet 
ablation rate way be Modified so quickly that 
the ablation physic* analysis woald become 

! 

] 
- I 

Owm/OWCATD-TTTR 

0RML/0V6/FED -7770* 

Ffg. 4.12. Evolution of the tor. temperature 
for the same case shown in Fig. 4 .1 . The hot 
ignited central core region (sharply «> fined be­
cause of local alpha heating) and V". cAc edge 
region resemble the low penetrating, continuous 
particle source results. 

Fig. 4.13. The normalized values of the 
average ion temperature and tottl fusion rate 
as a function of ttaa. The fluctuations In the 
ion temper*ture result from fluctuations (due 
to pellets) near the plasma edge. The fusion 
rati is very strongly centrally peaked and 
basically unaffected by the edge fluctuations. 
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suspect. However, for reasonable pellet sizes 
(e.g., pellets carrying ilOl o f plasma density/ 
p e l l e t ) . Me find negligible effects on beam 
attenuation. 

where L(rJ is the 'average" distance which a 
particle B U S . travel along the field before it 
is collected. Similarly one Bakes the replace-
nent 

Electrostatic Sheath Potential for a Hot, 
fjltispecies Plasma 6* 

J. N . Davidson A. T. dense 

The coJlisionless electrostatic sheath 
between a plasma and a wall has been investi­
gated for the case in which the p l a s m contains 
several ion species and has a finite temperature. 
This modest extension of the analysis of Hobos 
am> W e s s o n 7 0 also incorporates secondary elec­
tron emission from the wall. The inclusion of 
impurity species in the plasiu modifies the Bot«i 
criterion JO that the sheath potential is 
slightly inciras°d ana the total heat flow 
across the ^neath is slightly increased. Be­
cause the energy carried from the plasma by the 
ions is increased, enhanced sp~:tering is a 
possibility. 

4.5.2 Oivertor Modeling 7 1 

A. T. Hense 6. A. Emnert 

0ne-dir«nsiona1 transport studies using the 
Ketise-Emmert -liver-tor mooel have been carried 
out for lbrge fusion reactors (e.g., EPR, 
UUKAK-II, I W W K - I I I ) and for smaller devices 
(e.g., PDX/ASrvx). 'o allow modering of this 
inherently 2-0 problem with a 1-0 code, suitable 
expressions must be found for tde particle and 
energy loss rates along the field lines to the 
collector plates. In the model used here tl.?< 
requires the replacement 

rH(r) TTTT 
nv,, 

(Jvi*^i)*a?r 

and 

P T - *S ) Q« 

where i represents conductive loss and 3/2 Tr, 
is the convective loss along'the field lines. 

By requiring the net electrical current at 
each position along the collector plate to be 
zero, one can determine (approximately) the 
sheath ootential * Thp o»nr»»«:ioo i = n 

nan. 

which includes r.econdary electron emission 
effects, is given by 

v B ' e i e c *'" 
/ 1 • <=-> rt\ f <• *). I L S f f l l ] . -8'ion \ , ^. ̂  7 , 

e eff 

•: e > 

Y Y 
^ i o n 

where < i j >
e f f is the effective secondary elec­

tron emission coefficient of the collector plate 
material due to bombardment of the jth particle 
species. In addition <« s> gives the secondary 
electron emission due to a gamma ray or x-ray 
flux 

'max 

The resulting t is given by 
(MX 

?VtY / 7 | - < vef fV 
\ V i / \ l t < 6 f > e f f / Ki" in 

e <* 3 > 
1 . _ X J L 

<Oion 
Applying these results for tne case of no 

secondary electron emissions, one arrives at the 
following expressions for the parallel fluxes: 



1"8 

r,(r) 
"(rJfakT^r) 1/2 

<^(r) - a T f ( r ) r , ( r ) . and 

«^ e(r) = 2kT e (r; Y t (rJr | (rJ , 

where 

Y E(r) z 1 • in (sr 
= 2.88 + 0.25 tn /

TeM 

These expressions are then applied at a 
reasonable mater of spatial mode', near the 
p';;=; z£$z in u« »-D transport co e. i t can 
clearly be seen t.W 

Sle <*i 

7T 

-*s 

-1 
i 

s 

s 
2 

Fig. 4.14. Electron density, neutral 
density, and 20-e¥ carbon impurity deposition 
profiles. Note that n z * 0.96 imnlies a 98S 
shielding efficiency, i.e., only 21 of the wall-
crfjfnated 20-eV carbon atoms makes it across 
the scrape-off zone into the main plasma. 

which shows that the electron* "cool" faster 
than the ions; thus, ener-y depositirn profiles 
across a collector plate e *e steeper than 
particle density profiles, i.e.. 

(t-f«Gsr 
across the collector plate. Two examples apply­
ing the above model are shown in Figs. 4.14 and 
4.15. 

4.5.3 Plasma Startup 

W. A. Houlberg 
S. K. Borovrski 

Y-K. M. Peng 
T. Uckan 

A comprehensive analysis of startup for 
'mi.;* tokamaks has been initiated at ORNL. The 
, imary objective of the study is to determine 

whether innovative startup scenarios can reduce 
or eliminate major technological problems 
associated with traditional techniques. 

A three-phase startup procedure which has 
some very attractive features is being examined: 
(1) microwave breakdown of the plasma and 
electron heating near the upper hybrid resonance 
before the toroidal current is introduced, (2) 
continued microwave heating while increasing tte 
toroidal current and density in a relatively 
small plasma, and (3) heating by neutral beams 
fftile simultaneously increasing the plasma size 
and current to final values. 

Csttmates of required microwave power 
levels 'or the first phase and theoretical 
estimates of relevant time scales for ohmically 
heated plasmas for the third phase have been 
made. One-dimensional transport calculations 
$rt now being developed for the second and third 
phases of startup to increase flexibility of the 
moJel. 
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Fig. 4.15. Typical tempera U^e profiles 
for a large fusion reactor. Note that recycling 
105 of the divertor-collected flux back to the 
plasma as wall-originated neutrals causes a 
factor of two to three increase in ion tempera­
tures in the divertor zone (where most charge 
exchange occurs) and little or no difference 
in bulk plasma temperature. 

Microwave Startup of Tokamak Plasmas Near 
Electron Cyclotron and Urper Hybrid 
Resonances77 

Y-K. H. Peng S. K. Borowski 

The scenario of toroidal plasma startup 
with microwave initiation and heating near the 
electron cyclotron frequency is suggested and 
examined here (see Fig. 4.16). We assume micro­
wave irradiation from the high field side and an 
anomalously large absorption of the extraor­
dinary waves near the upper hybrid resonance. 
The dominant electron energy losses are assumed 
to be due to magnetic field curvature and 
parallel drifts, ionization of neutrals, cooling 
by ions, and radiation by low-Z impurities. It 
is shown by particle and energy balance consid-

oa«l M « «» . - i: 

UNE'R OR NONLIMEOR 
NODE CONVERSION 

M H IGH DEWST 

NOtUHCAR 
HUMMETRIC DECAY 

Fig. 4.16. rhc assumed mechanisms of 
microwave (as extraordinary mode) absorption 
near the T R and the UHR in a cjrrentless 
tokamak i,.**iaa; (a) in the low density regime, 
and (b) in the hi<jh density regime. 

erations that electron temperatures around 
250 •»¥ ..id densities of 10 l 2-10 i 3 o n - 3 can be 
maintained, at least in a narrow region near the 
upper hybrid resonance, with modest microw*.i 
powers in ISX (120 kW at 28 GHz) and TNS (0.57 HW 
at 120 GHz). The loop voltages required for 
startup from tnese initial plasmas are also 
estimated. It is shown that the 'oop voltage 
can be reduced by a factor of five to ten from 
that for unassisted startup without an increase 
in the resistive loss in volt-seconds. If this 
reduction in loop voltage is ver'Med in the ISX 
experiments, then substantial savings in the 
cost of power supplies for the OH and EF coils 
car. be realized in future large tokamaks. 
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Small radiiij startup of ohmically heated 
tokamak plasmas with moving l i m i t e r s 7 3 ' 7 ' * 

T. Ucfcan 

The problem of startup for a large tokamak 
Plasma is studied kith a moving limiter. The 
plasma transport, with the presence of the elec­
tric field diffusion and heat conduction losses 
is investigated analytically by the separation 
of variables during this early phase of the 
discharge. The time evolution of the current 
density and temperature profiles is then ob­
tained for this simple model. Expressions are 
also ifiven for plasma discharge parameters such 
as the time evolution of the safety factor, ti 
plasma current, the poloidal flux function, the 
skin ti^e, the poloidal beta, the transformer 
flux, and the electron energy lifetime. The 
results are then applied to a typical tokamak 
lim-size) plasma, it is shown that a moving 
limiter may hel" ameliorate the possible problem 
of skin effects on the current profile. 

onauMrXn m o 

4.5.4 Beam Heating Scenarios 

J. A. Rome 
J. A. Holmes 

R. H. Fowler 
V-K. H. Peng 

Possible 'approach to ignition" scenarios 
for large and dense tokamaks have been studied. 
The primary scenario which has been adopted7' 
starts with full-bore, low density plasma where 
bea ". can easily penetrate, so the heating 
profiles can be centrally peaked. As the plasma 
is heated and the density is increased, alpha 
heating and flux surface shifts seem to allow 
adequate beam penetration. Because of the 
centralized alpha particle heating (see Fig. 
4.17), the need for full neutral beam penetra­
tion for a > 2i may be eliminated."' 7 6 

T - other possible scenario s' '.s with a 
dense, small-radius plasma which can be easily 
heated by the beams. As the radius is increased 
by gas puffing, the newly fom«d plasma is 
heated via beams. This scenario has the advan­
tage of keeping the plasma away from the walls 
to (hopefully) control impurities and may allow 
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Fig, 4.17. Alpha particle Keating 
and the required neutral injecti heating 
profiles in a sequence of FCT equilibria 
in a TNS-size plasma from i. = 0.7* to 3.7-. 
Meanwhile, the peak plasma density (n ) is 
assumed to increase from 1.2 x lO1"1 cm'5 

to 2.1 x I0 1' cm"5 in a linear fashion with 
r (from Ref. 7«). 

some major radius compression to "kick" the core 
to ignition. 

The sensitivity of beam injection to plasma 
density has been studied by using the Monte 
Carlo beam deposition code (Sect. 4.3.3). If 
the density is too low, the beam goes through 
the plasma and hits the far wall, while if it is 
too high, the beam will not reach the center of 
the plasma. As illustrated in Fig. 4.18, the 
range of acceptable plasma densities is quite 
narrow - only a factor cf two to three. For 
effective heating during the approach to igni­
tion, variable beam energy may be required. 
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Fig. 4.18. Fo. a jiven beam energy, the 
'density window" for acceptable beam penetra­
tion is small. 

4.5.5 Advanced Fusion Fuels 

J. R. HcNally, Jr. JC. E. Rotne 

Advanced fusion reactors may permit the use 
of cleaner fusion fuels than the classical D-T. 
The reaction rate parameters is a function of 
ion temperature for many of the fuel cyc^js have 
been developed and are available in a subroutine 
on the NHFECC computer. A new ign i t iw param­
eter Tn: and an enerjy i l i t ip l icat ion factor k 
(analogous to the f ur-f->ctor formula in fissicn) 
have been evaluated tor a-T and for advanced 
fuel plasmas. 

The Ignition Parameter TOT and the Energy 
Multiplication Factor Ic for FuS toning 
Plasmas" 

-e t rs . A new fusion ignition parameter (Tn : » ) . 
... proposed which is proportional to 6 ZB , > and 
diversely proportional to the charged particle 
fusion power density (^^1,—) of a reacting 
plasma. Curves are given for aany potential 
nuclear fusion fuels (see Fig. 4 .19) . The 
energy ut i l izat ion factor in existing devices is 
defined as f = P F u s i o n / P L o s s = ( T n ^ J / f T n ^ ) ^ 
in experimental plasr s, " has increased by 
about two orders of nagnitude in the past decade 

oNHL-oac n-n*o>n 

*m (0« 12.900 uv) 

TtU/} 

Fig. 4.19. The ignition parameter (In t . ) . 
« kinetic temperature T w<th T * T, - T . 0*Li, 
0 3He, and D-T do not include D-D side reactions. 

J . R. Mcr.ally, J r . 

Pr«--.en'ed here are some novel interpreta­
tions of fusion plasmas which may be of interest 
to both fission and fusion scientists and engi-

and now exceeds 10"' , while a "nearest" f* 
exceeds JO*3 (see Fig. 4.20). The f factor is 
also analogous to i ts fission counterpart in the 
fovr-factor neutron multiplication factor 
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FUSION EXPERIMENTS PROGRESSING TOWARD GOALS 
OF BREAKEVEN AND IGNITION AS MEASURED BY TnT̂  

Fig. 4.20. Experimental 7i T. points, 
Lawsor. breakeven curve, and three ignition 
curves. I = injection, GP = gas puff, 
He = helium, V = high vacuum buildup, A = arc 
breakup of K 2. Ignition curves must be below 
appropriate bremsstrahlung limiting curve. 
Mirrors must be partially closed in some way 
to be above mirror liiit. [f is the ratio 
of the experiment. 1 (Tn ? L) to 3 x 10'* keV 
cm"3 sec]. Laser pellet best experimental 
point is at 8 x 10' 5 keV cm"3 sec at 8 keV 
(Erik Storm, LLL, private communication, 
September 1977). 

k = fntp, where f is the neutron thermal utili­
zation factor. Past, present, and future fusion 
experiments are discussed briefly in this con­
text. 

D 3He as a "ilean" Fusion Reactor7*-

J. R. KcNjlly, Jr. 

The prospects for relatively "clean" D3Hr 
-eactors (lean C, rich 3He) are evaluated, with 
significant gains over a comparable power D-T 
reactor (14-KeV neutrons reduced by 135, all 
neutrors by 25, plasma tritium by *-105, tritium 
handling by vlO 3). 

Energy Transfer from Ions to Electrons 
and tne Coulomb Logarithm7''' 

J. R. McWally, Jr. 

Application of Chandrasekhar"; stellar 
approach to miasmas reveals the importance of 
nondominant terms in both the energy transfer 
from ions to electrons and the form of the 
Coulomb logarithm. Figures 4.21 and 4.22 
illustrate the role of dominant and nondominant 
terms in the neighborhood of electron velocity 
near the ion velocity. 

4.5.P Plasma Engineering Support of Advanced 
c/s terns 

Ad/anced fusion systems design projects 
(see Sect. 8 of this report) receive fusion 
hysics support and guidance from the plasma 

engineering group. 

"lasma Engineering Considerations and 
Ii».uvatii.ns for a Medium Field Tokaroak 
Fusion Reactor 7 6 

S. E. Attenberger „. 0. Callen 
W. A. Houlberg A. T. Mense 
Y-K. M. Peng J. A. Rome 

N. A. uckan 

Recent plasma engineering studies have 
ascertained a viable concept for T'JS based on 
medium toroidal fields between 4 and 7 T at ie 
plasma center, plasma J, values up to '0%, and 
averaged densities between 0.6 x W* cm" 3 and 
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RELATIVE ENERGY LOSS RATE FROM 
TEST ION TO ELECTRONS AT VARIOUS 
r, IN A MAXWELLIAN 
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Fig. 4.21. Relative energy loss rate of a test ion to electrons 
of various v in a Maxwellian distribution at T =10 kev, v- = 2 x 10e 

e e ' 
cm/sec, n = 101" e/cm3, and q = x^/Ze? = 3 % 10" n sec^/cm2. 

0ANL-DW6 76-19411 

TES^ ION ENERGY LOSS PER 
ELECTRON vs ¥t 

SPHERICALLY SYMMETRIC 
ELECTRON VELOCITY DISTRIBUTION 

Q -ZilCr'ttc'/cm' 
r,* 2»t0 8cm/»«c 
/».« I 0 , # r/cm* 

N\y,)d*,'\ 

2 . 0 K. 2.5K, 

Fig. 4.22. Electron velocity dependence of the test ion energy 
loss rate per electron In a plasma at n « lo1** e/cm3, T * 10 keV, 
q = 3 x 1 0 " n sec J/cm J, and test Ion velocity v^ » 2 x 10fl cm/sec. 
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Fig. 4.23. The dependence of the minimum 
heating power (required for ignition) on the 
depth of fueling for various levels of trapped 
particle loss rates assumed in ti-» 1-D transport 
calculations for TNS. 
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be tested i f aW-Vir^ exper:-e'>ts. 

'pac*-C.epen-:er.t T ier-a l s t a b i l i t y 
of Reacting Tora-ai ^lasras 

y. A. -o j iber ' ; P . W. Cr 

- A technt-jue is presented for tr.e or . * i /s is 
of thermal s t a b i l i t y in react ing tokarai. plasmas 
usii i ' j a ore—dimensional, f'-e-dependent f l u i d 
transport rrodel. Appl icat ion is ^ade to the 
analysis of i tensi ty-related thermal i n s t a b i l ­
i t i e s in a n e u t n i beam-driven, two-cor.ponent 
plasma, T£T*,""an'j a concept. 1 reactor-s ize 

- Ha l ted p}as*M, ( i / l M A f c ' -11! . A de r ts ^ t / - d r i ve n 

thc-nr-al i r s t a n i l i t y can ex is t when t re pa r t i c l e 
w . f in^.ient varies as • n. Tnis .ondit ion is 
s> t : ' . f k-d b/ tr,--- '.rasped ior. rode d i f fus ion 
t ' jdel ^nd an e rp i r i ca l nodel. »"• t i~e delay in 
the. heating r]„,. r 0 f i n i t e alpha then <>1 izat ion 
docs not s i< jn i f icant ly a l t e r the character of 
tne i n s t a b i l i t y at norr;al pla-na dens i t ies . A 
l inear feedback response for the pa r t i c l e source 
is found to provide a s tab i l i zed e<iuil : br iun in 
a l l cases. Strong radia l var ia t ion of the 
transport and physical propert ies of the plasrca 
is not found to introduce radial-dependent 
feedback requirements, feedback on t i e avkray: 
density is su f f i c ien t for s tab i l i za t i on with 
moderate response- times (sec Figs. 4.24 and 
4.?6). 

Piasma Simulation and Modeling for EBTR ' 

N. A. Uckan C. L. Hedrick 

A simple model (time-dependent 0-T point 
model) has been formulated to assess the energy 
balance in an EBTR plasma. The effects of the 
different scaling assumptions on EBTR perfor­
mance and operating point have been analyzed. 

University of Wisconsin 
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Fig. 4,24. P.vivrage density and e lect ion 
and ion temperature for an igni ted plasma with 
trapped p « r t i c l e t ranspor t , a spa tUUy unifcu-nt 
parti.-.Ie source p r o f i l e , and a f i n i t e thermal-
izat ion t i n * fo r Wio fusion alphas. The char­
ac te r i s t i cs of the i n s t a b i l i t y are changed by 
the f i n i t e thensal .zatir.n t ine only when the 
density i s low and the thermalization time 
becomes long. 

Although in the present EBT device (EBT-I) 
plasma transport seems to be governed largely by 
neoclassical processes, hypothesized anomalous 
transport losses are included in the plasma 
simulation model in addi t ion to neoclassical 
and/or c lass ica l transport in order to test the 
sens i t i v i t y of EBTR parameters. For the par­
t i cu la r case studied, i t is si^wn that the 
reference EBTR can accommodate <moma1ous losses 

• CEOSiCK Off &T 6.0 i*c 

-0 1.0 2.0 , 3.0 
ftAO'US (m> 

Fiy. i.?-,.. fvolution if the density and 
C^:'fOi. and ion fen^K-ratare profiles for the 
case sfRmT in fig. 4.2't. 

one to two orders of magnitude greater than the 
present neoclassical losses at the operating 
point (steady stole)- Results ire discussed. 

4.6 COMPUTER SUPPORT 

I. Burnett, II! C. 0. Kemper 
R. D. Burris D. R. Overbey 
D. N. Clark C. E. Parker 
J. E. Francis, Jr. J. W. Reynolds 
R. K. Gryder C. R. Stewart, Jr 
C. E. Hanmons 0. C. Yont-

.1 User Service Center 

C. E. Parker I. Burnett. Ill 
R. D. Burris 0. N. Clark 

The User Service Center hardware was up­
graded by the addition of 128 K woros of memory, 
resulting in a system total of 320 K wo. -*. An 
additional RP06 disk system was added to further 

Group Leader 



suwwrtthu u":r»asir.g data need', of the !SX 
exserrwnr. Co"'-»»"rentJ», the DF1Q data (.fwnr.el 
vrt'- upgraded tc a QF!0C ori a sales/erchanf}*: 
*7"eement ir. order to suposrt the memory abov<: 

;-, 20£ K. A dual <fectape system was to provide 
Ditision rei»arrfif>rs »Hth personal f i l e storage 
for hackt-P Durpos« and intersysteu transport­
ab i l i t y . The KHO central processor was up­
graded to the new nodei rXlQ-B cpu; a memory 
bint »-Uh an insufficient nuaoer of memory pcr'.s'-' 
{64 K1 was sales/exchanged in this process, 
leaving only the ?56 K memory for the USE. Tte 
new central processor (which has an internal 
dot a channel to relieve data flow bottlenecks} 
was tn *u l l operation f ive days af ter a r r iva l . 
A dual ported disk was installed at the same 
time as a requirement of the new central pro­
cessor. 

Necessary changes were made to the NMFECC 
software to make i t compatible with the new 
processor'i cache remory^ The PDP11/45 experi­

mental data coordinating computer was hardware 

~,: interfaced to the USC to orovide a more rapid 
data path to the USC from the Divisio.. experi­
ments and the ORNL computer center. Software 
mod: f i c t i o n s to support this v e begun and 
targeted for completion in early 78. A gen­
eral iz&l Network Command Language and system 
PLOT cormam! were made fu l ly operational." 

4.6.2 Experimental Data Handling 

J . E. Francis, Jr. 0. R. Overbey 
0. C. Vonts , J . W. Reynolds 
C. R. Stewart, Jr. C. 0. Kemper 

New data handling requirements arose fn the 
transition from ORKAK to (SX. A restructuring 
of the PDP12 operating system was necessary In 
order to accommodate additional communication 
links into the PDP12. This restructuring re­
sulted in disk data spooling and allowed the 
comparison cf data channels from different 
shots. This system modifl- Mon required a new 
communications subprogram bevweer. the PDP11/45 
and the PDP12 a t ISX. 

A PUPZ was interfaced to * resid<>*i •;&* 
er.alyzer for st-Syir.o i - f ^n t i es in ;5». 
Software ma; developed so that scans toul'i be 
taken automatically in<f a printed copy of '.ne 
results could be obtained froc, a !efctro..i* 4010 
terminal. 

The PLT bear, test stand data ecqj isi t io 
system was brought on l ine and is documented in 
a published paper.'•'•'- -

A data acquisition system whic*; supports 
seven analog data channels for taking data from 
small: ryogenic coils was developed for the 
Kinet ics and Superconductivity Section. The 
incoming analog data are digitized aid stored ir. 
memory, whereupon they car1 be processed or 
transmitted to either of two PDPiO's for further 
analysis ar.d storage. Preliminary calculations 
to zi^M hys teres if loops can ^* oade ar-d trie 
curves displayed on the PDPI2 display unit . 
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ATOMIC, MOLECULAR. 
AND NUCLEAR PHYSICS 

C. F. Barnett- E. H. McDaniel' 
D. K. Crandall1 R. H. McKnight' 
H. B. Gilbody; F. W. Meyer1 

B- E. Hasselquist:' T. J. Morgan7 

S- W. Hawthorne1 R. A. Phaneuf-
I . A. Howard1* E. M. Thomas' 
H. J. Kim* H. !. Wilxer1 

th&tjtacX. Measurement:* of electron capture cross 
sections were completed for multicharged ions of 
0. S i , Fe, Mo, Ta, W, and Au in H and H2 in the 
energy 'range of 60-^50 fceV/aau (TFTR injection 
energy). The cross sections increased with 
increasing ion charge q and can be represented 
by a simple power law expression, o , = a q . 
For the heavier particles (Ta, W, and Au} the 
q-dependence exhibited an oscillatory structure 
superimposed on the power law q-dependence. The 
oscillations were attributed to the interaction 
of the captured electron with a Coulo«b potential 
Modified by a short-range term that accounts for 
the screening by ionic electrons. Low energy 
(1.25-8.45 keV/amu) electron capture cross 
sections were Measured for ions of the He and Li 
isoelectronic sequences in H and H 2 . Th»se 
Measurements indicated that in this energy range 
there was no uniform scaling ...th ion charge and 
no general behavior of the cross section with 
velocity or energy. 

Hydrogen-line or completely stripped ions 
are difficult to obtain from conventional ion 

1. Physics Division, 
2. Consultant, Queen's University. Belfast, 
3. Summer student. University of Wisconsin, 

River Falls, Wisconsin. 
4. Summer student, Massachusetts institute of 

Technology, Cambridge, Massachusetts, 
5. Consultant, Georgia Institute of Technology, 

Atlanta, Georgia. 
6. Consultant, California Polytechnic State 

University, San Luis Obispo, California, 
i. Consultant, Wtsleyan University, Mlddletown, 

Connecticut. 

sources because of the large energy required to 
remove the electrons from the K-shell. To 
overcome this difficulty, we used a C0 2 laser 
bee* to create a high temperature plasma from a 
C target. A power density of 4 x Itf5 W/cm 2 

incident on a C solid target provided usable 
beams of C s*. Equilibrium yields of D~ obtah.erf 
by passing D ions and atoms through thick Cs 
vapor targets were reinvestigated in an attempt 
to remove discrepancies in the various measure­
ments. Present D~ yields of 0.18 at a D energy 
of 300 eV are lower ry approximately a factor of 
two than recent measurements of Schlachter 
et al. 

Work continued on the collection, evaluation, 
storage, and retrieval of atomic data pertinent 
to the controlled fusion program. 

5.1 HEAVY PROJECTILE ELECTRON CAPTURE CROSS 
SECTIONS: MEASUREMENTS WITH Th£ TANDEM 
VAN DE GRAAFF 

We continued our measurements of total 
single electron capture cross sections using 
projectiles from the Tandem Van de Graaff 
accelerator incident on a high temperature 
atomic hydrogen target. The ion species In­
vestigated were 0, Si, Fe, Mo, Ta, W, and Au, 
with collision velocities ranging from 2.2-
6.2 x 10" cm/sec (or energies of 60-250 keV/amu). 
The original experimental method, described in 
last year's annual report,1 was modified to 
t"'*m the highest charge states investigated; 

> sections for Incident ion charge states up 
to q * 19 were measured. 
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The experimental cross sections for three 
representative in. species at 3.4 x \0" cm/sec 
(the collision velocity for TFTR neutral bean 
injection) are plotted vs initial ion charge q 
in Fig. 5.1. The results for lighter ions are 
similar to those previously reported;1 except 
for sharp dips at charge q corresponding to 
closed shell configurations of the projectile 
ion. the cross sections ..-'q,<H for Fe and Ho 
projectiles increase rapidly with incident 
charge q , and the increase can be well repre­
sented by a simple power law q p . The straight 
lines which accompany the data shown in Fig. 5.1 
are the least-squares f i t s using a two-parameter 

expression, a q.q-i 
r,y. Such a monotonic o 

increase of a . with charge q is predicted by 
the classical theory of Olson and Salop. 3 

The q-dependencies of the cross sections 
for the heavier projectiles are more complicated; 
superimposed on the simple power law scaling (as 

observed in the lighter projectile data], a l l 
three of l.te heavier projectiles investigated 
'Ta, U, md Au} e/hibtt a concon oscillatory 
structure whose relative magnitude is apparently 
independent of ion species and velocity. This 
oscillatory behavior can be seen for Au projec­
t i l e ions in Fig. 5 . 1 . To emphasize this 
structure, the experinental cross sections 
c , , divided by the least-squares f i t s - f l q P i 
are plotted vs q for Ta, W, and Au iens in 
Fig. 5 .2 . He attr ibute the oscillations to 
interference in the amplitude for scattering of 
the captured electron by a Coulomb potential 
modified ay a short-range term that accounts for 
screenin' >y the ionic electrons. A theoretical 
impulse model for the collision reproduces well 
the observed oscillations."• 

The typical coll ision velocity dependence 
of the crois sections which characterizes a l l 
charge states and ion species investigated is 

G » V . / G * C / ' £ 0 - 7 e « 0 ! 

to r r [—'—r—'—r—• r— 
- i M i i i i — y-
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Fiq. 5 . 1 . Measured cross sections •: , for multi charged '''Fe, '"Mo, 
and l 0 7 Au ions at v - 3.1 x 10" cm/sec plotted vs incident charge q. The 
straight Hues are least-squares f i ts of the data to the expression <; a p . 
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Fig. 5.2. Ratio of experimental electron 
capture cross sections o , to power law least-
squares fits (o 0q p) for l-'-fa, I 6 I*W, and I 9 7 A u 
ions in atomic hydrogen vs ionic charge q. 
Collision velocity: v - 3.4 x 10 8 cm/sec for W 
and Au and 3.9 x 10 s cm/sec for Ta ions. 

illustrated in Fig. 5.3. The classical theory 
of Olson and Salop3 reproduces the observed 
shape and the magnitude of the cross sections. 

Fig. 5.3. Measured cross sections a ^ 
for 5 6 F e and 9 £ M o vs collision velocity v. 
Solid points are measured results and open con­
nected points are the theoretical results of 
Olson and Salop (Ref. 3). 

5.2 LOW ENERGY MEASUREMENTS OF ELECTRON 
TRANSFER FROM HYDROGEN ATOMS AND 
MOLECULES TO MULTICHARGE i IONS* 

The Penning Multicharged Tti Source Fa­
cility5 located in the Physic* .'K'sion at ORNL 
has been used for measurements of toto? -ross 
sections for electron capture by various nvl-
tlcharged ions in atomic and molecular hydrogen 
gas targets at low velocities (v < 11* cm/sec). 
Apart from their relevance to plasma diagnostics 

This program was supported by EROA jointly 
through DPR and DMFF.. 

and modeling, these measurements provide a basis 
for testing our understanding of inelastic 
processes such as electron transfer. Theoretical 
calculations at low velocities are difficult and 
are based en a quasi-molecular model for the 
collision. 

The general experimental method and, in 
particular, the implementation and calibration 
of the atomic hydrogen target have been described 
in detail/' The experiments have concentrated 
on multicharged ions isoelectronic with He and 
Li; single electron capture data have been 
obtained for the ions B q + (q • 2,3,4,5), C q* 
(q - 3,4,5), N q + (q - 3,4,5), o q* (q » 5,6), 
and * " in collisions with hydrogen atoms and 
molecules in the velpcity range of 0.5-1.3 x 10 8 

cm/sec. Representative electron capture data 
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for ^e-like 8** and C-* ions colliding with 
hydrogen atom arc shown in Tig. 5.4. along .ith 
the theoretical calculations of Olson. Shipsey, 
and Browne.7 The theory utilizes <tb IIUXJUO 
potential energy curves in wlt istate close-
couplinq calculations and, within the conbined 
vmcertai'ties satisfactorily reproduces both 
the Magnitudes and velocity dependencies of the 
experiaental cross sections for B 3* • H and 
C** * H coll ision. 

In contrast to measurements made at higher 
velocit ies/ ' 8 the c « s sections at low veloc­
ities exhibit neither uniform scalfngs with 
ionic charge nor general behavior with velocity. 
Calculation of the potential curves relevant to 
each collision pair is necessary to predict the 

•attitude and velocity dependence of the charge 
transfe- cross section. Such an analysis also 
allb.fi prediction of the most probable final 
electronic states of the mlticfcarged ion. 
Since these are often excited levels which decay 
by short wavelength transitions and since th» 
cross sec 'ins are large, charge transfer tc 
cwlticharged io»* is a potentially important 
mechanism for achieving population inversion in 
the x-ray rci/on.1* 

. .3 LASER ION SOURCE 

To obtain hydrogen-like and completely 
stripped ions for collision studies In the vtry 
important low energy region, we assembled an 
apparatus to investigate the feasibility of 

so 

20 — 

OR«K. f two/ FED- re -«oa 
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Fig. 5.4. Total cross sections for simple electron captu.-e from 
hydrogen atoms by B3* (circles) and C* (triangles). Solid points are 
experimental data and open points are the theory of Olson et a l . 
(Ref. 7*. Flags represent estimated total uncertainties. 
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:s an ion source a puKed la rer bean 
•> veuve onto a solid surface. Las«r 

. >arcn has revealed that highly stripped 
ions ererging fru« such plasmas account for a 
significant fraction of the energy deposited and 
of the target mass ablated by the laser beam.10 

In the present experiments, a pulsed laser 
bean from a nodest 10-J commercial TEA CO; laser 
Mas focused onto a solid target at power den­
sities as high as 4 x 10* U/cn2. An ion bear, 
iias collimated from the particle blow-off noneal 
to the target surface, directed through a cylin­
drical 'electrostatic analyzer, i nd detected 
using a channel plate electron Multiplier. The 
combination of tfne-of-flight and electrostatic 
analysis perciits isolation and identification of 
ioes with different charge-to-aass ratios. 
Typical energy distributions for the various 
charge states of carbon in the pulsed ion bean 
are plotted in Fig. 5.5 for a graphite target at 
a laser power density of 4 x 10'' W/co:; note 
that hydrogen-like C-* ionr are produced even at 
relatively modest laser power levels. (Focused 
power densities in current laser fusion experi­
ments are typically 10 l f- W/cw;.) 

Modifications t* the CO; laser to oermit 
fundamental mode operation and similar experi­
ments with a ND:glass laser are expected to 
provide an order-of-magnitude increase in focused 
power and to yield fully stripped ions. The 
technique is suitable for producing ions of n̂y 
element that exists as a solid or in a solid 
compound. Such laser produced plasmas are also 
a convenient source of the optical spectra of 
highly stripped ions. 1 1 We are currently imple­
menting a computer dita acquisition system to 
facilitate the development of the ion source and 
its application to cross-section measurements 
for such fundamental atomic processes as electron 
capture by fully stripped ions in the critical 
low energy region, where theory1^ has not been 
tested. 

C"."«l Qm5rfS£-T9-*06 

» 2 
ION ENERGY I t r V ) 

Fig, 5.5. Measured charge and energy 
distributions of carbon ions emerging from a 
las^r-produced plasma. The C02 laser pulse 
was focused onto graphite in vacuum to a 
power density of 4 x 109 W/c»2. The numbers 
represent the carbon ion charge. 

5.4 H" EQUILIBRIUM YIELDS IN A THICK Cs 
VAPOR T»RGET 

The equilibrium factor F t̂ for H (or D ) 
incident on a thick ts vapor target is an 
important parameter in the design of charge 
transfer cells for use in HFE neutral beam 
injection schemes. Considerable disagreement 
exists in previously reported measurements of 
O. for H incident on Cs, part'cularly in the 
vicinity of the maximum in the equilibrium 
fraction curve at proton energies in the range 
of 200-500 e V . : j " ' s 

To determint whether excitation of the 
Cs(6p) state by HT significantly affects the 
thick target H* yield, we have measured f" for 
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both H~ and H incident on Cs in the energy 
rarje of 'M-IOOO oV. The cross section for H" 
product1'an fron H° is about *n order of magni­
tude larger for collisions with Cs(6p) than for 
collisions with Cs(6s). If Cs(6p) excitation by 
H is an important mechanism in H' formation, 
then differences in the Cs(6p) population due to 
variations in target cell geometries and incident 
H intensities might explain the discrepant 
results in the existing F^, measurements. 

In the present H~ yield measurements, an 
?nalyzed H" beayi^f^the desired energy was 
incident on af: jHTVit\'ip<: target. The charge 
components of \ijcnertk U r g i n g from the target 
were monitored as »-Tunctio» of the Cs target 
thickness * by a secondary emission detector 
located a short distance downbea* of the target. 
Appropriate biasing of high transmission grids 
in front of the detector allowed separate 
measurements of the H , H°, and H~ beam frac­
tions. Upon reaching the equilibrium target 
thickness where the beam fractions become 
independent of *, the incident beam was switched 
to H , and F̂ i was again determined. 

During experimental runs, the secondary 
emission factors y + anu y_ of the charged beam 
components incident on the detector were con­
tinuously monitored. The factors Y + and y_ 
were observed to increase with the Cs target 
thickness, possibly due to the increased Cs 
coverage of the detector surface. Siwe the 
secondary emission factor y 0 for H° incident on 
the detect'̂ '' could not be measured directly 
during an experimental run, a separate experi­
ment was performed in the energy range from 
100 eV to 2.5 keV to determine the ratios 
V_/YO and Yo/y+t which are believed io be in­
dependent of the detector surface condition. 
The results of these measurements are shown in 
Fig. 5.6. Theic results, together with measure­
ments of Y + or t. orring the equilibrium run 
Itself, allowed continual calibration^ of the 
detectc response to M° under all surface con-
.itlons. 

ORW./OWG/FED 7 S - 4 0 « 

Fig. 5.6. Tie negative particle (e" and/or 
D") ejection/ref'iection coefficients Y+> Yot and 
Y. for H+, H°. and H" normally incident on "dirty" 
stainless steel, and the computed ratios Y&/ Y + . 
Y-/Y;, ind Y./Y+ as a function of the incident 
hydrogen projectile energy. 

Figure 5.7 shows the rtsuits of the equi­
librium yield measurements and compares them 
with existing measurements. The yields F^ 
were found to be the same for H and H" incident 
on Cs, suggesting that Cs(6p) excitation by H* 
plays a negligible role in H" formation in a 
thick target. Measurements of fm\ with D" 
incident showed no observable isotope effect, 
consistent with earlier observations15 that ".e 
equilibrium yields for D + and H + incident on 2 
thick Cs vapor target are the same for equal 
incident velocities. The discrepancy between 
the present measurements and those of Schlachter 
et al. 1 3 and Agafanov et al. 1" at low energies 
is not understood and will be the basis for 
further experiments. 

file:///ijcnertk
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Fig. 5.7. The H-(D") equilibrium fraction F_i for K*(D+) and H" 
incident on a thick Cs vapor target as a function of the energy per 
nucleon of the incident ions [Rsf. 1: textual Ref. i5; Ref. 2: 
textual Ref. 16; Ref. 3: texcual Ref. 17; Ref. 4: F. W. heyer and 
L. W. Anderson, Phys. Rev. A JJ., 589 [1975)3-

5.5 CONTROLLED FUSION ATOMIC DATA CENTER 

The two-volume compilation of Atomic Data 
Sox ContxotZed fuAion ReAeMch is being updated 
with new and revised data. The compilation has 
been critically reviewed to remove mistakes made 
in the initial publication. We are now evalu­
ating » w se:tions of the compilation; theje 
data concern charge exchange of multicharged 
ions, electron ionization, and excitation of 
multicharged ions. These sections will be 
published either as a third volume or as sup­
plements to the "Atomic Data for ru:1on" news­
letter. 

In cooperation with the Atomic Transition 
Probabilities Data Center at «BS, the bimonthly 
publication of "Atomic Data for Fusion" has 

continued. During the year, Volume 3 was com­
pleted and distributed. The newsletter is now 
sent to 475 scientists and libraries and, judging 
from the response we have received, is serving a 
useful purpose. 

Searching, evaluating, and entering biblio­
graphical data into the computer file have 
continued. Several hundred references were 
added into the computer file for 1950-1975. 
This file is as complete as it is possible to 
obtain without a significantly increased effort. 
From our studies we have determined that the 
file contains more than 90* of the atomic col­
lision papers published during 1950-75. Tapes 
of this file are being transferred to the IAEA 
for use in publishing a composite bibliography. 
Four bibliographies of primary use to fusion 
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research will be published, including heavy-
particle charge exchange, excitation, dissoci­
ation, and ionization. For the period 1976-77, 
90S of open literature has been searched and 
evaluated. During a critical review of our 
bibliographical file, we found that in 1970 a 
serious error had been made in our retrieval 
program. This was corrected, and the decision 
was made tu replace the computer program with an 
up-to-date, acre universal format using an on­
line co/ifuter terminal for input and output. 
This new system was placed into operation in 
January 1978. Significant time will be saved in 
the input operation and file editing. 

Programming was completed tc convert cross 
sections to reaction rates and to analytical 
expressions for systems where beam-Maxwellian 
and KaxwetiMn-Naxwellian distributions are 
applicable. Presently, tSe storage and retrieval 
system, including file management and editing, 
•s being debugged on the ORNL PDP-10 computer 
for storage on the Li venture 7600 computer. 

Cooperation has continued with the IAEA in 
its efforts to establish an Atomic Data for 
Fusion data center. Me have been able to supply 
both advice and material for their newsletter 
and for the forthcoming bibliography. 
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Abitnacl. The Plasma Technology Section has the 
responsibility for: (1) development of multi~ 
megawatt neutral beam systems for plasma heating, 
(2) development of techniques for fueling the 
plasm? using high velocity pellets, and (3) 
development of vacuum pumps of large pumping 
speeds (•\-106-108 liters/sec) compatible with 
neutral beam and fusion devices. Significant 
advances have been made in each of these areas. 

In the neutral beam area, four systems, 
each capable of delivering approximately 750 kW 
of neutral power into the tokamak plasma, were 

1. General Electric Company, Oak Ridge, 
Tennessee. 

2. Engineering Division. 
3. Chemical Technology Division. 
4. Stanford University, Stanford, California. 
5. Madison College, Harrisonburg, Virginia. 
6. Lawrence Llvermore Laboratory, Llvermore, 

California. 
7. Princeton Plasma Physics Laboratory, 

Princeton, New Jersey. 
8. Computer Sciences Div'slcn. 

delivered to the Princeton Plasma Physics Labo­
ratory. Two of the beam lines have already been 
used for injection into the Princeton Large 
Torus (PLT) and a record ion temperature of 
2.2 keV has been attained with an injected power 
of 1.1 NW (D°) at 38 keV, divided equally between 
the beam lines. The achievement was made pos-
«fh1e by the development of modified duoPIGatron 
ion sources and appropriate beam transport 
systems. The three-grid duoPIGatron source has 
provided ion beams of up to 70 A at energies 
greater than 40 keV. The source is characterized 
»>y moderate filament and arc power requirements 
(1 A/kW), high gas efficiency (50*), and high 
reliability. A singular feature of the source 
is the high atomic yield (85J) it provides. An 
updated version, expected to deliver up to 
100 A, Is being developed. The beam transport 
system incorporates liquid helium cooled cryo-
condensation pumps of 500,000 liters/sec pumping 
speed, and beam dumps and calorimeters using 
water cooled swirl tubes that operate at steady 
state and dissipate very high power densities 
(-v5 kW/cm 2). Improwinent of the beam optics Is 
crucial In a high power neutral beam system. 
Experiments using a preaccelerating voltage 
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between the plasna grid and the second anode 
produced substantial improvement '301) in beam 
transmission efficiency. Similar improvements 
hive also been obtained using shaped apertures 
on the plasma grid. A two-stage accelerating 
technique has been successfully employed to 
obtain good beam optic: (0.3* KWHM) at energies 
up V 120 keV, using a single beamlet. Efforts 
are being made to produce high energy (120-keV), 
high current (SO-A) beam- rising the ton-stage 
accelerating technique. The development of high 
voltage, high power electrical systems switching 
megawatts of power at a high repetition rate has 
been a vital part of this program. 

In the pellet fueling area, hyd. }en pellets 
accelerated to high velocities (330 m/sec) using 
a pneumatic gun technique have already been 
successfully injected into the ISX tokamak 
plasma. The pellets penetrate 12 cm into the 
plasma, in agreement with theoretical prediction, 
and corresponding increases in plasma density 
have been observed. A pellet accelerator using 
a rotating arm concept is also under development. 

In the vacuum components development area, 
cryocondensation pumps of enormous pumping speed 
M O 5 liters/sec) have demonstrated their useful­
ness as an integral part of the neutral beam 
systems. Alternate approaches using cryosorption 
techniques are being developed. 

6.1 ION SOURCE DEVELOPMENT 

6.1.1 Introduction 

Injection of energetic neutrals (hydrogen 
isotopes) is the priae plasma heating technique 
for fusion devices. In practice, the neutral 
beams are produced from positive and/or negative 
ion beams via neutralization processes. Below 
•v200 keV, the present technology based on 
positive ion beams is favored. At higher 
energies, however, the high neutralization 
efficiency of negative ions encourages the 
development of negative Ion sources. Our 
program has been heavily involved in the de­
velopment of ion beams at energies up to 60 keV 
and currents up to 100 A, and development of 

higher energy positive ;nd negative ion sources 
is also being pursued vigorously. The major 
achievements are reported below. 

6.1.2 Positive Ion Sources 

The duoPI6atron ion source1"5 '15-A, 10-cm 
grid) developed for ORMAK injectors is reliable, 
efficient, and simple. Recently i t was operated 
for studying its long pulsr capability, and ion 
beams ot 5.5 A/25 keV/2 s'* and 9.5 A/29 keV/0.9 
sec were extracted. The arc discharge corre­
sponding to the latter beam con.! i t ion was 
extended to 10 sec. Although the experiment was 
terminated due to milfunctioning cf the vacuum 
system, the results indicate that tne source 
components would withstand dc operation. 

Employing a magnetic multipole line-ctsp 
confinement,6*7 the source has been scaled up to 
versions with 15-, 20-, and 22-cm grid diam­
eters. The sources are capable of creating a 
uniform (±55 density variation over the grid 
diameter) and dense (about 2 x 10 1 2 cm"- at the 
extraction surface) plasma. For PLT injectors, 
the 22-cm version delivered beams of 60 A/40 
keV/0.3 sec, as originally designated.e Beam 
parameters of 70 A, 45 keV, and 0.5 sec have 
also been independently achieved. The beam 
current density was found to be in the range of 
0.3-0.4 A/cm2. With the optimization of elec­
trode dimensions and configurations, magnetic 
field arrangement, and gas feed, the source has 
provided a hiqh arc efficiency H A/kW) and 503 
gas efficiency and has operated reliably without 
any maintenance over long periods of time 
(•v-50,000 beam pulses). The most unique feature 
of this source is the h.]h atomic yield (85%) i t 
provides. 

A species model7 was developed to explain 
the high proton yield. The essential factors 
are the high volume productior. of atomic ions 
due to the high gas pressure and the low ion 
loss rate due to the maximized ratio of the 
plasma volume to the electrode surface. The 
high production rate of atomic ions in the 
volume is essentially due to the dissociation 
proces.es of molecular ions by the cold plasma 
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electrons. Measured electron energy is <5 eV. 
The source performed equally well when hydrogen 
was substituted Kith deu rium. 

An alternate ion source with tungsten 
filaments.- similar to the magnetic nultipolc 
line-cusp containment device, was studied ex­
perimentally. Ion beams of 14 A/18.5 keV (0.15 
A/cm2 current density) were formed. This source 
provided good radial density uniformity and low 
noise level (*0.5«) - characteristics that 
improve the beau transmission. !C" I t is a l 'o 
capable of delivering beams with high atomic 
yields (90%). However, the large amount of 
tungsten vapor released by the filaments could 
cause impurity problems in the fusion plasma. 
Hence, the elecrron source must be improved. 

An 80-keV/40-A ion source with a plasma 
generator similar to PLT injectors and a two-

stage ion accelerator with an 18-cm grid were 
fabricated (Fig. 6 .1 ) . I n i t i a l operation of 
this source delivered ion beams of 64 keV/20 A. 

A plasma generator with a 35-cm *c chamber 
has been operated successfully and is expected 
to deliver in ion beam of 100 A from a 25-cm 
g r i d . 1 1 Ion sources (circular as well as rect­
angular cross section) are also being designed 
for beam currents p to i-lOO A a t energies up to 
tea keV. These sources are intended fo«* neutral 
beam injectors for ISX-B at ORNL, PDX at PPPL, 
and TNS. 

6.1.3 Negative Ion Sources 

The ORNL negative ion source program is 
composed of several new and unique i d e a s 1 2 * 1 3 

for generating plasmas from which negative ion 
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beams may be produced. There are two well 
established methods by which negative ion beams 
are gt <-ated: (1) direct extraction, and (2) 
two-stage or double charqc exchange extraction. 
In direct extraction, an electric field is used 
to extract negative ions directly from the ion 
source plasma. However, in the double charge 
exchange method, relatively low energy positive 
ions are extracted from the ion source plasma; 
the ions then charge exchange while passing 
through an alkali vapor cell. The resulting 
negative ions are then accelerated to the 
desired energy. The ORNL program deals with 
three separate ideas which 'all under the direct 
extraction category and one under the double 
charge exchange method. A discussion of these 
ideas and the*r status was recently issued.1* 

6.2 MEDIUM ENERGY NEUTRAL BEAM SYSTEMS 

6.2.1 PLT Nect-al Beam Systems 

Four ORNL/PLT neutral beat* systems (Fig. 
6.2) had been delivered to PPPL as of January 
1978. These beam lines are rated at a nominal 
750 Ui of neutrals to the PLT plasma at 60 A and 
40 keV for 300 msec. Test stand operation of 
beam 1ines one and two at ORNL achieved these 
performance criteria.7*1' Initial operation of 
beau lines one and three on PLT delivered a 
total 1.1 MW of D° and H': to the plasma, re­
sulting in a rise in T. frsm 0.9 to 2.2 keV-
Final operation of all four beam lines on PLT 
should result in over 3 MW of neutral power to 
the tokamak plasma by early summer 1978. 
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Significant performance paraneteis of these 
beam lines as te&onstrated at ORNL include: 

0 ) Neutral power from a single source through 
a PL"-size (2G x 25 cm) aperture at 4.10 m. 

50 A, 40 kV, 300 msec 550-kW neutrals 
60 A. 45 kv, 200 msec 700-k* neutrals 
70 A. 40 kV. 100 usee 750-W neutrals 

(2) Species ratios cf the ion beans as ex­
tracted from tne ion sGurceof H :H;:H3 = 

1 85:12:3 ;{v«^ »asily reproduced) are to 
be compared to previous best values of 
55:25:20 from OWL/WHIM, sources. 

*3) Beans of up t t 60 A have beep produced 
•~ with 15 Torr liters/sec of H; (including 

j , central i :«•>). : 
(4) Bej* power deposition has been neasured 

calorftetrically Kith 18 inannels which 
r have accounted for 90-95i of I-V power 

for well focused beams. 
3(5) Th* 500,000 liters/sec LHe cryoconden-

sation pumps have performed flawlessly 
in concert with neutral bean operation. 

(6) Arc power required *as 1 kW per ampere 
of beam- current. 

(7) Swirl tube targets on the ion dump have 
held up with power densities exceeding 
5.4 kW/c*1 for 300 msec. 

(8) The ORNL modified duoPIGatron has oper­
ated for over 50,000 pulses en the beam 
line before needing new filaments, even 
after accidental exposure to water vapor 
between runs. 

The power flow along the beam line was 
monitored by sensing the cooling water flow rate 
and .ne rise in temperature on various elements. 
A PDP-11/40 computer was used for data acqui­
sition, A typical plot of power deposition as a 
percentage of the input electrical power is 
shewn in Fig. 6,3. With the help of such plots 
appropriate operating parameters can be selected 
to optimize the power reaching the target. 

Approximately 600 kW of neutral power has 
been collected on the Inert)a1 target kept 4.1 m 
downstream under optimum conditions. The 
highest power (power supply limited) that has 

been measured at the target with hydrogen as the 
working gas was 750 kM when the source was 
operating at 40 kV and 70 A. Kith a precel 
voltage of 100 V (see Sect. 6.4.2), 830 KW of 
neutral power has been measured at the target 
using deuterium gas when tot source was operating 
at 45 kV delivering 54 A. This will translate 
to almost ' "ft* of neutrals at the PLT plasma 
because t .- solid angle subtended by the machine 
is grea* r than that afforded at our test 
facility. 
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Fig. 6.3. Typical data from PLT ion source 
and beam line. 

6.2.2 ISX-8 neutral Beam Systems 

A cryogenically pumped beam M m was added 
to the Medium Energy Test Facility tc produce a 
system similar to the ORNL developed ?LT beam 
line.1" This system simulates very closely the 
4,15-m ISX-B beam line and is being used to 
qualify two 40-kV, 60-A injectors for the ISX-B 
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experiment. The injectors 9re identical to the 
22-cn PLT injectors7 and should deliver about 
700 kw of neutral power per bean line. 

Operation of the METF bean I ine has begun 
and the f irst ISX-B injector has undergone 
preliainary testing of 50-A output at 42 kV. 
Optics studies to maximize the neutral power 
output are proceeding. Both ISX-B sources in 
to be ready for installation by July 1 . 1978. 

An added feature of the METF bear line is 
the capability to test a 28- to 30-cn-dian source 
of 100-A output. Both the bean defining plates 
and the drift tube calorimeter have been Modi­
fied to accept a larger bean. Testing of a 
100-A injector for posil le ISX-B use Mill begin 
in August 1978. 

6.2.3 PDX Heutral Beam Systems 

The Poloidal Divertor Experiment at Prince­
ton Plasaa Physics Laboratory Mill have attached 
to i t four operational ORNL neutral beam system 
by early 1980. Each 4.2-a-long systfm Mill 
deliver 1.5 MM of neutral power (through a 
30 x 35-cm rectangular aperture) to the plasaa 
for 0.5 sec. To achieve this injected neutral 
power the Plasma Technology Section is develop­
ing a 50 keV/iOO A/0.5-sec source with a >&0'i 
atomic ion yield and having a 30-cm-diam grid 
pattern. This source is a relatively modest 
extrapolation of existing sources and should 
provide no major development problems. In 
addition, the beaut line design is a relatively 
straightforward upgrade to the successful PLT 
design to accommodate the higher power beams. 

6.3 HIGH ENERGY NEUTRAL BEAM DEVELOPMENT 

Tru> High Power Test Facility" and its 
associate! electrical systems" were completed 
on schedule. The test stand w«s utilized for 
two-stage beam optics 1 0 study as well as for 
investigation of two-stage beam steering. 1 9 An 
18-cm, two-stage source designed to deliver 40 A 
at 80 keV is currently being tested at the 
facil ity, beam currents up to 20 A at energies 

of -.65 keV have already been extracted. A 
120-kW, 50-A, two-stage source is being fabri­
cated and will be instilled on the test stand 
after the limits of the present source are 
tested. The test stand is also being updated 
to incorporate various diagnostic facilities. 

6.4 BEAM OPTICS STUDIES 

6.4.1 Theoretical work 

In the ion optics code a new iteration 
scheme for treating the source plasma was im-
plemented. 2 0' 2 1 Compared to the previous 
scheme22 touted last year.2'- i t is a panacea. 
Figure 6.4 shows the accuracy and expedience of 
the scheme as compared to the previews one. 
Briefly, i t is a Newton SOR iteration scheme 
which has proven global convergence and unique­
ness properties for the problem at hard. Note 
that even the prr >JS scheme has enormous 
advantage over st earlier iteration schemes21* 
(see Fig. 3 of Ref. 23). 
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Fig. 6.4. Comparison of computation works vs 
accuracy of last year's and this year's scheme. 

The code has been used to verify, 2 1* 2 8 

predict, 2 t and explein• 0 , 2'" , , experimental 
findings. Specifically, a study was made of the 
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dependence of ion optics on plasma parameters, :-
along with electrode sr.ape, '- tetrode voltage 
distribution and geometry,-'; p?ass.a electrode 
preacceleration with and without an insulator 
coating,-""- and source plasma density fluctua 
t i o n s . : : An important result is that a small 
preacceleratio^ ~ ;11 noticeably diminish the 
beam divergencVu.-'wier actual operating con­
dit ions. The code has also ^een used to con­
sider tne effects of a collector plasma in a 
direct recovery device . : : 

Other studies completed include a linear 
theory of ion beamlet steer ing, - - ' -" reioniza-
tion losses in d r i f t tubes, 5- beamlet-heamlet 
interaction in the accelerator region, ;~- and 
mitigation of residual space charge in the 
neut ra l i ze r . : 7 

6.4.2 Experimental Work 

Two-stage ion beam optics 

Extensive investigations using a two-stage 
acceleration technique 1 4 were carried out to 
determine the beam optics. The beam optics in 
such a scheme is a function of the ratio of the 
voltage gradients across the individual stages 
( r / f ) , the beam perveance in the c f a c t i o n gap, 
and the aspect rat io of the grid structure (see 
Fig. 6 .5 ) . The beam divergence is also in ­
fluenced by the magnitude of the decel voltaqe, 
the total energy of the beam, and the background 

awt-one TT-WH 

• #«0 TTWCAU* 

Fig. 6.5. Schematic representation of a two-
stage accelerator. 

pressure. The divergence of a single beamlet 
was examined to elucidate the parametric depen­
dence of the above quantities for beam energies 
up to 120 keV. The variation of divergence 
angle with extraction perveance for dif ferent 
values of r is shown in Fig. 6.6. Under optimum 
conditions, the HWHM divergence angle can be 
reduced to about 0.3". Also, near the optimum 
conditions the beam divergence is not seriously 
affected by plasma density fluctuations. 

ORNL/DWG/FED-77913 
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P/P0. PERVEANCE 

Fig. 6.6. Divergence angle vs extraction 
perveance for dffferent values of r. 

Beam optics with precel voltage 

Substantial improvement in beam optics was 
realized by employing a precel voltage between 
the plasma grid and the seconj anode.' 5 For a 
22'Cm ion source of the type used for injection 
into PIT, the total transmission efficiency 
through an aperture of 20 x 25 cm looted * . l m 
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downstream increased ay 30t when a precel 
voltage of 175 - 25 V was applied (see Fig. 6.7). 
No deleterious effects were noted on power 
loading at the grids with the precel voltage. 
However, application of the precel voltage 
lowered the optimum perveance value by --10-15". 
The bean transmission efficiency was also found 
to improve when the plasma electrode was tied to 
the arc negative. The arc supply in effect 
acted as the precel supply. 
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Fig. 6.7. Transmission efficiency vs beam 
perveance vftn and without precel voltage. 

Shaped apertures 

Previous studies indicated substant ial 

improvement in beam opt ics wi th shaped aper­

t u r e s . - 1 A 22-cet PIT type source was fabr icated 

wi th shaped apert .res on the plasiria g r id to 

u t i l i z e th is e f f x t . Each hole was tapered from 

125 mil on the plasma side to 150 mi l on the 

other s ide, leaving a s t ra igh t sect ion of 15-20 

c-.il facing the plasma. (The to ta l thickness o f 

the plasma gr id was 75 m i l . ) Preliminary i n ­

vestigations sf"ow about 30. improvement in 

transmission e f f i c iency when compared wi th 

s t ra igh t c i r cu la r apertures. 

6.5 BEAM DIAGNOSTICS 

6.5.1 Piasna Source Diagnostics 

An essential diagnosti" of a discharge 
plasma source is the measurement of the plasma 
density variation across the plasma column from 
which an ion beam is extracted, sinct the plasma 
density uniformity »s extremely important for 
stable ion beam extraction. A simple, moveable, 
cylindrical Langmuir probe has become an integral 
part of every ion source, providing information 
on the plasma density, the electron temperature, 
and the density fluctuation. 

6.5.2 Species Measurement 

The ion beam species composition has been 
successfully analyzed by using the deflection 
magnet in a beam 1ine as a sweeping magnet and 
by monitoring the signal from a calorimetric 
probe (see Fig. 6.ft). A typical species compo­
sition of 85i H*, 12?. H*, and 3" Ht has been 
determined at the source using this technique 
and known cross sections for the atomic processes 
present in the equilibrium length, charge ex­
change cell. The proton fraction was nearly 
independent of beam current (arc current) above 
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Fig. 6.8. Calorimetric scan of the full, 
half, and third energy ion peaks emerging from 
the gas cell. 

study of two-stage beam optics up to 120 keV. 
Thermocouple arrays erabeaJed on a target plate 
are in use at the METF to resolve the neutral 
beam profile for the ISX-B injectors. 

6.5.5 P^otodiode Array 

An indirect measurement of the bean profiles 
has been successfully made1* using an array of 
photodiades detecting the amount of excitation 
light from well collimated chords across the 
beam. The prototype ISX beam line has a narrow 
and long Pyrex window spanning the entire bean 
cross section for the on-line photodfode array 
nea'-jrements at the location of the drift tube. 

6.5.6 Gas Pressure Monitor and Analyzer 

ft gas spectrum analyzer and * tine-resolved 
absolute pressure Monitor were used for the 
prototype PLT beam line and also are in use at 
the prototype ISX bean line. 

30 A, At lower currents the third energy com­
ponent increased at ..he expense of the primary 
energy component. 

6.5.3 Power Monitoring Along the Beam Lines 

In our cryogenically pumped METF. the 
essential parts intercepting the beam along the 
bean line are calorinetrically 'initored and the 
information is processed an<i stored in a CAHAC7 
PDP-11 computer system. This diagnostic proved 
to be exceedingly valuable in studying the beam 
transmission and ion source tuning, and in 
Monitoring the power loading on various elements 
of the beam line. 

6.5.4 Tjrjejt_Profjle Scanner 

Taraday cup arrays have been used behind a 
target plate to resolve the beam profiles by 
sampling the beam through corresponding pinholes. 
This type of scanner was effectively used in the 

6.5.7 Pinhole Camera 

This technique has been revived from our 
previous work1-1 as a potential diagnostic for 
examining individual beamlets. The camera is 
now under development at the prototype ISX bean 
line. 

6.5.8 Fast Neutron Measurements 

During the last phase of the PLT bean 
injector development, deuterium beans were 
tested for comparison with the hydrogen bean 
performance, fast neutrons from D-D reactions 
from targets and other parts were measured1*2 by 
a system consisting of a JHe counter, a fission 
chamber, and TLO's. 

6.5.9 Computer Data Processing 

A CAMAt/PDP-ll system is constantly used to 
process and store data from the KETF, where the 
PLT neutral beam injectors were developed and 
the ISX neutral beam injectors are now under 
testing. 
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6.6 ELECTRICAL TECHSGLOOf DEVELOPMENT 

6.6.1 Hijfi Power Test Faci l i ty 

The installation of the 16%-frV, 50-A. dc 
accel power supply was completed as scheduled. 
The three power modules were tes'.ed indepen­
dently to ful l power [jt kV, SO A) on a water 
cooled resistive loac\ AH other tests were 
made and were i r o-jreement with specification 
ES-YEE-8301-l. 

In ' ta l la t ion of the ISO-kV, 50-A modulator, 
crowbar system was completed and t**e-ts conducted 
up to 90 fcV 30 A into a resis d. The 

system has operated into an •- * levels 
of 65 kV ata *0 A. Althoug- i th 
series operation of vacuum tfe. 
voltages and currents, the prob 
insurmountable. 

The 20-kV, 5-A decel power supply .-sts 
were completed and accepted as outlined in 
specification TD SP-13I. All isolated power and 
control systems were tested and turned over to 
operations as a complete operating neutral beam 
test f a c i l i t y . 

T o upgrade the test f a c i l i t y from 50-A to 
100-A ion sources, a new 220-V, 1500-A. dc arc 
power supply is under construction. A similar 
arc power supply wi l l be used on the ISX in-
jectnri for future 100-A neutral beam systems. 
Completion is expected in spring 1978. 

6.6.2 Medium Energy Test Faci l i ty 

With the completion of the PLT beam line 
program, the test facility will be upgraded for 
developw.it of 100-A ion source systems for POX 
and IS" neutral injection experiments. The 
accelerating power will share the same 168-kV, 
50-A power supply with the High Power Test 
Facility. The three power modules will be 
series/parallel connected providing 84 kV, 
100 A. 

The performance of the 60-kV, 60-A modulator 
for the METF has been excellent. For PLT source 
development the modulator has delivered 40 kV, 
60 A at pulse lengths up to 300 msec. Indepen­
dent parameters of 50 kV, 70 A, and 500 msec 

have been attained. Ho major failures have 
occurred an<j the naintenance required has been 
niniaal. 

In conjunction «rth 1Q0-A ion source envel­
opment, an 80-kV, 101 - nodulator is presently 
being designed. The adulator will utilize two 
Einac X-2062d vacuum tetrodes connected in 
parallel to realize these parameters. Antici­
pated completion of this project is about 
September 30, 1978. 

A 300-V, 2500-A. dc arc power supply is 
being developed for the KETF upgrade program. 
It will deliver enough arc power for ion sources 
with a grid structure uv to 40 cm and beam 
currents up to 200 A. The isolated deck is 
being redesigned to accommodate larger ion 
sources. The design and construction are under 
way for the upgrade. 

6.6.3 Other Developments 

A power system was designed and constructed 
to operate an MIT ion source. Ther* are simi­
larities to the OPFiL duoPIGatron ion source. 
The wajor differences were in the arc power 
supply and the filament power supply. The arc 
required pulsed 600 V(dc) at 100 A, and the 
filament required 75 V(dc) at 4 A opposed to 
100 V(dc) at 800 A and 12 V(dc) at 200 A, re-

tively. Results of the experiment are 
reported elsewhere. 

A complete HacKenzie i.on source will be 
studied; the power ana control systems have been 
designed and built to operate it. The major 
difference in power requirements from those of a 
duoPIGar.ron is the filament power. The KacKenzie 
source requires 12 V(dc) at 1200 A due to the 
large number of tungsten filaments. The fila­
ments must oe ' .ed at a low temperature, and 
prior to ion extraction they must be pulsed to 
full power. The system is ready for installa­
tion. 

A precel experiment was conducted with the 
PLT ion source to test for improved beam trans­
mission efficiency. A 300-V(dc), 100-A pulsed 
power supply was designed and constructed for 
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connection between trie second anode and trie 
plasma grid. Results indicated a 30 i^prove-
pent in transmission efficiency. 

6.7 VACUUM COMPONENTS DEVELOPMENT 

6.7.1 Introduction 

The objective of the Vacuum Components 
Development (VCD) Program is development end 
construction of integrated high speed (-10-10" 
liters/sec) pumping systems for near-term fusion 
experiments witn applicability to future fuiion 
reactor requirements. Since getters, cryosorp-
tion, and cryocondensation have many comple­
mentary characteristics, it is probable that a 
fusion vacuum system would employ a combination 
of these techniques. Currently the most favor­
able applications appear to be in neutral beam 
injectors, tokamak divertors, ani direct energy 
convertors. These systems ».ill be designed to 
pump hydrogen isotopes, hel'ura, and other con­
taminants as cleanly as possible. Simple and 
rapid regeneration will be provided in antici­
pation of the requirements of machines using 
tritium. Close attention will be give- to 
economical industrial fabrication. 

6 7.2 Performance Tests on AEDC Crvocondensation 
Pumps_ 

Seven cryocon-.'«-nsatiori pumps cooled by 
4.2-K liquir1 helium wer«. fabricated for tha PLT 
injectors (Fig. 6.2) by «rn».!d Engineering 
Development Cer.'.er (AEDC) wrier subcont'act. 
These were designated as types "A" (5 m ' ) , "B" 
(0.5 m " ) , and "C" (2.5 m") and were installed in 
the source tank, drift tube, and HETF target 
tank, respectively. The numbers in parentheses 
give the pump inlet areas. During injector 
system tests at ORNL, the helium consumption per 
pump varied fu 3 to 5 liters/hr, depending on 
operating conditions. Continuous flow hydrogei. 
pumping tests on a "C" pump indicated a maximum 
pumping speed of about ,* x 10'- liters/sec (Ref. 
43) after proper ior, gauge sensitivity correc­
tions were applied, (to evider.ce of pump insta­

bility was observed during high power neutral 
bear, pjlses, »nd topical naximun bean line 
pressures regained in the range cf 10"" Terr. 
Other design and performance details are given 
in ?.ef. -3. 

6.7.3 Seam Line Cryosorption Pur^> 

Construction is proceeding on a large 
cryosorption pun>.p with an inlet area of two 
square meters." The pump (Fig. 6.9) is very 
similar in configuration to the AEDC type "C* 
cryoconder.sation punps, and will be tested in 
the METF target chanter in direct comparison 
with the existing "C" pump. The pwmp is fabri­
cated by Frealibur Corp. of Hal than, Massachu­
setts; delivery is expected in early summer 
1978. The pump panels will be maintained at 
temperatures between 10 and 20 K by 3-atn super­
critical helium gas circulated through a liquid 
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Fig. 6.9. Excallbur 2-mJ cryosorption pump. 



ICO 

helium bath by a room temperature compressor 
coupled to the cold loop through a heat ex­
changer. Design and most of the procurement for 
this loop are complete, and fabrication should 
be finished by the tiite the E-cali^ir pump 
arrives. 

6 7.4 Vacuum Engineering Data Studies 

Engineering data on molecular sieve mate­
rials for cryosorption are being obtained in 
collaboration with the ORNL Chemical Technology 
Division. Sample panels 10 cm in diameter are 
being tested in a Variable Panel/Temperature 
Cryostat (Tig. 6.10' The first tests were 
carried out on a sample of type 5A molecular 
sieve (5-A pores) iu 1.5-pm-deep grooves on a 
stainless steel substrate. A total of 82 five-
minute test runs with hydrogen gas were com­
pleted at panel temperatures ranging from 12 to 
3S> K. No evidence of panel degradation was 
observeo. Figure 6.11 gives average speeds vs 
iressuro it various hydrogen flow rates and 
panel temperatures. It can be seen that the 
highect speeds are obtained at the lowest panel 
temperatjres. The minimum 15-K speed amounts to 
about 2 liters'sec/cm7 at 10"" Torr. This 
rather low vaiue is due to rapid fa 11 off o' the 
pumping speed as material accumulates in the 
surface pore layers and indicates that 5A sieve 
will probably not be acceptable n r fusion 
applications. Some preliminary tests with type 
Na-Y sieve (7-A pores) on a similar stainless 
steel substrave indicate that larger pores give 
an order of magnitude better pumping speed at 
15 K. This sieve will be used on the 2-m? 

Excalibur pump. 
The pumping systems for the divertor and 

main plasma chamber will have to handle gas 
mixtures containing as much as M>% helium pro­
duced by the fusion "burn." Pumping speed tests 
with t D-5« He mixture were performed on a 
molecular sieve 5A panel at 4,2 K.'" T*e 
resuli.s Indicated that the s W e will not pump 
both '̂ ases at once the deuterium plugs the 
sieve pores and the helium accumulates, leading 
to cryogenic runaway. When an intermediate 
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Fig. 6.10. Variable panel/temperature cryostat. 

chevron cooled with 4.2-K helium gas was inter­
posed, pumping speeds comparable to those for 
pure deuterium were obtained. Hence, compound 
pumps having separate stages for each gas com­
ponent will be required for mixed gases. 
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Fig. 6.11. Average pumping speeds for a 5-min run vs 
pressure for a 10-ctn-diam type 5A molecular sieve cryosorption 
panel. 

6.8 PELLET FUELING 
6.8.1 Introduction 

The ORNL pellet fueling program is devel­
oping solid hydrogen pellet injection devices 
for use in pellet-plasma interaction studies. 
The immediate objective is to develop equipment 
which can be applied to contemporary tokamak 
confinement devices in an effort to determine 
empirical pellet fueling criteria. The ultimate 
goal is the realization of a practical device 
that can be used to sustain ignited plasma 
conditions in a tokamak power reactor. The 
status of the various pellet acceleration pro­
grams and results of recent pellet injection 
studies on ISX are reported below. 

6.8.2 Mechanical Pellet Injector Program 

Conceptually, the mechanical injector 
accelerates extruded solid hydroger pellets on 
the surface of a high speed rotating disc to 
speeds approaching 1000 m/sec. H A schematic of 

the prototype device which is nearing completion 
is shown in Fig. 6.12. A continuous stream of 
pellets is formed by the extruder/cutter disc 
mechanism which is situated along the vacuum 
spin tank assembly. These pellets are to be 
injected past the spin tank lid and onto the 
surface of the spinning aluminum arbor. A 
uniquely shaped groove machined in the disc 
surface carries the pellets from the central hub 
regioi to the outer periphery, where they exit 
tangentially with a velocity that is twice as 
large as the arbor trip speed In this way, 
pellets would be fed continuously into the 
tokamak ("rift tube at a rate sufficient to 
sustain the plasma discharge. 

To date, the arbor has been operated 
reliably at the design speed of 470 m/sec. The 
pellet feed mechanism, which is nearing com­
pletion, will be tested separately; if these 
tests are successful, the two systems will be 
combined in the coming yetr to form a prototype 
pellet injector system. 
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pellet ablation scaling laws developed from 
previous pellet injection ex oeri merits.'*7 The 
much deeper penetration, combined with the 
larger mass of the pellets, appears to indicate 
that the plasma density can be efficiently and 
significantly increased without deleterious 
effects on the discharge. Figure 6.13 shows 
typical recorded line average densities during 
pellet injection into high and low density 
discharges. Pellets enter the plasma at 77 
msec, which results in an abrupt increase in 
plasma density. In the high density case, a 30% 
increase is noted; the background density is 
maintained in this example by gas puffing. In 

er~s~~io 
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Fig. 6.12. Mechanical pellet injection system. 

6.8.3 Pneumatic Pellet Injector Program 

A gun type pellet injector has fcien devel­
oped for use in near-term pellet injection 
experiments; it operates on the principle of 
accelerating a frozen hydrogen pellet in a 
miniature gun barrel with pressurized gaseous 
propellant. This device has been operated 
successful 1. in the laboratory at speeds as high 
as 430 m/sec with 0.6-mm-diam cylindrical 
hydrogen pellets. Presently, this device is 
capable of injecting a single pellet during each 
tokamak discharge. In the future, its capa­
bilities will be extended to multiple pellet 
injection for the purpose of sustaining the 
plasma density during the tokamak discharge. 

6.8.4 Pellet Injection Studies on ISX 

Hydrogen pelTets we-e injected into the ISX 
plasma at velocities of 330 m/sec to test the 
pellet ablation dynamic* and to determine the 
K'* -.'.t of abrupt density increases on the plasma 
discharge. Photographs of the discharge indi­
cate that pellets penetrated nominally 12 cm 
Into the plasma, which is in agreement with 

E 

Fig. 6.13. Line average density records 
during pellet injection into ISX-A. (a) typical 
high density case, (b) typical low density case 
(shots 5597 and 5511). 

the low density example, gas puffing was dis­
continued to produce a nominal plasma density of 
7 x lO-Von 1. Introduction of the fresh fuel is 
seen to nearly double the plasma density momen­
tarily. An overall increase in MHO ictivity 
brought about by pellet injection is apparently 
responsible for the decrease in density seen 
after injection. The plasma returns to its 
nominal density in about 20 msec. 

These preliminary results indicate that 
relatively large pellets can be injected into 
the tokamak plasma. If these observations are 
correct, technological requirements based on 
reactor fueling devices will be greatly relieved. 
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Abstxaci. in this year oar efforts Mere focused -
primarily in support of the LCP. and in advanced 
developnent of superconductor. Wc also carried 
out smaller but important design tasks in sup­
port of the TK$, EBT-s, EBT-ll, and EBTR pro­
gram. As a result of our coltacorative efforts 
with coonercial superconductor manufacturers, we 
were able to procure' the first long length of 

-8-T. 10-kA NbTi conductor. A second type wore 
analogous to the GE-LCP conductor is expected 
early in 1978. Three CPFF subcontracts were 
arranged with industry to develop Nb3Sn and 
forced flow conductor. Our small-scale ex­
periments on conductor stability, ac losses, and 
pulse coils, and the theoretical work in support 
of these experiments have contributed to a 
better understanding of the design of conductor 
for TF coils. The instruBe&tation deve' pment 

1. Consultant. 
2. 0CC-H0 Engineering. 
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6. Present address: Intermagnetics General 
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concentrated on testing of strain gages and 
evaluating the previously developed KCOT on a 
real system, ISX-A. New facilities were de­
signed -ind construction initiated to enable us 
to evaluate properly the fun-size conductor 
chosen by the three LCP participants. Capita? 
facilities such as power supplies, ; computer, 
and a large refrigprator/liquefier were re­
ceived. The structural snalysis and 3-D eddy 
current and magnetic field code development 
carried out in support of the ongoing projects 
also provided an extended capability for the 
future. A major effort was expended on getting 
the LCSTF set up. Practice winding of the first 
segment coil was completed and plans were for­
mulated for winding the subsequent coils. The 
project was on schedule for completion (in July 
1978) and within budget at the close of the 
year, but a cut in funds required a hold to be 
put on the project. 

7.1 CONDUCTOR DEVELOPMENT 

7.1.1 Development Contracts 

Three contracts for forced flow conductor 
development were awarded for TF coil work. One 
is with Supercon to develop a forced flow NbTi 
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conductor using the Okonite process for jick-_ 
eting the cable. The sertmd is witii Airco for 
forced flow 35>!i and Nb̂ Sn, concentrating on the 
Nb.Sft asing Airco's fasti-jacketing process. The 
third is Kit* IGC to develop a novel concept for 
NbjSn forced fiow conduct - using two copper 
braid heat exchangers flanking an Nb2Sn braid or 
cable. These contracts were signed in August-
September 1977 ard Mill run into CV 1978. 

7.1.2 Conductors Purchased 

Orders were placed for two 600-m lengths of 
10-fcA, 6-T TF pool boiling conductors. The 
first, consisting of seven parallel compacted 
cables, was received in September 1977. The 
second, similar to the 6E/IGC concept for LCP 
use. is expected early in 1978. In addition 
-250 • of practice conductor, a physical dupli­
cation of the second TF conductor, Mas received 
for use in setting up the winding facility. 
Other conductors purchased and received in 1977 
for test and evaluation were 8000 kA-m of »-T 
conductor suitable for pulse application and 
300 kA-tn of aluminum stabilized conductor. 

7.1.3 Conductors for Tokamak Toroidal 
Field Coils1 

This paper describes six conductors which 
are being developed for use in superconducting 
TF coils of tokarak fusion machines. Included 
are three pool boiling and three forced flow 
concepts. Research and development programs on 
several of the conductors are under way, jointly 
involving 0RNL and conductor manufacturers. 
Conductors will be tested in short lengths and 
in the form of 2.7 x 2.0-m LCS tests. The 
conductor development and testing are closely 
coordinated with the LCP at 0RNL. 

7.2 STABILITY EXPERIMENTS AND THEORY 

7.2.1 Current Transfer in Built-up 
Conductors 

Superconductors carrying 10 kA or more have 
been widely suggested for use in fusion research 
and reactor magnets. Built-up or cable con­
ductors have been proposed in which supercon­
ductor is concentrated in part of the conductor 
or part of the strands while the stabilizer 
occupies the rest. This scheme leads to sub­
stantial savings in manufacturing cost and to 
reduction of ac losses, we have constructed a 
simple theory that predicts a reduction in cold 
end stability by extra heating in resistive 
layers joining stabilizer and composite. Two 
types of conductors were constructed for the 
experimental test. Triplex conductors con­
sisting of either three superconducting wires or 
two superconducting wires plus one copper wire 
were used to simulate cables. Laminated super­
conductor and copper stripe with different 
soldering bonds were used for built-up con­
ductors. Normal zone propagation and recovery 
experiments have been performed and the results 
compared with theory. The predicted decrease 
appears to be small in the cases considered, and 
experimental evidence suggests that the effect 
is even smaller than predicted, i.e., the theory 
is conservative. In fact, other parameters that 
are difficult to control, such as effective heat 
transfer, appear predominant.2 This is an 
important result because it gives the conductor 
designer more freedom to reduce manufacturing 
difficulties, improve conductor performance, and 
reduce ac losses by segregation of composite and 
stabilizer. It also indicates that stringent 
quality control of soldering in built-up con­
ductors is probably not necessary from an 
electrical standpoint. 
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7.2.2 Vapor LocIcing 

Recently Wilson and Halters suggested that 
i t seemed "worthwhile to investigate stagnant 
two-phase cooling." Their suggestion was based 
on the assumption that *gas is free to vent but 
no new liquid enters the zone during the pulse." 
Subsequent experiments by Iwasa et a l . showed 
that in narrow channels the gas did not vent 
freely but expelled liquid instead. Were no new 
liquid to enter and no gas to vent at a l l , the 
helium would then have only about cne-seventh 
the energy absorbing capacity as supposed by 
•tilson and Walters (because of the seven-fold 
volume expansion upon vaporization). For a i l 
practical purposes, heat transfer stops when the 
channel is f i l l e d with vapoi. I f recovery is to 
oc;ur, i t Must occur before this happens. 

The heat delivered to the helium in a 
temperature excursion is the ium of the in i t i a l 
beat pulse that created the normal zone and the 
Joule heat produced during recovery. I f re­
covery is fast , Joule heat production may be 
kept small, and the bulk of the energy absorbing 
capacity of the helium may be devoted to the 
i n i t i a l pulse. Rapid recovery is fostered by a 
large cooled surface such as is typified by 
cable-in-conduit conductors which have been 
proposed for use with supercritical helium in 
forced flow; this work is concerned with the 
recovery processes in such conductors. 

Vapor locking has been observed to l imit 
the s tabi l i ty of superconductors in narrow 
tubular channels. This limitation is consistent 
with an analysis based on reduction of cooled 
surface by vapor formation. In very long 
channels (L/D >- 50) , however, i t was found that 
s tabi l i ty increases. When the superconductor 
inside long sheathed sections recovers from the 
resistive state, i t recovers faster than in open 
section. This is believed to be due to the 
increase of the heat transfer coefficient and 
heat capacity caused by pressure buildup and 
re l i e f Inside the sheath. 1 

7.2.3 Design of Force Cooled Conductors 
for Large Fusion Rig ts 

One of the central problems in designing 
conductors force co-led by supercritical helium) 
is to maintain an adequate s tab i l i t y margin 
while keeping the pumping power tolerably low. 
A nethod has been developed for minimizing the 
pumping power for fixed s tab i l i ty by optimally 
choosing the matrix-tc-superco«ductor and the 
netal-to-helium rat ios. Optimized couductors 
have acceptable pumping power requirements for 
fusion-size magnets. The mass flow and hence 
the pumping losses can be varied through a 
magnet according to the local magnetic f i e l d and 
magnitude of the desired s tab i l i ty man|fn. 
Force cooled conductors also give f l e x i b i l i t y i n 
operation, permitting, for example, higher 
fields to be obtained than original ly intended 
by lowering the helium temperature or increasing 
the pumping power or both. This f l e x i b i l i t y is 
available only i f the pumping power is low to 
begin with. The design method is explained in 
detail (with examples).1' 

7,2.4 The Effect of a Continuous Resistive 
Transition on Self-Field Instabi l i ty 

As transport current increases, composite 
superconductors develop resistance continuously 
rather than discontinuously. This means " M t 
the distribution o f current among the filaments 
in a composite conductor is determined not only 
by their inductive coupling but also by the 
longitudinal resistance they develop as they 
begin to carry current. The current distribution 
has been calculated, taking into account the 
continuous nature of the resistive transition 
for the following two cases: (1) a composite 
clamped suddenly across a constant current 
source, and (2) a composite being charged at a 
uniform rate. Th* results of problem (2) have 
been used fo show that slowly charged conductors 

I 
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•re much "ore stable against self-field insta­
bil i ty than is indicated by purely inductive 
calculations. '-»-

7.3 «c LOSSES AW PULSE COIL MEASUREMENTS 

In CT 1977. the setup, building, and in­
strumentation efforts of the previous year were 
brought to fruition as stability and loss 
results were obtained on a wide variety of 
pulsed coil conductors. 

Stability Measurements early in the year 
were concentrated on the 2000-A cables produced 
in CT 1976. The results show that solder 
f i l l ing does improve cable stability but that 
stability with insulated strands was equal to or 
better than that obtained with bare strands. 
Evidence of additional loss due to impurities or 
superparamagnetisa in the Cu-30? Hi matrix of 
some conductors was also found. Loss measure­
ments v triplex and seven-strand cables demon­
strated thac solder coated cables had essentially 
the same losses as those made with insulated 
strends. Solder fil led cables had much higher 
losses. A iransformer model, which was devised 
to solve the transient losses in normal conductor 
and superconducting corposite, was found to 
describe all the results quite well. Very 
interesting results were obtained in measurements 
of the saturation magnetization of the triplex 
cables, and these have led to a more systematic 
investigation of the influence of superconductor 
distribution within a strand or cable on the 
pulsed loss. This project is coordinated with 
our efforts to produce low cost, low loss, high 
stability cables by incorporating pure copper 

' strands with the composite strands. 

A design study for a fast ramp supercon­
ductor initiated in 1976 at IGC led tc i very 
fruitful collaboration this year. A promising 
"self-ventilating," pancake-wound braid coil 
design has been developed. This design for a 
TNS-size PF coil obtains effective cooling 
without the use of i..*erturn spacers. When 
combined with the high stability, low loss braid 
described below, this f anises to be a viable 
method for winding full-size Pr colls. The 

second result of the OML-IGC collaboration was 
the high Cu:SC "finned" conductor. This design 
provides low loss in strands that are individ­
ually cryostable and which may thus be incorpo­
rated into an insulated braid. A test bil let of 
this conductor was successfully extruded and 
drawn to wire, and fabrication of a full-size 
bi l let was initiated. 

Our plans for 1977 called for fabrication 
of a 300-U test coil to be tested early in 1978 
and the construction of a second such coil 
incorporating state-of-the-art mixed matrix 
conductor by April 1978. Budgetary restrictions 
have made i t impossible to plan for either coil . 
However, based on the successful production of 
the "finned" conductor, i t was decided to pro­
ceed directly to the mixed matrix coil . A shirt 
length (*100 f t ) of 2000-A braid similar in size 
and Cu:SC ratio to that needed for the coil was 
produced, and extensive stability measurements 
were made to determine the proper degree of 
compaction and the detailed coil design. An 
insulation previously not used in superconduc­
tivity (Essex Wire Co. GP-20C) was tested and 
found to have the abrasion resistance necessary 
for braiding. Mechanical design and structural 
analysis of the coil (designated as OKPUS-III) 
have been performed. 

A contract for a 2000-A, 300-V bipolar 
power supply was placed at the beginning of 
FT 1977, and an acceptance test ->f the >upply 
was witnessed at the vendor's plant in Mcvember 
1977. Delivery to Oak Ridge was accomplished in 
December and final checkout will be completed in 
February 1978. 

7.3.1 Losses and Transient Field Effect 
in Superconducting Cables for PF • 
and TF Coils7 

This paper presents results of transient 
loss measurements on some seven-stranJ cable 
conductors. In addition to the filamentary 
coupling In a single composite strand, we have 
observed appreciable interstrand coupling in the 
cables fil led with solder. We also have found 
that the Interstrand coupling depends on the 
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arraignment of the strands. Coupling loss 
results are analyzed in terms of a diffusion 
tine constant associated with the coupling 
mechanism. Deduction of effective resistivity 
is also presented and discussed. 

7.3.2 JUi Apparatus to Examine Pulsed Parallel 
Field Losses in Large Conductors 

Conductors in tokanak TF coils wil* -e 
exposed to pulsed fields both parallel and 
perpendicular to the current direction. These 
conductors will likely be quite high capacity 
(10-20 kA) and therefore probably will be built 
up out of smaller units. He have previously 

-published measurements of losses in conductors 
exposed to a pulsed parallel field, but those 
experiments necessarily us^d monolithic con­
ductors of relatively snail cross section 
because the pulse coil, a torus that surrounded 
the test conductor, was itself snail. Here we 
describe an apparatus that is conceptually 
sinilar but has been scaled up to accept con­
ductors of much larger cross section and current 
capacity. The apparatus consists basically of a 
superconducting torus that contains a rovable 
spool to allow test samples to be wound inside 
without unwinding the torus. Details of appa­
ratus design and capabilities are described, and 
preliminary results from tests oi the apparatus 
and fro* loss Measurements using it are reported 
A novel winding technique usee in the construc­
tion of the pulsed torus is described in Sect. 
7.6.1. 

7.3.3 Superconductors for Tokamak Poloidal 
Field Coils9 

The PF system in a tokamak fusion device 
provides a time varying flux which is used 
initially to break down the plasma and build up 
the plasma current and subsequently to compen­
sate for plasma losses in sustaining the burn. 
Although the coil parameters vary somewhat from 
device to device, maximum fields up to 7 T and 
field sweep rates up to 7 T/sec »re common. 
This combination of maximum field and field 
sweep rate is somewhat beyond the state of the 

art and. when combined with the large size of 
the magnets (stored energy <,10* J ) , presents a 
rather demanding technological challenge. In 
this paper we j.»*sent stability and loss meas­
urements on superconducting cables similar to 
those that could be used in PF coils. A model 
which aids in the interpretation of the loss is 
also presented. 

7.3.4 Fast Kemp Superconductor for Ohmic 
Heating Coils' 0 

The present study was conducted to consider 
practical 10,000-A conductor designs to meet the 
operating constraints for the OH coils of TNS 
and experimental tokamak reactors. The con­
ductor must simultaneously meet the requirements 
for mechanical support, cryostabilization, high 
overall winding current density, low mechanical 
and electrical losses, and mechanical and elec­
trical integrity for cyclic pulsed operation 
from -7 T tc *7 T in 1 sec. 

Our suggested winding is a set of nested 
tubes, each made up of a stack of pancake-wound 
bobbins. Each pancake is cowound of a flat open 
superconductor braid, steel Upe, and Kapton 
insulation. The strands of the braid consist of 
sectored copper regions separated by copper-
nickel and surrounding a mixed matrix copper, 
copper-nickel, and NbTi multifilament core. 
Strands 1,5-mn-diam provide conservative cryo­
stabilization at overall winding current den­
sities adequate for the OH winding of an EPR-1 
or TMS-size coil (vl500 A/cm 2). Eddy c .rrent 
and coupling losses are at acceptable levels, 
and hysteresis losses can be reduced to within 
acceptable limits with 10-ym-diam filaments, 
provided the winding is graded, tube to tube. 
The basic conductor and winding concept can be 
extended to provide conductors of higher cur­
rents. 

A 2000-A model conductor has been fabri­
cated from 0.94-mm-diam strands and tested In a 
reinforced pancake configuration. The measured 
maximum recovery current corresponds to a cur­
rent density of 3500 A/cm2 over the entire coll 
cross section. 
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7.3.5 Mechanical Design of O H M S - H I 1 1 

ORPUS-III is the third in a series of 
pulsed superconducting solenoids bui l t to test 
construction techniques applicable to tokamafc PF 
co i ls . The present coi l is designed to be 
charged to 2 maximum f ie ld of 7 T in I sec, and 
Stored energy is approximately 300 U . The 
conductor is a Ugh copper-superconductor ra t io , 
nixed matrix material developed for this appl i ­
cation. In this paper we present a mechanical 
design whicn uses distributed reinforcene.it to 
support a self-venti lat ing braid conducr 

Using this design, i t has been possible u> 
obtain a high overall current density and a ION 
heat flux in a fu l ly normal zone. In order for 
the stress to be kept within acceptable l imits 
in the reinforcing Material , a progi w—id 
winding tension schedule has been calculated. 
The deflection, stress, and strain of the 
windings are predicted using the STARS*I-II 
computer code. 

7.4 IHSTR'JMENTATIOK AMD DATA A W > a i « l 

A snail-scale e f for t in testing instrumen­
tation for magnet testing in LCSTF and LCPTF 
continued through 1977. In addition, a data 
acquisition system for coil testing (based on a 
PDP 11/60 minicomputer) was designed and pur­
chase-], and work on software development was 
begun. 

Platinum-tungsten strain gages were tested 
in fields up to 7.5 T and were found tc have an 
acceptably low magnetoresistance; th is , together 
with tneir low temperature coefficient of re­
sistance, makes them good candidates for magnet 
strain measurement. 

A second prototype voltage tap signal 
conditioning uni t , capable of amplifying and 
compensating inductive signal components In 
m i l l i / o U signals superimposed on a 2000-V 
common mode background, was breadbcarded and 
bench tested. The f i r s t prototype has unaccept-
ably large phase shif ts. 

A double shielded transformer isolation 
scheme for strain gages and other transducers on 
or near high potential surfaces ( i . e . . the 
windings of an LCP magnet during a quench) was 
under development in 1977. The system is 
designed for use with stranded carrier ampli­
f i e r s . 

Deflection measurements were made on three 
of the TF coils of IS ! during the magnet system 
test using two devices developed in the magnet 
program. The measured deflections agreed well 
with the values predicted by f i n i t e element 
stress analysis. 

Final ly , a significant part of the instru­
mentation effort was dedicated to monitoring and 
review of the instrumentation efforts o f the 
three large coil contractors. 

7.5 LARGE COIL SEGMENT 

7.5.1 Test Faci l i ty 

LCSTF is a fac i l i t y for testing supercon­
ducting "segment coils" - coils nearly as large 
in diameter as the coil for LCP and with the 
same transport current (10-15 kA). but with 
approximately one-tenth of the cross section and 
less than one-tenth as much superconductor. 
Since the se l f - f ie ld of the segment coils is low 
(about 1 T ) , four superconducting niobium-tin, 
tape-wound coils salvaged from the IMP fac i l i t y 
are used to produce a maximum total f ie ld of 
7.5 T over a 60-cm length of the test coil 
windings. In addition to the background coil 
and support structure, the f a c i l i t y includes a 
large vacuum chamber (the old ORMAK vacuum 
vessel with un i f i ca t ions ) , vacuum pumps and 
valves, l iquid helium and nitrogen supply l ines , 
an LN2-cooled cold wa l l , vapor-cooled current 
leads, buswork, dump circui ts , a diagnostic ano~ 
control system, and miscellaneous u t i l i t i e s . 

At the end of November 1977, the project 
was placed on a hold status because of lack of 
funding. At this time, costs were within 
projected levels, and the project was on schedule 

http://reinforcene.it
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for a completion date of July 1978. Construction 
for various parts of LCSTF was in various states 
of concletion; overall, about 95° of the engi­
neering design was finished aid approximately 
205 of the fabrication was complete. Kajor 
procurement for LCSTF was about 25* complete. 

The revised schedule for LCSTF, assisting 
that work on the project resumes at the start of 
FT 1979, calls for completion in June 1979. 

7.5.2 Seqaent Fabrication 

The bobbin for the first coil was fabri­
cated and delivered along with the balance of 
the steel case, which will be welded to font the 
entire coil case after winding. Insulation 
saterial, epoxy fiberglass. <apton, and epoxy 
were purchased and received. Detail design of 
the first coil, incUding instrumentation, was 
completed. Practice winding, including insula­
tion insertion, was initiated. 

7.5.3 Design of a 3-m. 7.5-T Superconducting 
Segaent Test Facility;-

The- design of a test facility for so-called 
segment coils is described. The segments are 
D- or oval-shaped test coils, up to 3 m in major 
diameter, and can h«sve a maxiimxn winding cross 
section of K-cm axial length and 30-cm radial 
build, which is approximately one-tenth that of 
a coil for LCP. A background field of 6 T, 
which when added to the 1.5 T available from the 
segment self-field yields a peak total field of 
7.5 T in the segment, is produced by a set of 
niobium-tin, tape-wound dipole magnets mounted 
on either side of the test segment and cooled 
with boiling helium. The high field region is 
approximately 30 O H i- h.ngth and is centered in 
the straight or largest radius portion of the 
test coil. The test cot] and background field 
oils are suspended with a hor'jontal axis 
orientation in a vacuum vessel with a liquid 
nitrogen-cooled liner to provide thermal iso­
lation. 

The first segment coil to be tested in the 
facility will be wounj frora a cryostable con­
ductor rated at IC kA at S T and will be cooled 
by boiling heliun. Sihen combined with a helium 
pocp loop, the facility is designed to provide 
essential design data on the stability of high 
current (10-15 kA) conductors of the LCP-TH5 
generation in an environment which simulates the 
cryogenics and heat transfer aspects of a 
tokanak TF coil (including horizontal axis, long 
cooling channels, transverse convection effects, 
and asy&Metric field distribution). 

The magnetic analysis, facility descrip­
tion, and structural, cryogenic, instrumentation 
and control, power supply, and coil protection 
systems designs are described. 

1.6 COIL FABP.ICATIOK DEVELOPMENT 

Sv-e tin* tsas spent in the early part of 
the year relocating the large coil winding 
facility in the large bay area of Bldg. 9204-'. 
Alterations and additions were made in some cf 
the equipment to improve its performance. Three 
typos of conductor have been used for practice 
winding on Q-shaped bobbins. One conductor with 
square copper strands, spiral wrapped around a 
he>.vy stainless steel ribbon, almost exactly 
duplicates the superconductor to be used in the 
first LCS coil. The design and winding tech­
niques are substantially in hand for winding the 
LCS coil when the superconductor arrives. 
Subsequent LCS coils will have jackets wrapped 
around them jitd be cooled oy forced flow. 

In oth*r coil development work, several 
small test coils were fabricated for pulsed coil 
investigations and conductor stability experi­
ments. Also a spliceless pancake winding scheme 
was demonstrated by fabricating a four-pancake 
prototype coil. Pancake-wound coils have 
certain fabrication advantages over layer-wound 
coils if numerous splices can be avoided. They 
may also withstand magnetic forces well, and for 
some applications cooling methods may be better 
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and m r e reliable. Parts for winding a 10-
pancake coil (76-UB bore) have been made and *n 
ready to wind. 

Sane coil winding innovations developed at 
ORNL are attractive to the LCP contractors. 
General Electric plans to fabricate its coil 
using almost the «me kind of equipment that was 
developed for winding the LCS coils. The con­
ductor, insulations, and design of their windings 
can hardly be distinguished from the first LCS 
coil. Uestinghouse has wound a snail prototype 
D-shaped coil that demonstrates the feasibility 
of the spliceless winding netted using its Nb.Sn 
conductor. Also, a suggestion for simplifying 
and reducing the expense of fabricating end-of-
layer splices will probably be adopted by 
General Dynamics. 

7.6.1 Superconducting Coil Fabrication 
Development at O W L 1 3 

Superconducting coils may be essential for 
Minimizing power consumption in very large 
magnet systems. In fusion devices, the require­
ments vary over a wide range. Some coils will 
be operated at steady state and will have un-
symmetrical shapes, while other coils will be 
pulsed. Furthermore, many test coils will be 
needed for experimental purposes. 

A large coil winding facility (>2-m 00) is 
devoted to developing equipment for winding 
steady-state TF coils having D or oval shapes. 
Some activities for this facility are discussed. 

Hovel techniques have been developed for 
winding spliceless pancakes that may have 
immediate applications for pulsed PF coils. The 
concept is also applicable for many other coils, 
including room temperature coils and coils with 
odd shapes. 

Also, a unique method of winding small TF 
fsc coils has been developed. This method of 
winding suggests possibilities for remote 
winding of coils, which may be useful In fusion 
devices. 

In all superconducting coils, the windings 
must be securely supported against magnetic 
forces and conductor motion that could cause 

frictioMi heating. It is important that suf­
ficient space be reserved to maintain adequate 
liquid helium cooling, ft bonus for any coil is 
to keep the number of Splices to a minimum. The 
selection of suitable superconductors an< struc­
tural materials is a continuing concern, but 
the emphasis of this work is on the de/elopment 
of fabrication methods. 

7.7 CRT06ENICS AND REFRIGERATION 

7.7.1 Helijm Liquefier and Refrigerator 

The 3.5-K helium refrigerator/liquefier is 
being purchased to supply helium coolant in 
supoort of the LCPTF, the LCSTF, and other 
experiments where the use of a closed cycle 
helium refrigerator is cost effective. The 
refrigerator has a nominal capacity of 866 W and 
125 liters/hr of LHe at 3.5 K. 

All components of hardwire have been 
delivered to ORNL including tie helium com­
pressor, the coldbox, the control panel, and all 
spare parts for the compressor and the gas 
bearing expansion turbine. All detailed designs 
for construction have been completed by the 
architect-engineer, approved by UCC-ND. 

7.7.2 Helium Pump Development 

The LCPTF requires a method to pump helium 
through the magnets cooled by the forced flow of 
supercritical subcooled helium. The use of a 
cold helium pump is the preferred method of 
force flowing the helium through the coils. A 
single-stage, preprototypical piston pump has 
been obtained from Gardner Cryogenics Company 
for test and evaluation purposes. This pump has 
a variable flow capacity of from "A to 20 g/sec 
and can develop a head of -Ji atm. The unit is 
designed to pump single-phase supercritical and 
subcooied helium with a suction pressure >2.5 atm. 
A pump test assembly has been designed for 
costing purposes. The loop is designed to 
operate either as a closed loop isolated from 
the refrigerator by >i helium bciler or as part 
of the refrigerator circulating system. The 



153 

loop will contain a calorimeter for flow cali­
bration of the pump and of flow meters for LCPTF 
that are located in series with the pump flow. 
Heat exchangers, themocouplers, and pressure 
transducers will be located to permit measure-
Kent of mass pump efficiency. 

7.7.3 The Helium Liquefier-Refriqerator 
and Distribution System for the 
Large Ceil Program Test Facility1'' 

The LCP has tne objectives of obtaining and 
testing superconducting magnets of a size and in 
an environment that demonstrate feasibility of 
application for TNS. These magnets are to be in 
a toroidal array which may include from one to 
six magnets and are to be cooled by either pool 
boiling or forced convection of helium. The 
toroidal array w.ill be housed in a large vacuum 
vessel measuring about 11 m in diameter and 11 m 
high. The magnets will be mouified C-shaped 
coils and will have a bore of 2.5 by 2.5 m. 

The program objectives require a versatile 
and sophisticated liquid helium supply and 
cryogenic distribution syst?* to .neet ?h» test 
requirements. The liquid helium supply system 
consists of a high pressure gas storage system; a 
1050-kW, two stage compressor; a refrigerator 
loldbox capable of delivering helium at two 
thermodynamic states; and a 19,000-liter helium 
storage dewar with the associated piping and 
controls. The refrigerator built by CTI is 
designed to supply the experimental load with 
either supercritical helium at temperatures to 
i3.5 K or as saturated liquid down to ̂ 3.5 K. 
The compressor system is an oil-flooded rotary 
screw unit capable of operating to 0.5-atm 
suction pressure. The first and second compres­
sion stage sizes are 300 kU and 750 kW, respec­
tively, and they may be used either independently 
or in tandem. The features of the refrigerator-
liquefier are described in this p?oer. The 
features of the helium distribution system and 
cryogenic systems a-e described in Sect. 7.7.4. 

7.7.4 The Helium Distribution System 
for the Large Coil Program Test 
Facility (LCPTF)* 5 

The helium distribution system of the large 
Coil Program Test Facility is designed to estab­
lish and maintain the thermal environment of the 
toroidal array of superconducting magnets 
throughout t Ke initial test and evaluation period 
of the test program. 

The refrigeration and liquefaction require­
ments for the LCPTF will be discussed including 
both the usual cooldown, lead cooling, thermal 
conduction and radiation and Joule heatinj 
losses, and the unusual losses due to simulated 
nuclear heating, magnetic coupling losses due to 
the transient fields of the driving magnets, and 
pumping losses due to fluid resistance and pump 
inefficiency. 

The flow system is designed with separate 
cooldown and steady-state flow systems, and to 
simultaneously circulate helium under steady-
state conditions through coils cooled by boiling 
liquid or supercritical helium at -v4.0 K and 
>2.5-atm pressure. Separate helium storage 
dewars are utilized for vapor cooling of the 
current leads to the magnets, with the effluent 
gas being stored after compression in high 
pressure storage tanks. The flow diagram will be 
presented in simplified form to show the salient 
features of the cryogenic system. 

7.8 STRUCTURAL ANALYSIS AND MATERIAL EVALUATION 

7.8.1 Material Evaluation 

The first experimental phase of investiga­
tion to determine the effect of irradiation 
damage on organic electrical insulators at liquid 
helium temperatures has been completed. 

Involvement continued in support of local 
projects such as LCP and LCS in selecting appro­
priate materials and fabrication technology. 
Participation in external liaison activities for 
OFE such as the D0E/0FE Task Group on Special 
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Purpose Materials continued, along with an 
expanded irvolvement with NBS (Bolder, Colorado) 
in their work for HOt/OFE. 

Mechanical testing t;a; rierfurmeo on the 
behavior of the superconcuctur to be used in the 
ORPOS-III pulse coil experiment, and preparation 
was marie to test ti.S/LCP prototype conductors. 

Interactions Between Conductor Strain and 
Otr-»- Magnet System Design Parameters'6 

A simple closr.-d form electromechanical 
analysis of a fF voil is used to calculate 
current density in the conductor plus coolant 
(J ) and fraction of che cross section allotted con 
to structure U s t ) as functions of important 
machine parameters, including the Young's modulus 
of the structural mateiial, allowable elastic 
strain, system aspect ratio, major radius, and 
maximum field. The analysis is used to assess 
trade-offs between cs.-:duct'>r strain and other 
machine parameters and to identify ways in which 
strain tolerant superconducv. can increase 
flexibility in the system as a whole. Both J 
and * are regarded as figures indicoting 
feasibility of a particular set of macnet param­
eters In particular, high strain conductors 
allow the use of less stiff structural materials 
(aluminum alloys rather than stainless steei, for 
example). High strain conductors also signifi­
cantly impact attainable field and usable aspect 
ratio. The analysis allows straightforward 
calrulations of the manner in which the system is 
affected when parameter?, are varied. 

Mechan.cal Characterization of Selected 
Adhesives and Bulk rtaterials at Liquid 
Nitrogen and Room Temperatures 1 7 

This paper presents the results of a series 
of mechinlcal tests on selected adhesive-; and 
bulk materials. The materials tested are of 
general interest to designers of magnets for 
cryogenic service and include several epoxies, a 
varnish, a B-stage qla'.s cloth, insulation 
"ipers, and nmercially available fiber rein­

forced composites. These tests were performed at 
room temper';.'ire'(293 K) anJ it liquid nitrogen 

'emperatjre (77 K) and include both simple 
tension tests and lap shear Usts with various 
adherends. The parameters criti. tl to tensile or 
bond strength wer^ varied as part of the test 
program. The procedures used to manufacture end 
test these -pecimeni and the results of the tests 
are reportea In this paper. 

7.8.2 Structural Analysis 

Much work has been previously reported on 
the "best" shape for TF coils for tokamaks. 
W. H. Gray has derived a new coil shape based on 
a shell approach. The resulting coil shape 
approaches a circle quite closely for aspect 
ratios currently under consideration. This 
concept would re ult in a very efficient Struc­
ture for the resi"ance of out-of-plane loading 
f TF coils. Additional investigations of this 

concept are being planned. 
As part uf the joint U.S.A./U.S.S.R. scien­

tific exchange in fusion, a 'f-ies of calcula­
tions was made on the TF coils for the U.S.S.R. 
T-lOf. over a period of three weeks. The ORNL 
staff interacted with Drs. Churakov and Klimenko 
to produce results for circular and oval TF coils 
under normal and perturbed field conditions. 
During a similar exchange, T. E. Shannon of ORNL 
Engineering was told while in the U.S.S.R. that 
the work done by ORNL was highly appreciated and 
quite useful. 

A new approach was developed for the anal­
ysis of magnetoelastic stability. The meth­
odology developed results in a force/deflection 
relationship much like an ordinary stiffness 
matrix in the finite element method. Work wis 
started to implement this approach into an 
analysis code. 

Bendir^j Free Toroidal ..She.UA. for__Tokamak_ 
Fusion Reac. tors' * 

Several authors have suggested novel shape 
for the TF coils of a tokamak fusion reactor. 
Collectively, those magnet snapes have become 
referred to A- the "Princeton D-coil." Thi', coil 
shape can t><; derived by assuming that for a tMn 
conductor to be in a state of "pure tension," its 

http://She.UA
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radius of curvature must be proportional to the 
toroidal radius. A principal disadvantage of 
this derivation is that out-of-plane support, a 
necessary feature in the design of a tokamak 
fusion roactor, *s neglected. 

In this paper, a derivation of a bending 
free toruHal shell for a tokamak fusion reactor 
is presented. The out-of-plane structure is 
considered to be an integral part of the fusion 
reactor, and therefore its shape is optimized to 
produce a bending free stress distribution. This 
shape, which is nearly circular for asoect ratios 
greater than 2.5, is derived by solving the 
eqiilibrium, constitutive, and kinematic re­
lationships for a uniform toroidal membrane. 
This wjnbrane is subjected to a magnetic pressure 
which is inversely proportional to the square of 
the toroidal radius. A comparison between this 
bending free shape and the D-shape is presented. 

A Preliminary Structural Analysis of the 
Toroidal Field Coils for T-IOH1"' 

A structural analysi: of the T-10K tokamak 
TF coil system ha^ been performed Two TF coil 
shapes were proposed, one oval and the other 
circular. Each TF coil system is (.opposed of 
24 coils. The oval TF coil system has a 2.4-m 
major radius with a minor bore diameter of 
2.15 m and a major bore diameter of 3.23 m. The 
circular TF coil system has a i.5-m major radius 
with a 2.2-m bore diameter. The cross sections 
of both TF coil shapes have rectangular dimen­
sions Of 0.4 x 0.26 m with A 0.36- x 0.22-m 
winding cavity Symmetrically placed within the 
cross section. The current or each coil is 
1.75 MA. Either geometry produces i magnetic 
field of 3.5 T on axis, 2.4 m from the machine 
center line. 

This study (a part of the joint U.S.A./ 
U.S.S.R. scientific exchange) reports the 
results of a cooperative investigation to de­
termine whicn TF coil shape operates in a 
minimum stress configuration. The scope of the 
analysis covers only the in-plane force distri­
bution produced by the magnetic field. 

Based upon the preceding conditions, the 
oval TF coil shape appears to be superior to the 
circular. Further, the oval TF coil shape in 
its present design has a significant safety 
margin between working and yield stress under 
normal operating conditions. The circular 
design, however, is less sensitive to magnetic 
field perturbations which may be encountered '"n 
proof testing. 

Haqnetoelastic Energy Calculations 
for Fi..ite Element Analysis 
of Superconductors2'"' 

It has been shown that the high current 
density and magnetic flux density associated 
with superconductors can make the magnetoelastic 
energy a significant portion of the total energy 
in a structural system. The present work offers 
a procedure for evaluating this magnetoelastic 
energy for use in the f-nite element analysis of 
the Structural dynamics and stability of the 
superconductor. A simple, special case of the 
element matrices is illustrated. 

Finite Element Stress Analysis 
of Qrthotropic Solenoids-'' 

The mechanical behavior of superconducting 
magnets deviates from isotropy due to their 
construction techniques, which involve the 
layering of superconductor, insulation, and 
sometimes structural reinforcement within the 
windings. This paper describes a finite element 
»Lress analysis which has been extended to 
consider the effects of orthotopic material 
properties, as well as differential thermal 
contraction and spatially varying magnetic body 
forces. The procedure if applicable to all 
arbitrarily si.aped axisymmetric magnets. A 
comparison between the finite element stress 
analysis and in analytical solution for a ro-
tationally t.ansversely isotropic solenoid is 
presented, flood agreement is obtained within 
tne limits of the analytical solution. 
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7.8.3 Support Calculations 

Personnel and equipment were made available 
during the check-out poase of ISX-A to ascertain 
the agreement between predicted and actual 
mechanical behavior due to electromagnetic 
loads. The close interaction between the ex­
periment operators and Magnetics and Supercon­
ductivity Section personnel with support from 
ORNL En̂ ineerir..- was instrumental in the rapid 
startup of this tokamak. 

The existence of the iron yoke in the ohmic 
hec'fng circuit of 1SX results in appreciable 
contributions to the magnetic fields, and cal­
culations using the ORNL version of RHEL's 
GFUN-3D were made to evaluate this effect. Both 
static and transient experimental data were 
gathered for comparison purposes. In the course 
of these comparisons the effect of grain orien­
tation in the iron laminations was identified. 
In recognition of the limitations of the va­
lidity of the GFUN-3D results for this type of 
problem, work was begun to establish a tran-
sient/anisotropit saturable material analysis 
capability. 

Detailed structural analysis was performed 
on the LCS background coil support structure and 
LCS coil case. 

A number of contractor reviews were attended 
and documents reviewed in thi' project. Section 
staff assisted ii the decision making activity 
of the Large Coil Program and performed analyses 
of the effects of fringe fields en ferromagnetic 
materials in the vacinity of the LCP facility. 

Magnetic Field Computations for ISX 
Using SFUN-3D/2 

This paper presents a comparison betweer 
measured magnetic fields and the magnetic fields 
calculated by the three-dimensional computer 
program 6FUN-3D for ISX. Several iron models 
are considered, ranging in sophistication from 
50 to 222 tetrahedra Iron elements. The effects 
of air gaps and the efforts made to simulate 
effects of grain orientation and packing factor 
are detailed. The results obtained are compared 

with the Measured magnetic fields, and expla­
nations are presented to account for the vari­
ations which occur. 

Structural Analysis of the Larq? Coil 
Segment Test2 5 

The purpose of the LCS tes* is to verify 
that the present knowledge of superconducting 
composite conductors is adequate for designing 
the large coils which are proposed for future 
tokamak fusion reactors. Background coils will 
be used to i-npose high magnetic fields locally 
on a test coil to simulate the external fields 
expected in a TF coil configuration. Due to 
offset centerlines between the LCS and the 
background coil, large magnetic forces will be 
produced and tend to pull the background coils 
toward the test coil centerline. 

The purpose of this study was to predict 
these loads, resulting displacements, and 
stresses in tie LCS »nd background coil support 
structure, anr thus co ensure that an adequate 
margin of safety is provided in each structure. 
Prediction • f these displacements and stress 
patterns is particularly important since these 
parameters will be monitored during the test and 
used as criteria for higher levels of testing 
(i.e., before applying full current, measured 
stress at lower levels must correlate with 
predictions). 

7.9 EDOY CURRENT CALCULATIONS 

A package of 3-0 eddy current code was 
developed with the capability to handle calcu­
lations of pulse coils with arbitrary coil shape 
and waveform. 

The existence of a surface barrier In a 
conductor significantly modifies tha flow 
pattern of eddy currents. This surface effect 
is determined by solving a singular 3-0 Laplace 
equation with Neumann boundary condition. 

A local field code has been modified to 
Include calculation of vector potential due to 
circular arc and straight conductors of ract-
angular cross section. One application was to 
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estimate the eddy current-induced lnss and 
Mechanical loadings in the TNS vacuum tank due 
to the simultaneous discharge of three TNS 
coils. 

The eddy current code development last year 
far thin plates Mas limited to the pulse field 
of a ramped dipole. This code has also been 
update*? to handle a field due to coils of 
arbitrary shape and pulse waveform. 

7.9.1 A Perturbation-Polynomial Expansion 
Formulation of 3-D Eddy Current 
Problems/'* 

A pulsed magnetic field is required in 
tokamak fusion machines, but eddy currents 
produced by the pulsed field may produce un­
desirable effects {e.g., in the mechanical 
loading of the vacuum vessel, heating in the 
magnet and structure, and field ripple in the 
plasma region). A method was developed earlier 
to calculate the eddy curre-it produced in a thin 
Object by the linear ramping of a magnetic 
dipole. We report here extension of the method 
to calculate the eddy current induced in three-
dimensional objec's and by pulse coils of gen­
eral shape. Examples are given. 

7.10 DESIGN PROJECTS 

7.10.1 EBTR 

EBTR magnets are designed to be cryostable 
and consistent with present arw near-term tech­
nology. The emphasis in this year's EbTR magnet 
design was in optimization, improvements, and 
more detailed design. Some highlights of the 
design are listed below. 

Without violating the plasma constraints, 
the .oil dimension hjs been optimized to give 
the maximum access space between coils. This 
eases the problem of remote handling, divertor 
design, and diagnostics. The axial length of 
each coil \r, now reduced to 2.1 tr. 

Conductors are made of monolithic multi-
filamentary NbTi composite with built-up copper 

strips. More copper and snorter slot size are 
used in the strip to improve cryostability and 
mechanical stability. The peak compressive 
stress in the winding is now reduced to 7.6 ksi. 

Magnets are circular coils made of tightly 
wound pancakes with pool boiling cooling. A 
fabrication procedure for coil winding and the 
attachment of electrical leads and cryogenic 
piping has been worked out. A detailed stress 
profile was also computed. Peak stress and 
strain in the winding are respectively 19.7 ksi 
and CUT., both of which are within the design 
limit of mate-ials used. 

The cryogenic load is increased to 63.4 kW 
at 4.2 K (31.7 MW at 300 K), mainly due to the 
new eccentric shield design and the large con­
duction surface area structure support. The 
vapor-cooled lead loss is, however, <ignifi-
caully reduced by avoiding coil segmenution. 

A flexible electrical connection scheme was 
adopted. Coils are discharged in different ways 
according to whether the discharge is normal, a 
quench, or a lead/conductor failure. The out-
of-plane load during quench is minimized by 
reconnecting coils via switching into groups 
which interleave wit'., each other. 

Toroidal Magnet System Conceptual Deign 
for the ELHQ Bumpy Torus Reactor 2 5 

The EBTR is a fusion reactor device based 
on the concept of toroidally linked mirrors. To 
minimize engineering uncertainties, the EBTR 
superconducting magnet system is designed so 
that it could be built with existing or near-
term technology. The design uses identical 
coils in standard modules, thus facilitating 
commercialization. The reference design uses 48 
modules and produces 4000 MW(th). 

Each of the 48 TF coils has an inner radius 
of 2.95 m, axial length of 2.6 m, and current 
density in the winding of 1.5 kA/cm2. The coils 
produce a peak field of 4.5 T along the plasma 
center line, a mirror ratio of 1.8, and a peak 
field in the winding of 7.3 T. All coils are 



circular in shape, with Dancake-wound construc­
tion and natural convection pool boiling cooling. 
EfiTS is expected to operate in steady state, and 
the TF coils are not exposed to pui.ed f ie lds. 

Cryostability of the magnet is achieved by 
building up monolithic multifilamentary NbTi 
composite with forr*d copper strips. The copper 
strips are punched with slots to increase "he 
wetted surface area and to iinprove coolant 
circulation. A high aerating current (25 kA) 
was chosen to hold the terminal voltage during 
•"scharje to 2 k.V, aid four conductors tre wound 
in parallel to maintain a reasonably ssell 
conductor and large heat transfer surface. The 
four conductors are interleaved in a spiral 
fashion such that inductances are equalized and 
the total current is evenly di/ided between 
conductors. The design provides 35" helium 
space, interconnected hel i i« passages with a 
minimum cross-sectional dimei.;''*" of 0.25 cm, 
and a surface heat flux of 0.14 If/cm* when the 
entire current is in the stabi l izer. Quench 
detection is based on voltage taps, with pickup 
coils on the current leads of a l l power supplies 
to compensate the inductive voltages and leave 
only the resistive component. Eight consecutive 
magnets are charged with a single power supply. 
Each coil is individually protected by an ex­
ternal dump resistor, which is switched into the 
circuit on the detection of a quench in any 
c o i l . 

7.10.2 TNS 

In the ORNL/Westinghouse TNS effort, our 
role was to provide program guidance and con­
sultation and to review the technical work done 
at Westinghouse. In addition to this, the work 
on iron cores for large tokamak devices was 
begun as an alternative to the air rore systems 
used in most large-scale tokamak studies. It 
appears at this time that the iron core system 
will allow design simplification and reduce the 
power requirements for the poloidal systems. 

A Comparison Between in Air Core 
and an Iron Core Ohsic Heating 
System for The ,'Jext Step^'-

Conceptual studies of EPa- and TNS tokaraak 
cevices dive shown that air core poloidal coil 
Systems are expensive and ray require the 
development of large superconducting pu'so 
nagnets; development of reliable, lo-. c»>it, high 
power switches; and power supply options in 
addition to large SCR systems. These studies 
indicate that a considerable fraction of the 
total capital cost of the device will be in the 
power supplies and magnets of the poloidal coil 
system. The high cost of these systems is due 
•.o the very large power required to initiate the 
plasma and the smaller, but still large, power 
required in the OH system to establish plasma 
current. There is considerable work being done 
on w ternative ways to initiate the plasma with 
lower power requirements, such as sm* . radius 
startup, closely coupled equilibrium coiK and 
microwave heating. This paper considers ini­
tiating the plasma with a M'gh voltage induced 
by the OH system. 

Another way to reduce the required power 
that ray be used with all of the options just 
mentioned is to use an iron core that forms 
a complete magnetic circuit around the plasma. 
Smaller tokamak devices such as ORMAK, ISX, and 
TEXT use an iron core to improve the coupling 
between the plasma and the PF magnets, and a 
saturated iron core is proposed for JET. The 
FCT concepts put forward ay ORNL allow devices 
to be built with aspect ratios on the order of 
four to five, which leaves considerable space in 
the bore of the device for an iron core to be 
operated in a less saturated state than in the 
JET proposal. 

The purpose of this paper is tr compar; the 
costs of the major components of <n air core and 
iron core OH system. The comparison will be 
done for the OH system by replacing the air core 
OH magnets with a set of magnets to operate an 
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iron core. SoUi a i r and iron core systems " i l l 
be operated in the same node, i . e . , they wi l l be 
required to supply the same volt-seconds or. the 
saae schedule and wi l l use the sane equilibrium 
f ie ld coil system. (The comparison is not 
between two optimized systems but between two 
systt s which d i f fe r only in the type of OH 
system they use.) The comparison wi l l be made 
on the basis of the peak powe.~ required in the 
OH power supply circuits necessary for i n i t i ­
ation of the plasma and on the basis of the peak 
stored magnetic energy. 

restricted access to the machine because of the 
presence of the ARE co i ls , and more complicated 
rachine assembly; furthermore, i f the ARE coils 
are resistive, their design w i l l be limited by 
their power consumption and there w i l l be a 
requirement to restrain w m e t i c forces between 
coils at cryogenic and r temperatures. 

The coil parameters for one version are 
l isted in Table 7.1 and the refrigeration loads 
in Table 7.2. A more complete description o( 
EBT-Il is presented eUewhe-e in this annual 
report. 

7.10.3 EBT-S 

It is desired to test the effect on the 
plasma of changing the torus aspect ratio of the 
existing EBT-S machine without changing the 
major radius. This can be simulated by adding a 
set of ARE coils. By adjusting the current in 
the ARE coils, one can change the field config­
uration and thus the apparent aspect ratio of 
the torus, although the design options are 
restricted because EBT was constructed before 
the ARE coil concept was conceived. Several 
arrangements and shapes ~ r magnets have been 
investigate : and the most promising one chosen. 
The magnetic design of a pair of copper canted 
ARE coils v.iide each of the 24 microwave 
cavities is nearing completion, but problems of 
spatial interference still exist. 

7.10.4 EBT-II , EBT-IIA 

The mirror coil magnetic design was done 
for several EBT-II models as the requirements 
were refined. Several months ago the magnetic 
design had been modified so that the mirror 
coils ippeared to be just within the state of 
the a r t for superconducting solenoids. Now 
CST-II is to have ARE coils and have i ts name 
changed to EBT-IM. This magnet system composed 
of both mirror and ARE coils appears to be much 
more d i f f i c u l t , and the entire magnet system is 
being reconsidered. The new problems include 
asymmetric loading on the mirror coi ls , jreater 
d i f f icu l ty In reducing f ield errors to a minimum. 

Table 7.1. EBT-II magnet dimensions 

Number of coils {*} 48 
Major radius of torus (R ) 4.88 m 
Wrror ratio (HR) 2.249 
Magnet coil inner radius (A]) 0.176 m 
Magnet coil outer radius (A 2) 0.275 m 
Tout coil width (B) 0.213 m 
Current ( I ) 1500 A 
Current density (J) 9500 A/cm2 

Table 7.2. Suwary of EBT-II refrigeration 
requirements 

liquefaction requirement 

Lead cooling (4.2-300 K) 202 liters/hr 

Refrigeration required at 3.5-K helium (H) 

Joint resistance (3 per coil) i«4 
Thermal radiation (pipes and 

valves) 400 
damn radiatio.. losses 50 
S " '.tural supports 35 
Instrument leads 30 

v520 W 
Including 50* contingency, 300 liters/hr 

refrigeration load is 750 W 

Nitrogen requirements (steady state) 

Cold wall temperature cooling 

Conduction losses 

760 W (19 
Hters/hr) 

..efrfgerator orecooling 
Total LN? usage with con­

tingency 

240 W 
(6 liters/hr) 

(487 lltrrs/hr) 



160 

7.10.5 Large Coil Program 

The Large Coil Program was established by 
DHFE early >n 1976 as the central element of the 
U.S. program for the development of supercon­
ducting toroidal magnets for tokamaks. The 
objectives and rationale of the LCP are de­
scribed briefly in last year's annual report 5 7 

and more fully in the Ptan $01 Cfce Lcuigz CoiJL 
Piwqxam.''- In 1977 the program contracted with 
three industrial teams to design and constiuct 
three different tokamak-relevant test coils. 
These will be assembled (with three coils to be 
procured later) in the Large Coil Test Facility 
at ORNL and fully tested to determine and demon­
strate their operational characteristics. With 
the exception of plasma effects, every aspect of 
the tokamak TF coils and their environment will 
be either reproduced, approximated, or simu­
lated. 

Requirements for the test coils, based 
originally on EPR studies and later on TNS 
studies at ORNL and elsewhere, were incorporated 
in technical specifications that were issued in 
January 1978. The first column of Table 7.3 
listf major items of interest for TNS coils. 
The second shows the consensus values of these 
parameters where the various THS studies were in 
agreement, and a range otherwise. The third 
column shows the requirements of the LCP coil 
specifications. The difference in bore between 
the listed TNS and the LCP requirements is a 
factor of two, which was considered by the LCP, 
DHFE, and their advisory panels as being a 
reasonably sized scaling step to be made after 
LCP results were known. The conductor and 
winding cross section are full-size, and current 
density is the same as in TNS concepts. The 
peak field of 8 T at the conductor in the LCP 
specification was chosen as being the largest 
step that could be prudently taken from the 
existing state of the art (near the upper limit 
with NbTI at 4.2 K). Use of either NbTI or 
Nb ;Sn conductor was allowed in order to en­
courage development of the latter, which is 
capable of higher fields but is less widely 
used. (In anticipation of later procurement and 
testing of higher field colls, the LCTF design 

w s required to be adaptable for tests up to 
12-T peak field.) The choice of pulsed field 
for the LCP tests was necessarily a compromise, 
since predictions of pulsed field to which TNS 
coils will be exposed vary by an order of mag­
nitude depending on the tokamak design. The LCP 
value of 0.14 T/sec is roughly at the loga­
rithmic midpoint of the range. 

Proposals for the r' iceptual design, de­
tailed design, verifir- , testing, and con­
struction necessary for the production of an LCP 
test coil were received in February 1978 from 
five industrial teams. The proposals were 
judged by a panel of specialists on the basis of 
a preexisting set of criteria and weighting 
factors. The successful proposals were sub­
mitted by General Dyna-nics/Convair Division, 
supported by Intemagnetics General Corporation 
and Magnetic Engineering Associates; General 
Electric, supported by Intermagn^tics General 
Corporation and Chicago Bridge and Iron Nuclear 
Company; and Westinghouse Electric Company, 
supported by Airco. Although all three teams 
are working to the same set of performance 
specifications, these specifications delib­
erately avoided foreclosing the contractor's 
design options in the expectation that the LCP 
coils would add.ess a variety of promising 
design approaches. That this was successful is 
shown by Table 7.4, which compares the major 
design features of the three conceptual designs. 
Originally the Westinghouse reference design 
used NbTi, with Nb 3Sn as an alternate. Westing­
house was subsequently instructed to proceed 
with the alternate. Fuller descriptions of the 
conceptual designs of the three coils and the 
LCTF are given in the twelve pa,irs comprising 
Session 0 of the Seventh Symposium on Engineer­
ing Problems of Fusion Research, Knoxville, 
Tennessee, October 25-28, 1977." 

All three industrial teams completed con­
ceptual designs in 1977 and began verification 
testing of key features. Each also prepared a 
detailed schedule, revised from the original 
proposal to account for anticipated funding 
constraints. Delivery dates wc-e thereby 
shifted from 1979 to 1980 and 1981. (Part of 
the stretch-out of the Westinghouse schedule was 
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Table 7.3. Test coil specifications air. at TNS requirements 

TNS requirement LCP specification 
Shape Mininun bending D or oval Minimum bending 0 or slight 

nodification 
Sire •\-5 x 7 n 2.5 x S.5 n 
Field distribution Toroidal array with IOM aspect ratio Toroidal array *ith low 

aspect ratio 
Peak toroidal field 8-12 T 8 T 
Arapere-tums •v-7 x 10 6 <l x 10 € (implied) 
Conductor current 10-15 kA 10-15 kA 
Pulsed field 0.05-0.5 T/sec 0.14 T/sec 
Stability Cryos table Cryostable (recovery fro* 

half-turn normalcy is a 
minimum requirement) 

Cooling Helium, either pool boiling or 
forced flow 

Helium, either pool boiling 
or forced flow 

Radiation heating Up to 8 x 10-'' H/cin3 (actual) Up to 8 x lO"1* W/cm 3 

(simulated) 
Radiation damage 4 x 1 0 l £ neutrons/cm2 (E < 0.1 

6 x 10* rad 
HeV) Assume 5 x 10 I £ neutrons/an2 

in stability analysis 
(not in test), 1 x 10 7 rad 
in insulation selection 

Cooldovm time 12'J hr 120 hr 
Warmup tir^ 60 hr 60 hr 
Design life 10 years, including 10 s pulse field 10 years, including 50 

cycles thermal cycles, .00 
charging cycles, J x 10 6 

pulse field applications, 
and operation in alternate 
modes for testing 

Table 7.4. LCP test coil concepts 

Design 
Conductor material 
Helium conditions 

Winding concept 

Structure concept 

Structural material 

General Dynamics/Convair 
NbTi 
Pool boiling, 4.2 K 

Cable soldered in extended 
surface stabilizer, 
layer wound 

Coil case 

Type 304L stainless steel 

General Electric 
NbTi 
Pool boiling, 4.2 K 

Conductor subelements 
spiralled around 
stainless strel 
strip, pancake 
wound 

Coil case 

Type 31M.N stainless 
steel 

Westinghouse 
Nb 3Sn 
Supercritical forced 

flow 4-6 K 
Compacted cable in 

conduit wound in 
spiral grooves 
in pancake plates 

Plates bolted 
together 

Aluminum 2219-T87 
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associated wi th the change from ." Ti to Bb;Sn 
conductor, which involved addi t ional develop­
ment.) 

As described in las t year 's progress 
repor t , a s i x - c o i l compact torus was chosen 
as the optimum arrangement f o r c o i l t es t i ng . 
(Fewer c o i l s can be tested by the use of 
spacers.) Figure 7.1 shows the tes t stand, 

which w i l l be located ir.siije an 11-r. (35- f t ) 

cy l i nd r i ca l vacuum vessel to provide thermal 

i s o l a t i o n , A, conceptual design of the cor.plete 

f a c i l i t y including a l l support systems ( to be 

located in Bui ld ing 9204-1, f -12 Plant) was 

completed, cost estimates were made, and a major 

project proposal was submitted to DHFE. Ap­

proval was given f o r construction of those 
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Fig. 7.1. LCTF test stand. 
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portions of the facility required for testing 
three coils, with the understanding that the 
additional equipment for testing six coils in 
pulsed fields would be approved later. Speci­
fications were prepared ar.j a contract was 
competitively awarded for design and construc­
tion of the large vacuum vessel. Part of the 
stainless steel plate for the vessel was also 
procured. 

Through the International Energy Agency an 
implementing agreement for a program of research 
and development on superconducting wagnets for 
fusion was drawn up and was signed by the U.S. 
and EURATOH in October. The implementing 
agreement provides for annexes, each of which 
will define a separate task, including the 
obligations of the participants to that annex 
and information to be shared among the partic­
ipants. The agreement also sets up an executive 
conrvittee composed of a representative from each 
participant of any annex. The first annex 
defines the Large Coil Task, in which the U.S. 
will act as operating agent for the LCTF and 
each other participant will furnish at least one 
coil for testing in the LCTF. The participants 
will share specified categories of information 
from the mar.uv*i'cture and testing or*all coils, 
and each will bear its own cost. Thus the 
agreement not only stimulates cross-fertil­
ization of ideas and technology but also pro­
vides each participant with detailed information 
on design, manufacture, and performance of 
several different coils. It is planned that the 
U.S. will supply three coils and other partic­
ipants one each. (In addition to EORATOM, Japan 
and Switzerland expressed their intentions of 
participating.) 

The Magnetics and Superconductivity Section 
assisted the LCP as called upon by providing 
analytical tools, computational aid, techni:al 
advice, results of pertinent small-scale experi­
ments, and interaction with the three Industrial 
subcontractors. The work involved both the test 
colls and the test facility Particular items 
were: presentations concerning the coil speci­
fications at the bidders' conference in January; 
aid 'i bid evaluations; post-award discussions 

with the successful and unsuccessful bidders; 
preparation and revision of the program plan for 
the LCP and its presentations to OFE; Phase I 
r.idtenr. and final reviews with each of the 
contractors, including joint "splinter group" 
meetings with the contractors and posing written 
questions for the contractors' consideration; 
participation in a workshop on structure with 
the three contractors; and conducting a workshop 
on forced flow conductor testing with Westing-
house. 

Oes_jqn_of Superconducting Toroidal Magnet 
Coils and Testing Facility in the U.S.A.":' 

The U.S. plans to achieve controlled 
ignition of a D-T plasma in a device of the 
tokamak type in the next decade. It is required 
that reliable and economic superconducting coil 
designs be developed and proven in time for 
iuwurporation in this machine. Several different 
designs of superconducting coils are being 
evaluated for use in the toroidal magnet of this 
machine, which, according to the designs from 
both ORNL and General Atomic Company, will have 
approximately 18 TF coils of 5 x 7.5-m bore and 
a total stored energy of about 10 GJ. Part of 
the OH and plasma shaping coils are inside the 
TF coils, permitting designs with relatively low 
pulse fields (due almost entirely to the ver­
tical plasma positioning field) at the windings 
of the TF coils. In the U.S. Large Coil Program, 
three industrial teams are presently designing 
test coils to general specifications prepared by 
0P.NL with guidance from DOE. Each test coil is 
approximately half the bore size of reactor 
coils, is oval- or D-shaped, and has a bore of 
2.5 x 3.5 m. The dimensions and operating 
requirements are identical for all test coils. 
The coils are designed to produce a peak field 
of at least 8 T at the binding of a selected 
coil operated at Its design current. This 
condition is met when the selected coil is 
operated at design current in a compact toroidal 
array of six coils, with the other five coils 
being operated at 0.8 of their design current. 
The six coils are of three differe, t designs; 
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both pool boiling and forced flow designs are 
included. The coils are housed in a Single 
large vacuurr chamber for economy and testing 
convenience. Auxiliary coils provide a p.He 
field over the test coil winding volutne. This 
auxiliary system is designed to produce a pulse 
field which rises to a peak of O . K T ir. I sec. 
With the exception of material damage due to 
neutron irradiation, all reactor requirements 
and environments will be either duplicated, 
approximated, or simulated. The test facility 
is being designed to accept coils producing up 
to 12 T in later pnases of the program. 

7.10.6 Magnetic Field Codes 

When a number of magnetic systems must be 
investigated quickly, it is desirable to have a 
set of magnetic field codes th*t operate from a 
unified data base (UD6). The U03 is a single 
collection of data sets used by each code in the 
system. This is important because the saint ta 
used to produce the 3-D plots of the magnet 
configuration (to check input magnet system 
geometry visually) are also used to calculate 
the field and forces. The code allows solenoids 
and noncircular coils to be mixed in the same 
magnetic system. The suite of codes provides 
the following features (at this time the system 
cannot ha>> 'e problems with iron): 

• 3-D plots of magnet configurations (hidden 
'. iner. removed), 

• magnetic field and force calculations, 
• 2-D and 3-D flux line plots, and 
• node and element generation of magnet 

windings for finite element structural 
analysis. 

7.10.7 Superconducting Magnet Development 
for Tofcamaks3' 

The tokamak is a toroidal plasma machine 
which is the main line approach of 00E/0FE to 
obtain controlled thermonuclear power. Experi­
mental power reactors based on tokamaks have 
been designed by ORNL and others. All use 
superconducting toroidal dc magnetic field 

systems (plasma confinement*, and many also use 
superconducting poloidal puK^d field systems 
(plasma ohmic heating and shaping). The Next 
Step in the U.S. Fusion Program precedes the EPP. 
end is an ignition f s t reactor which will also 
employ superconducting magnet systems. The 
present state of tne art and rate of technolog­
ical progress of superconducting magnet tech­
nology will be compared with the requirements of 
the next generation of fusion machines in order 
tc provide a basis for evaluating the scope of 
the needed development prograin. A development 
program is under way to provide the physics 
understanding and engineering data necessary to 
design, fabricate, and test large supercon­
ducting magnet systems which will serve as model 
systems. The required TNS confining field 
system is a toroidal array of U to 20 identical 
coils having an average bore of 5 to 7 m and 
operating at a maximum field of 6 to 12 T. The 
magnetic force on each coil tending to push i t 
to the torus axis is extremely large, and be­
cause of the superimposed pulsed fields of the 
OH and vertical field systems, the out-of-plane 
forces tending to warp and t i l t the coil are 
also significant. The pulsed fields also pro­
duce ac losses in the conductor and structure, 
appreciably influencing the coil design and the 
required refrigeration capacity. The pulsed 
field magnet systems are arrays of nonidentical 
coils having the torus major axis as their axis 
of symmetry, with the bulk of the amp-turns in a 
central solenoid about 3 to 5 m in diameter and 
producing a maximum field of about 5 T changing 
at a rate of 5 T/sec. Even though the pulse 
systems are axisymmetric, the coils outside the 
central solenoid are subjected to bending loads 
due to the presence of the TF coils. Because 
the coil bores, stored energy, and rate and 
amplitude of the field change are al l large, the 
challenge of the pulsed coil system, particu­
larly with respect to power supplies, structure 
(probably nonmetallic), and stability (pref­
erably cryostatic), may be even greater than for 
the TF system. For all tokamak coll systems, 
the large stored energy, inductively coupled 
magnets, and the need for long-term, reliable 
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performance and safe discharge provide a chal­
lenge to the designer of the protection system. 
Decisions for the coil designer include: 
superconductor material - NbTi or SbjSn; con­
ductor conTiTuration - monolithic or cable; 
helium coolant condition - boiling, supercrit­
ical, or superfluid; helium circulation -
natural convection or forced flow; type of 
Minding - layer or pancake; structural mate­
rial -metallic or nonmetallic; structural 
reinforcement - distributed or lumped; and, for 
the toroidal coils, shape of coil - modified 0 
or oval. The final choices can be verified and 
the design optimized only after much testing at 
a significant size, but the existence of viable 
options provides optimism that the program Mill 
be successful. 

7.10.8 Development of Superconducting Magnet 
Systems for fusion Power Generators"--

Of the many concepts of magnetic confine­
ment being pursued at the present time, the 
tokamak fusion machine is the most promising for 
extrapolation to a p^«er producing reactor. The 
recent conceptual design studies on tokamak 
experimental power reactors by ORNL and others 
have led for the first time to a fairly clear 
understanding of the requirements for both the 
toroidal (or confining) and poloidal (or plasma 
heating) magnet systems. 

It has been generally acknowledged that the 
TF system and most, if not all, of the PF system 
will have to employ superconducting windings if 
net power is to be obtained economically from a 
thermonuclear reactor. Now it is recoqnized 
that large superconducting magnet ',stems must 
be developed for TNS, a D-T ignition test 
reactor. In order to provide a basis for 
evaluating the scoe of the needed development 
program, both the rate of technological advance­
ment and the present state of the art of super­
conducting magnet technology will be compared 
with the requirements for TNS. 
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AbitvcX. The Advanced Systems Program includes 
three major activities: (1) the TNS program, 
(2) the Fusion Power Demonstration Study, arid 
(2) the ELMO Bumpy Torus Reactor (EBTR) Study. 

The_Next_j;tep__(TNSj_frpgratn. ine TNS 
program established by DOE's Office of Fusion 
Energy at OP.HL in early 1976 has two orincipal 
objectives: 

(1) to implement in the next decade a fa­
cility with a fusion reactor core that 
can be extrapolated to an economically 
viable fusion reactor, and 

(2) to provide a near-term means of focusing 
the efforts of the national fusion pro­
gram (,o achieve the first objective. 

During the FY 1977 period the Oak Ridge TNS 
program pursued these objectives through efforts 
in three broad /item: plasma engineering, 
systems modeling, and program planning. 
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Baseo en the findings of the FY 1977 
effor.s, it has been judged that continued 
activities in the Oak P.id̂ e TNS program should 
be dirtcted toward preconceptual design with 
particular em,hasis piaced on engineering 
feasibility. A: a point of departure for the 
FY 1'78 activities we selected a baseline design 
based on the efforts of last year. The baseline 
desig represents both the culmination of the 
FY 1977 activity and the starting point for the 
FY 1973 preconceptual design activity. 

Fusion Power Demonstration Study. The 
major emphasis of the Oak Ridge Fusion Power 
Demonstration Study in FY 1977 was in the appli­
cation of ci'rrent and near-term technology as 
the most logical path to near-term demonstration 
of tokamak ' ision power. In addition we pursued 
a number of concepts to simplify the tokamak 
rr^'tor and thus make it more acceptable to the 
utility industry as a future source of energy. 
The.»e concepts focus on the areas having the 
greatest ov«i'oll impact, on reactor f isibility: 
overall size and power output, remote maintenance 
considerations, electrical power supplies, 
olanket design, and economics. 

Two specific recommendations resulting from 
the FY 1977 study were se'ected for an in-depth 
design study in FY 1978 to evaluate engineer'ng 
feasibility: (I) the design of a blanket system 
for a fusion reactor base* on stainless steel as 
the structural materia;, liquid lithium as the 
breeding material, and helium gas as the cooVant; 
and (2) an evaluation of the committed-site, 
multiple-unit concept as a strategy for carrying 
out the various phases of fusion power demon­
stration, 'lie engineering is being subcontracted 
to private industry under ORNL management to get 
outside expertise in power plant technology. 

ELMO Bumpy Torus Reactor (EBTR) Study. The 
experimental results From EBT have activated a 
coriideration of the EBT concept as the basis 
for a ootential reactor. This study played a 
substantial role over the past several years In 
the development of the EBT concept in^o a mest 
pomisfng alter native for fusion power. Since 
the first round o' cunceptual EBT reactor design 

in FY 1976, there has been considerable progress 
in design improvements whi( incorporate in­
creased understanding i -on plasma research. 

A power producing EBTR syster is especially 
attractive froiri the viewpoint of reactor design 
because of its steedy-state operat'jn at high 
plasma pressure, its moaular con .truction, its 
relatively large aspect rat.o, and its favorable 
geometry for ease of maintenance. On tne basis 
of trade-eff studies amon^ tht p'.asnia physics 
requirements and uncertainties, engineering 
design, and technological capabilities, a self-
consistent set of pla^aa parameters and a range 
of machine characteristics have been obtained. 
An economic evaluation of the EBTR indicates 
that its capital costs are comparable to those 
of a tokamak reactor. 

8.1 THE NEXT STEP PROGRAM 

TNS, The Next Step after the Tokamak Fusion 
Test P.fcact-jr, is intendea to be a reactor core 
experirr nt forcing fusion technology. In order 
to e our TNS program in perspective, it is 
useful to consider the evolution uf our advanced 
systems -t'ldies. P-evious advanced systems 
studies started with point designs (CRM'tK F/BX I 
and II;,1 explored the desigr. issues o» the 
tokamak Experimental Power Reactor scoping 
studies,- and culminated in an evaluated EPR 
reference design.3 W K h this basis, the TNS 
activities were directed at characterizing the 
design space between TFTR and EPR with a funda­
mental emphasis on higher beta plasma systems 
than previously projected, i.e., a '- 5-10* as 
compared with 1-3*. The orientation toward 
smaller sized, higher beta systems rather than 
larger systems at the lower beta has come from 
an engineering judgment that the larger systems 
are both mechanically and economically imprac­
tical. This judgment was quantified In our 
Fusion Power Demonstration Study.'' The charac­
terization of this TFTR-EPR design space n;»s 
proceeded by plasma engineering Investigations 
of the dynamics of the higher beta plasmas and 
the requirements or, technology of li?»»ing and 



fueling/ by developing consistent, feasible 
engineering node15 of systems of different size 
and magnetic f:elc strength," ar.d by program 
planning studies of the steps required to imple­
ment the designs.7 

In the first area, plasma engineering, 
early indications were that very stringent 
requirements would be placed on physics achieve­
ments (i.e., I •• 10-15?), on bean technology 
(i.e., --500 keV), on fueling technology (i.e., 
-vlo.OOO-m/sec pellet velcities to reach the 
plasma center), and on a large system size. 
Rather than pursue these difficult requirements 
with even more difficult technology development 
programs, high risk physics, or high cost solu­
tions, we reexamined the basis for the require­
ments. We found that as more realistic models 
of the higher beta plasma arc used (specifically 
going >om 0-D to 1-D models with spatial pro­
files), the lower the requirements on achievable 
beta, neutral beam energy, and fueling tech­
nology become. Under the constraint of a fixed, 
no-oivertor TF coil shape, an innovative design 
concept for a compact poloidal divertor was 
developed that may have significant impact o.i 
the options available to plasma engineers.-

In the second area, system modeling, the 
principal questions were, "What is the cost 
variation with size?" and "How does cost depend 
upon the TF coil technology used?" Based on 
fairly comprehensive engineering models as 
opposed to optimized point designs, curves of 
relative cost vs the principal geometric and 
operating characteristics have been produced. 
With the costing and sizing model,- the cost 
sensitivity to any of the assumptions ca. be 

investigated and modifications made. With 
respect to the second question - impact of TF 
coil type - the result was that the principal 
differences between the use of superconducting 
and copper coils were those of objectives and 
risks, and not cost alone. These differences 
and the relative costs for the Cu, NbjSn, NbTi, 
and a concentric hybrid arrangement of NbTi/Cu 
options were roughly as shown in Table 8.1. 

With respect to the differences between 
NbTi and Nb 3Sn systems, a closer examination of 
similar physical devices indicated that the 
balance of plant is the dominant factor and that 
the choice of coil technologies is of great 
concern but as yet has little quantified eco­
nomic impact. 

In the third are*, program planning, 
various elements of a preliminary program plan 
were initiated and identified the central pro­
grammatic questions. In particular, an assess­
ment of both the generic 1 0 and design specific 1 1 

R&D needs for TNS was made, and recommendations 
for more emphasis on existing programs and for 
new initiatives were made and documented. 
Planning schedules for integration of the TNS 
project with the supporting RAD work and the 
subsequent reactor devices were developeo as 
well.'-' From this came the findings that plasma 
physics and decision making are probably the 
true critical paths and that a route to achieve­
ment of improveo engineering reliability must be 
laid out and implemented for a successful 
program. 

Based on the findings in these three areas, 
it is judged that continued activities in the 
Oak Ridge TNS program should be directed toward 

Table 8.1. Approximate, relative, total plant costs of four systems 
with different TF coil options 

Coil type Cu Nb3Sn NbTi NbTi/Cu (hybrid) 

Approximate relative 
cost 1 1.3 1.5 1.5 

Ignition alone Reactor prototype Reactor prototype Reactor prototype 
for a > 5", not dependent 

upon Nb3Sn 
Most suitable 

objective 
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?:.!.] Plas~a t ' i j i r . w r i n ^ 

The- purpose of toe plas-va engineering 
studies within this prograr: has been to establish 
credible ranges of physics parameters for an 
ignition test reactor as the ne/t step DeyOnd 
TFTP. Our reactor concept is teased or r.ediir.. 
toroidal fields-' ^P.r ••• 4-7 T), high plav>.<! 
densities-' fn ').(,-'/..rj / 10- r,';, 4nrl r,iqh 
tokamak betas (.• r 5-10 ). 

Use of medium field-strengths i'. compatible 
with the introduction of a large amount of 
neutral bear, power, which in turn is important 
to high density. With large neutral beaiv. po«er, 
the plasma is expected to heat up in a tine 
scale much shorter than the plasma skin time, 
resulting in a flux conserving tokamak.-
Calculations in [)-shaped FCT 1' have produced 
equilibria at - above ?0 with the safety factor 
up to o. Although 'A>U instabilities may Unit 
;-. to lower values, ; values substantially above 
a few percent are expected to permit the use of 
medium field ad/or to reduce the reactor size. 

To ensure the consistency of our physics 
parameters, we have studied several important 
subjects M plasma engineering for synthesis 
with the design engineering and planning con­
siderations as summarized below. 

The empirical energy confinement scaling 
derived from studies in ATC, ORHAK, aid Alcator 
has been used in a 0-0 study 1 7 to choose a 
reference reactor with the parameters shown in 
Table 8.2. 
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Bec-j^se of rre central ized i -po r r i c ie 

hea'.ing, the need for f y l ] r.eutral bea" pene­

t r a t i on beyond 2.o is e l i r i na ted . Ac 

in jec t ion procedure--' is found that s ta r ts witr. 

low density to f a c i l i t a t e penetration (F i~ . 

?..\). Th_- density i s then increased wi th the 

accompanying acceptable decrease in penetrat ion. 

I t is founo that tea;" energy frorr. IsO to 200 keV 

r.aj be s u f f i ient for perpendiculor in jec t ion at 

/ c, 1.5. ."his is in sharp contrast to the er f 
requirements of 3f/J-50Q keV developed fror. the 
i n i t i a l 0-0 model calculat ions. 

MUD ballooning mooes arn expecteo to place 
l im i t s on .-. Recent calculat ions- show a 
stable ;•. near S for a 0-shaped FCT equ i l ib r ium, 
while improvements beyond these values seem 
possible. Current estimates for .- nee between 
"> and IQ wi th shaping and p .o f i l e modif ica­
t ions. This ; range overlaps that calculated 
for steady-state D-T burns, 

A poloidal f i e l d system-1 in an FCT that 

maintains plasma D shape despite large and rapid 

changes in : has been obtained. In TNS, co i l s 
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proper 1/ lo'.'ited to i,c>'W.<: j-snaped <-'{ji 1 i : , r i« . 
ttowever, r.'> p w - r '.;;.:••/ re';;ir*-d :./ u.eoe 
co i ls is around ten *.i"es tr.at reo j ' red f,y co i l s 
O.f, r. ^ M / , and * s/su-ro analysis for ^yora l l 
balance is therefore resi'.ired. 

based on these consideration', , se l f -con­
sistent parameter', drr- established and given in 
Table H.'/. Upcoming loVar.tir e/perir.ents w i l l 
ref ine s t a b i l i t y l irr. i ts of . and plasma confine­
ment scaling laws, l i n e ; B. - 4.3 7 is near the 
lower end of the mediun f i e l d s t rength, a large 
marrjin of .e l l a b i l i t y can be achieved by using 

B, 6 T. This field strength is within reach 
of present-day coil technologies and development 
programs. . 

~..i-\ i I-.: 

1.7 0.) 
'•or. ir,n 

!'. conclusion, th»; imposition of technology/ 
economic constraints, resulted in creative-
i: .prover.ents in plasma engineering nodels: 

0 ) Detailed energy deposition calculation*, 
support the use of existing 150-fceV 
injection technology, thjs providing an 
alternative to the pursuit o' difficult, 
costly, risky, and time-consuming 
•500-keV technology. 

(2) The inclusion of profiles has reduced 
beta requirements (Table 3.2). 

(3) A compact poloidal divertor concept ha; 
been developed within nominal "D" TF 
coil geometry." 
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f< series of parametric trade studies was 
performed to evaluate consistently the rela­
tive costs and performance parameter'", of 0-T 
burning tokama'rs o\">r a range of plasma sizes 
and TF roil technologies. Four different type, 
of fF coil technologic hi»vc been investigated: 
water-cooled copper toils (called TNS-I), super-
Cor.duct.inG NbTi (TNS-3) and Nh.Sn (TNS-4) coil-,, 
and a "hybrid" coil arrangement (TNS-5) con­
sisting of a normal conducting Cu coil nested 

'. r'-'. ' • ' • ' ' ; * • . •.'• • j r . •'-' - » « / . e . " -
;,'_ : -' -. «•-"• • ... "0 '. • : ~ ; . o r ' • i ' " ' r . * » " > ' ' *** ' 

• ' r # '* ' '.*' .:'.' •- .... ' ' . ; * : a" • r-JCt ' . ' . i t ' * ' . 

:- V-r'-.r- * r •'. '.*• *.ra2*- •s.vix*.: ' • - ' 

• • • • • ; * ' j » . •' 4 '. o r - ' '. *.t-' * . - a y t o 3 * r ^ l c ^ *!<i' «* 
• : * -i % ' •• ' o r .; '.'r;ir: '.O1" 0 * •*»f '» i .^ r . * ' *<s? 10' . • 

--,-; \*, ' '.*, r *0 ' . a r 0* a . a ; ! •:: .•; : * . / . l e ^ l . * ^ 

i r , \r i : t - r-.'.-: - r e . . r . : r , ; •-'. «<-re <r ',* 'it' ) '.r *r'! 

' r o i . ' l i r o :o./.*.a r ._-V-r,oi or. C-sra;.«-o' ' .0 " . ' . , 
«-it»-r-rr ioie -J oo;,p<-r PF ' o i l ' , loo-rle-: « : v . i r . f e 
7F '.oi 1 r,or.-, ir.-: a g i n a r y r, ;*'.-,. . e ; ' . . r " . •. y 
r.«-itra! r.>:-.}-'.. 

Tr.e -I'v/ic* '.'!>•'. cor .". 1ere'2 : r t ries'- ' . r a j ; 
sV-di'-o o./'-r<--: a raro<- ;r •/.• ^!a-,-a ra^-,,-. 
f r ' , ..,' :, ~ '/, '{. , ~, ;z,».T.r.\r.'j V e rar. ;<: T r y 
T r " - s v pia'. 'as '.0 toose closer, for r«-oe r* • • -
-;'_--.r;ri '.:s'.i>-:. >.<• o"»-v;o<- "a jor rai i - .s «;-. 
.ar; ' -J fro- ..-'.• Jo«r, t ' j 0O~O io^or ! i - : ' 
' - t . i " for ,j ,, . r to .f. r for a ; ? r . «r:-. r 
»aO c.O'iOi',*.»•'* * ! ' . to.- ^rojnrj r j l eo ar.tj -,:.:\\ 
. i l lort.-: a i\i'..\-- <-r ; infer iri'j (Je^l-jn. Tr:r; piao _a 
;<-'a .a io" *.r, (,'ro-<-r. a', t ' l ' - ^a i r ;,ar&-i-t.<-r or 
whf.h r ' j ; J'l'je to* ;"rfor-.anoe or conf i-iencr- of 
'.u'.o.-oo' of «-a-.r, i- jnit ion -j'-vir.e ar,o* *ao allowed 

'O V<ir / \r. tr,,. r^nry. f fc,~ '• f.Cl 11. . T*r. 

rlifferer' ;.la'/-.a ooalir. ;-, wf-r.* joeo* to opecify 
thr- po/oioo parar.r-r..-ro 'or an ignition device: 
c^.pirioal ocalin'j and trapped particle rriode 
oral m'j. 

fhe najor tool usfd in performing these 
trade otudieo was a computer code designated 
COALT, ' written to permit COsting And Sizing of 
D-T Purning Tokamal' systems through detailed 
treatment of all major components of the total 
plant. 

In these studies, we determined that for 
each coil technology and plasma beta at ignH'.orv 
there is some minimum cost device at a specific 
a, R„, and fl (Fig. 8.2). The reasons for the 
slight cost difference between NbTi and Nb3Sn 
devices are shown In Table 8.3 for a typical 

k 
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i . f s t i f ec*<ps»c»s". 

F f ; . 8.2. ^ i m - y - cost devices for four 
TF coU technologies vs average clas^a beta at 
i gn. i t i or . 

Table 6.3. Comparison of costs for s imi lar 
NbTi • rjb.Sn devices indicates overwhelming 

•ole of balance of plant 

Item NbTi Nb>Sn NbTi-Nb;Sn 

TF co i l cost 35 92 -7 
Cor>ductora 24 37 -13 
.structure and 

dewar 61 55 6 
Refrigeration 

cost 50 23 27 
"Balance of 
' plant" 235 233 2 

Total cost (Ms) 370 348 22 

"Based on SlOO/kg for Nb.Sn and S50/kg for NbTi. 

-4Circ «•:''. a -'!.." r . P - i.O r,, and E -
O -4.x 

-.L: *. Ncte : M : f.e TF coil cor-d-ictor cost is 
larger tnar. ttw> %t .Sri, as e*pecte<J; however, the 
TF coii structure cost is larger for tne NbTi 
r.ecause its radial build is larger due to it? 
lower current density ;imitation. Tne main cost 
iter, difference i* »r. the liquid helium refrig­
erator, ccsts, which are about twice as high for 
t v NiTi due to "ts lower thermal operating 
nargin. The "sost important finding of this 
particular cost comparison, however, is that the 
balance of plant overwhelmingly dominates the 
total cost ana makes the technological differ­
ences between KbTi and Nb-.Sn insignificant from 
a cost point of view. 

Representative parameters and costs for 
four T»S point designs-"- that achieve ignition 
at it, &ver&<ie beta of 5- are given in Table 8.4. 
Tne r.nizur. field at the TF coil for each design 
is about 10-11 T; this would require the NbTi 
superconductor to be designed to operate below 
4 K and would permit an Nb.Sn design at a modest 
r,a/ir,us field value. ,\n NbTi superconducting 
design which would operate with a maximum field 
of 8 T at tne TF coil would require a larger and 
more costly size at a ?. of 5i or would require 
operation at an average beta of --7.5'; in devices 
of the Size shown in Table 3.4. 

For a chosen plasma beta operating value, 
there seem to be two main conclusions possible 
for the best choice for a tokamak TNS, depending 
upon the perceived objective of TNS. If the 
main goal of TNS is to demonstrate ignition with 
a minimum of technology development in the 
shortest time, then water-cooled Cu coils at 
moderate field strengths (10-r T) and with 
moderate physics demand (i.e., assuming e t. 5%) 
seem the best choice. If, on the other hand, 
the goal of TNS is, in addition to ignition, 
demonstration of the science and technology 
required for reactor* (i.e., sustained burn 
dynamics, beam power Handling, and systems 
integrated superconducting coils which would 
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Table 8.4. Comparison of representative 

TKS-1 

TF coil conductor Cu 
Plasma minor radius, a (m) I 
Plasma major radius. P. (m) 4 
Plasma elongation, c (-) 1.6 
Aspect ra t io , A (-) 4 
Field at TF c o i l . B̂  (T) 10.4 
Field on axis, 6. (T) 5,8 
Toroidal beta. £ (X) 5 
Plasna current. I (HA) 
Hean electron density, n (m~-) 

4.1 Plasna current. I (HA) 
Hean electron density, n (m~-) 1,6 x 
Mean ion temperature, T- (keV) • 3 
Energy confinement time, T^ (sec) 1.5 

V E *m 2 s e c * 2.4 x 
Total volt-sec 41 
Plasma volume, V (m 2) 
Neutron wall loading (HW/m7) 

126.3 Plasma volume, V (m 2) 
Neutron wall loading (HW/m7) 1.50 
Total fusion power (MW) 558 
Fusion power density (KW/m3) 3.7 
Neutral beam power (MU) 40 
Steady-state burn time (sec) 16 
Time between pulses (sec) 300 
TF coil vertica'. bore (m) 6.1 
TF coil horizontal boro (m) 3.8 

Plasma energy/energy conumed 0.32 
Number of TF coils 20 
Cost, building and equipment (MS) 283.7 
Relative cost 1 

Annual u t i l i t y cost (MS) 4.1 

extrapolate to a power reactor), then the Hb 3Sn 
TF coil devices seem the best choice, at a cost 
about 30* higher than for the Cu device. The 
lower field NbTi devices generally result in 
larger and more expensive devices, as do the 
more complex hybrid NbTi/Cu options, and hence 
are not as attractive as the Cu or Nb 3Sn. The 
choice of Nb 3Sn would imply an associated tech­
nological risk, although the benefits of its 
hljher field capability and larger thermal 
marginjiiake ttrvery desiraole for fusion power 
reactor application. Tabic 8.4 indicates that 
the purely superconducting TF coil cases have 

parameters for four Tr«S poZnt design's 

TKS-3 TKS-4 TFiS-5 
KbTi Kb-.Sn Cu/?ibTi 
1.2 1.2 I 
5.7 5 ''' 4.5 
1.6 i.e 1.6 
4.7 4.2 4.5 
9.9 10.9 9.7 
5.3 5.3 5.3 
5 5 5 
3.8 4.9 3.6 
1.3 x 1 0 - 1.3 x 1 0 : : 1.6 / 10 ; ' 
13 13 13 
1.8 1.8 1.5 
2.4 x 10- "- 2.4 x 1 0 - 2.4 x 10•"• 
55.2 51.6 43.5 
259.2 227.6 142.1 
1.28 1.28 1.5 
705 698 623 
2.6 2.6 3.7 
57 50 *».* 
16 16 16 
300 300 300 
7.4 7.6 9.5 
5.1 4.9 5.7 
0.85 1.5/ 0.51 
20 20 20 
434.4 388.3 436 
1.5 1.34 1.51 
3 2 1.4 

the more favorable energy balances; with the 
particular performance porameters chosen to give 
minimum cost size, the Nb,Sn case does show more 
than breakeven. 

Although the quantitative basis for the 
selection of Nb 3Sn does come from the costing 
analysis, the selection process is not a straight­
forward one of mini-ifzing calculable costs. 
Running as a thread through these discussions is 
the matter cf risk, rnyslcs performance ri'.k is 
mfnimwtfd by prf'vidino f iwfb'M ity and extended 
ranges of technological parameterr. ouch as 
magnetic field. The uje of ftb.Sn coils in the 
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range of 3-11 T with a corresponding ranee of 
denand on - •• 10-5' provides a margin of reserve 
field to be tapped later if required. Techno-

'logical or engineering performance risk is 
minimized by using experience proven techniques 
with adequate backup positions. Economic risk 
is minisized by operating at the lowest possible 
level of technology that is required. Program­
matic risk is minimized by pursuing paths that 
are as widely applicable as possible. The 
latter three risks do not appear mininizable 
sirultaneously. He judge that with tne incen­
tives for NbTi and Nb:Sn equally strong in 
reactor applications, for different reasons, and 
with RbTi and Nb.Sn technology and coils being 
demonstrated in LCP. the choice of Nb.Cn is 
appropriate for two primary reasons: 

(1) it provides a larger plasm performance, 
and 

(2i it ;.-ovides greater emphasis on develop­
ment -if the Hb-.Sn option within the 
context of a coordinated KbTi and Kb2Sn 
development and di.„on strati on program. 

Clearly t»ese capital cost comparisons nave 
forced us to confront the real questions - the 
choice of objectives (i.e., "ignition" or 
"reactor core") and resoljtion of the judgmental 
issues both quantifiable and sewiquantifiable. 
As shown in Table 8.5, capital cost is but 0IK» 
of five quantifiable issues, and the risk and 
extrapolation issues are but four of seven, no 
one of which has yet been dealt with satisfac­
torily. An attempt to quantify1 these judg­
mental issues has resulted in support for the 
qualitative conclusions discussed in this work. 

Quantitative systems engineering emphasizes 
the importance t>« overall program context. 

(1) Comparative costing illuminates the impact 
of different technologies and highlights 
high -.ost impacts. 

»2) Comparative costing indicates the dominant 
role of "balance of plant." 

(3) Costing exercises have illuminated the real 
program questions objectives plus 
judgments. 

Tabic °.*. The important cost factors are 
r^r.y more ""*" capital cost alone 

Quantifiable Souiquantifiable 

Capital cost 
Operation cost 
Size 
Performance" 
Schedule 

Mechanical complexity 
Technical risk 
Assembly/maintenance 
Operational flexibility 
Cost/schedule risk 
Reactor technology 
Extrapolatabi1i ty 

Quantified in present study. 
First attempts at quantification made in 
present study. 
Principal targec in present study. 

Development of a practical means of synthe­
sizing and building on the advances made in 
plasma engineering and desiyn engineering is the 
focus of the TNS planning activity. In develop­
ing a draft TNS program plan,7 we came to three 
conclusions: 

(1) The pnysics and technology base does exist 
frwr. wnich to start the TNS design as a 
central fusion program goal. 

{2} We have specific recommendations for new 
emphasis in certain physics and technology 
areas to minimize R&D program gaps. 

(3) TNS conceptual design must be started now, 
and a .lose look at organizing the fusion 
program around a TNS project is essential 
to support operation in the mid-1980's. 

On the ff-st point - support base - suffi­
cient strides have been made in both fusion 
physics achievement (in plasma density, energy 
confinement, plasma temperature, and effective 
impurity level) and operational understanding 10 
encourage us to begin a serious planning effort. 
Even though we do not now have a working theo­
retical framework that allows us to extrapolate 
present-day plasma parameters into the low 
co)1isionality, high density fusion plasma 
regime with confidence, we can examine many of 
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the specific physics areas expected to be 
important in the TMS design process and begin to 
specify the kind of information required in that 
ire* during each major design period. Sound 
technology program bases from which to start 
exist in the three key areas for TNS (i.e., TF 
Ear.nets for LCP, 150-keV beams for TFTR, and 
tritium handling for the Tritium Systems Test 
Assembly). 

On the second point - principal gaps - we 
find three principal areas in physics and be­
tween seven and fifteen areas in technologies 
requiring attention. 1 5 

• A comprehensive impurity and particle 
control plan must be formulated and 
implemented on a timely basis to identify 
the Ji»st way to proceed in this most un­
certain area. 

• The need for experimental investigation 
of configuration maintenance (long pulse) 
and optimization in high beta, high temper­
ature plasmas is not now being met in any 
existing or near-term facility. 

• The applied theoretical program in impurity 
dynamics, plasma transport, and, most 
critically, coupled equilibrium, stability, 
transport, and heating simulation of 
ignition '^enarios must be intensified 
in the existing plasma theory base program. 

-_^ Seven areas need initiation of programs or 
new emphasis: Jn exploratory studies to 
ensure an acceptable technology base for 
TNS final design under any scenario. 

Programs Studies 
Compound gas pump develop- limiter material'. 
ment improvement 

Neutral bean switch tube 
pulse lengthening 

Increased neutral beam 
power and pulse length 
source 

PF electrical systems (for 
cost reductions) 

Plasma configuration 
sensing and 
control 

Abnormal control 
operations 

• Six other programs related to Ki ;Sn TF 
coils, KbTi PF coils, active impurity 
controls, 300-keV beans, and >2 kn/sec 
pellet fuel injectors might need in­
creased emphsiis depending upon TNS 
design decisions. 

• The KbTi TF coil and pellet injector 
programs have critical timing questions 
in the generally compressed project 
schedule and must be closely examined 
further. 
On the third point - implementation -

development of a comprehensive work breakdown 
structure, ) master schedule based on the work 
breakdown structure, and a first draft of the 
ingredients of the program plan have yielded six 
fundamental features: 

- A ten-year schedule to operation from today 
requires an aggressive program. 

• The principal, quantifiable critics* path 
is construction of and .Hachine assembly 
(basically the TF coils) within the main 
test cell (tokamak building). 

• A phased approach, specifying main test 
cell first and "kamak device two years 
later, is essentia! to the achievement 
of the most rapid, logical schedule 
beginning in FT 1980. 

• A reference design (i.e., an initial 
selection of principal design features 
such as plasma-size TF coil technology, 
etc.) with backup should be chosen now, 
and preparations for conceptual design of 
the facilities (main test cell, etc.) 
must be made in FY 1978 to match an FY 
!9M schedule. 

• A central project management is necessary 
f.o integrate all the program elements 
into a coordinated effort. 

• The planning efforts have provided the 
;:'•;liin1nary schedules linking the project 
wfth R&D support with which to develop 
the necessary information supporting the 
reference design choice. 



17? 

Underlying the discussion of adequacy and 
timeliness are tao crucial factors. One is the 
requir --tent to tie the project schedule projec­
tions and project decisions to the institutional 
commitments, achievements, and level of effort 
in the support R&D program. The other is the 
fundamental importance to the design philosophy 
of basing all design on a firm criterion of 
reliable assembly and maintenance in a D-T 
environment. The assembly and maintenance 
program is based on four parts: TFTR experi­
ence, models and aockups, an intermediate super­
conducting tokamak experiment, and good design 
practice coupled pith utility experience. 

Program planning is identifying critical 
programmatic questions: 

• Project planning is based on detailed 
work breakdown structure. 

- Systematic analysis highlights problen 
areas. 

' Pleyna physics and decision making are 
probably true critical paths. 

• A route to engineering reliability must 
be laid out. 

8-1-4 Future Directions 

On the basis of our studies tnus far, the 
direction of future work is clear even though 
the pace is not. The first order of business is 
to reexamine the key requirements that have led 
to high cost, high technology design solutions. 
The second step is then to initiate e conceptual 
design leading to the construction project. 
Proceeding with the first step involves recon­
sideration of the startup voltage and PF system 
power requirements as well as further examination 
of the various divertor options, startup options, 
and design trade-offs for reliable assent;.'y and 
maintenance. As an example in the former cate­
gory, the PF system, based on an iron core 

magnetic circuit rather than an air core circuit, 
may well have considerably reduced power supply 
requirements. In the latter category, placement 
of the coils of the PF system outside the TF 
coils can significantly reduce the maintenance 
difficulties. In both cases, however, a systeos 
analysis is required to balance the conflicting 
demands of mechanical, electrical, and plasma 
engineering. 

In addition to pursuing these potential 
reductions in the design requirements, we will 
also be continuing the development of the base­
line design and the program planning charts in 
selected systems as a systems focus for the 
study. Figure 8.3 illustrates the baseline 
design configuration selected for the FY ig78 
study. The baseline parameters are displayed in 
Table 8.6. 

The TNS program continues to be an ORNL/ 
industry effort focused on initiating precon-
ceptual design fcr the the next step in the 
tokamak program after TFTR. 

8.1.5 Concluding Summary 

Integration of engineering reality is 
bringing us closer to a realizable reactor: 

• Imposition of technology/economics con­
straints has resulted in creative improve­
ments in plasma engineering models. 

• Quantitative systems engineering is 
emphasizing the importance of maintain­
ing an awareness of the overall program 
context. 

' Program planning is identifying critical 
progrrmmatic questions. 

• Based on this year's work, our current work 
tasks are confronting major "Go/Difficult 
Go" decision issues. 

• Industrial participation is being used to 
strengthen the early design process. 
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fi*7- 8.3. T?*S baseline configuration typical section. 

Jttli 8.6. Baseline de ' . ' ; r pa r a s t e r s 

0-D Pan'je'. of 
B«'.elme e'.tinwttr'. -,elf-con-.istert 

p a r # i » W . (used in TN5 -4i V J 1 l i * ' . 

1 . ohmic W i 4 Y 4.r» 
I p . bum ( W ) 5.6<" 5.2-6.5 

n, ohmic ( « r s ) o.s « io- 0.3-0.5 /. 10' " 
n, burn ( m _ 1 ) 1.3 » 10- "• 0.6-3.0 « 10 ' 

T, ohmic (kcV) 2 i-2 

T, burn (keV) 13 5-12 

c, burn ( ! ) 5 2.6-10 

Col l ts io iMl i ty (ohmic) 0.5 0 .4 - i 
C o l l i s i o i u l i l y (burn) 0.02 0.01-0.20 

n i , bum («T' « c ) 2.4 « 10- - 0 .6-3.6 « 10- ' 

fn-y/V («*/">') 2.6 0.4-12 
ML (MU,'mJ) 1.3 0.3-7.5 

V T <"> ;oo 100-3000 

R 0 ( « ) 5 5 

* (») 1.2 1.? 
b / * (*) 1.6 1.6 

"»,<" 10.9 10.9 
B t (r) 5.3 5.3 

r,, ( - ) 3.5 3.5 

I determined through WD equilibrium calculation', of O-'.h/lprd FCT 

pl«S«t4'. 
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£.2 ORNL FUSION POWEP. DEMONSTRATION ST-Dif 

The r.a;or emphasis of the QRNL Fusion Power-
Demonstration Study has beer, in the- application 
of current ana near-tern technology :.> U.L -nost 
logical path to near-terr demonstration of 
tokaralr fusion power. In addition we have 
pursued a number of concepts to simpHfy- the 
tokarik reactor to make it core acceptable to 
tr.'_- utility industry as a future source of 
energy. These concepts focus on the areas 
having the greatest impact on reactor feasi­
bility: (1) overall size and power output, (2) 
remote maintenance considerations, (3) electrical 
power supplies, (4) blanket design, and (5i 
economics. 

The tokar.ak device, by nature of its con­
figuration and pulsed creation, is an excep­
tionally complex engineering design problem. We 
have t-oncluded that innovative design concepts 
are p'.ser>f ial *•"< '"r-r- with »h>c basic (_orr,p'c-/i i ty, 
and w feel that the feasibility of toi<air.ak 
fusion power has been significantly improved by 
these design approaches. 

In FY 197ft, the program has moved away from 
overall reactor system studies and is focusing 
on two specific design studies suggested by this 
approach. The major thrust is to produce a 
preliminary design of a blanket system of a 
tokamak reactor which will operate under a 
reasonable selection of reaction conditions and 
to assess performance *nd reliability aspects of 
the resultant design in utility service. In 
keeping with the logic of near-term demonstra­
tion, the study is constrained by the following 
guidelines austenitic stainless steel for 
structure, static lithium as the fertile mate­
rial, and circulating helium as the coolant. 

The second study will consider the impact 
of a committed site on the commercialization of 
fusion power. The concept of a single site 
dedicated to the development of fusion reactors 
from an elementary reactor device (TflS) through 
a prototype of a commercial power producing 
reactor hjs many benefits. In the absence of a 
clear, common understanding of the character­
istics of the eventual fusion reactor, the site 

would serve as a focus fcr the various efforts 
taking place at existing laboratories and should 
lead to increased cooperation among them. 
Significant cost savings could be achieved by 
using riny of the same facilities for a series 
of devices, particularly buildings and costly 
power handling and conversion systems. Signif­
icant :hedule compression compared with serial 
development of several sites could also result 
from a single, committed site for multiple, 
sequential steps. Both of these studies tre 
being conducted primarily with industrial sub­
contracts. 

8.2.1 Introduction 

-rTne 9RKL fusion Power Demonstration Study 
was initiated in FY 1976 with the objective of 
providing a basis for planning a path to tokamak 
power liemonstration. It is recognized that 
there is no unique set of technological direc­
tions, engineering designs, or plasma parameters 
which offers promise for the demonstration 
reactor. Several such sets no doubt do exist. 
In this study, we seek to define one promising 
set of technologies, design approaches, and 
plasma characteristics. We have stressed the 
need to simplify the overall design approach. 

It is our judgment that the number of new 
technologies and facilites required for demon­
stration must be minimized. In carrying out the 
study we have emphasized the application of 
current and near-term technologies. 

Since the projected cost of fusion power 
must be evaluated in competition with other 
advanced energy systems, we have performed 
systems analysis and co'ting evaluation as the 
justification for component sizing and selec­
tion. A computer model was developed to scale 
plasma parameters, design configuration, and 
component cost. 

fi.2.2 Plasma Physics Considerations 

The feasibility of tokamak fusion power is 
more uncertain In the plasma physics performance 
than with limitations in technology and engi­
neering. We have taken an optimistic outlook 



for the plasma physics in s**ecting operating 
characteristics which leac J an attractive 
physical size and powtr output. These character­
istics ire consistent with present th'.-oretical 
understanding of tofcanak plasma behavior, but 
the definitive answers fust b*>. verified if 
tokamak experiments. 

A representative set of parameters is 
presented in Table 3.7. 

Table 8..7- Tokamak power reactor parameters 

Average beta. i. 0.1 
Neutron wall loading, L 2.75 HW/m: 

Safety factor, q 3 
Aspect ra t io , A 4 

P*l ta. i. 2 m 
Space between plasrca and 

f i r s t wail 0.2 m 
Plasma radius, a 1.55 m 
Plasma elongation, ? 1.6 

Maximum field at TF coil, 
B_ 8 T max -

TF coil horizontal bore 7.1 m 
TF coil vertical bore 9.6 m 
TF coil elongation, -..f 1.35 

Ripple (at plasma edge) 2'r, 

Burn time 23 min 
rower (bum), P,, 865 HW(e) 

Power (averao , P f i 825 MU(e) 
Duty factor 0.95 
Thermal ef f* ' iency, n T M). 35 

8.2.3 Simplified Design Approach 

The following design concepts are represen­
tative of the approach taken to simplify the 
overall reactor design and improve its reli­
ability for commercial application. 

Si/e reduction 

Our plasma engineering studies indicate 
that the reactor size for Ignition 1s essen­
tially In the range of a moderate sized commer­

cial power plant [500-1000 Wife)}. A-̂ vjnin'j 
that beta ^lues of 5-10* can te obtained, the 
overall size of the reactor can be quite snail 
in comparison wit': other recent •» ctor con­
cepts. Fiaure &.C illustrates the size com­
parison between the <MVtf. II design o f 1975 and 
the reference design of this study. Also note 
that a Combustion Engineering pressurized water 
fission reactor is shown to illustrate current 
power and utility industry experience in reactor 
size. This overall size reduction has -ajor 
implications in enhancing the practicality of 
tokamak power reactors. 

Vacuum, topology 

We are proposing that the tokamak reactor 
system be enclosed in a vacuum building. By 
eliminating the atmospheric pressure on the 
toroidal plasma vessel, the requirement for leak 
tightness becomes insignificant since the 
pressure or. both S'df, i: near!.. e^'jcT. T*:*s 
approach will virtually eliminate the complex 
remote maintenance ind assembl; problem asso­
ciated with welding and inspection of the plasma 
vacuum vessel. 

To establish the engineering feasibility of 
this concept, we have located an existing vacuum 
building constructed by NASA near Cleveland, 
Ohio. In Fig. 8.5, the Demo reactor ;s super­
imposed in this facility to illustrate that the 
basic size and containment are within reasonable 
extrapolation. In addition to the assembly, 
disassembly, and repair advantages, the vacuum 
building also improves the ability to contain 
and control tritium. 

Iron core option 

Our initial evaluation of an iron core 
option indicates * reduction in power supply 
requirements as well as improvements in design. 
The additional cost of fabrication and con­
struction of the iron core must be carefully 
evaluated with the reduced cost of power sup­
plies. However, the iron core eliminates the 
air core windings under the tokamak device, for 
which maintenance and repair are major concerns 
(see Fig. 8.6). 



Fig. 8.4. Improvement in plssr^ performance leads to reduction in 
reactor size. 

cnwL.nwr, FED ;M?8 

CS-70S42 

Fig. 8.5. Tokamak reactor superimposed on existing NASA facility to illustrate feasibility 
of vacuum containment buildit,^. 
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Fig. 8.6. Iron core eliminate Oh windings under the tokamak. 

limiting the first wall temperature to 400°C to 
mininsiz* radiation effects. Moreover, the 
unique helium production reactions associated 
with nickel bearing alloys in thermal neutron 
fluxes allow an excellent simulation of fusion 
reactor neutron radiation effects in existing 
fission reactors. Gaseous helium now appears to 
be the most attractive blanket coolant for a 
stainless steel system with lithium as the 
breeding material. 

Power conversion system 

The recommended power conversion system 
would consist of a primary and intermediate heat 
transfer loop coupled to a conventional steam 
cycle. Assuming a p-imary loop exit temperature 
of about 450°C, a steam cycle thermodynamic 
efficiency of <iS% can be achieved. 

Pulsed electrical system 

Our studies Indicate that the primary 
energy storage requirements can be satisfied 
with conventional motor-generator flywheel sets. 
Advanced energy storage concepts Sb-,h as homo-
polar generators and superconducting energy 

Blanket modular approach 

In order to minimize down Mme ahd facil­
itate maintenar.ee, the blanket design philosophy 
has been to seek a modular approach which eases 
the problems of remote maintenance. Thus, 
remote maintenance has been identified as a 
major objective and design consideration in the 
development of the engineering design for the 
blanket configuration. In this context, we ar. 
stressing small, easily replaced individual 
blanket modules. Figure 8.7 is an illustration 
of one concept under study. 

8.2.4 Application of Current or Near-Term 
Technology 

The primary technology for the demonstra­
tion reactor is listed in Table 8.8. The fol­
lowing concepts w.>re identified in this study. 

Blanket structural material and coolanf.s 

It is our judgment that an alloy similar to 
type 310 s.ainless steel will be capable of 
achieving fn integral wall loading of 10-20 
MW-yr/firV This Is accomplished primarily by 

http://maintenar.ee
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ments. 
Fig. 8.7. Small blanket modules ease remote maintenance requlre-

Tabte 8.8. Technology base for near-term applications 

System Technology Base 
Magnet 
Plasma heating 
Blanket structure 
Tritium handling 

Pulsed power supplies 

Energy conversion 

NbTi and Nb 3Sn 
Neutral beam injection 
Austenitic stainless steel 
Cryopumping and extraction 

Kotor generator flywheel sets 
("-500 MVA and <l GJ) 

Steam cycle (T. "» 750'F and 
n * 35%) s 

Large Coll Program 
TFTR 
Alloy Development Program 
Tritium Systems Test 
Assembly 

TFTR 

Industry 
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storage devices nay offer some cost savings but 
do not appear to be necessary for commercial 
feasibility. 

8.2.S Economics 

The results of the tokamak plant cost 
studies indicate the following: 

(1) Direct capital cosls are comparable to 
other advanced energy systems [1000-
2000 $/W(e)] (see Fig. 8.8). 

(2) Plasma size of 1-2 m and maximum fields 
of 6-11 T are required. 

(3) The power output of tokamak reactors 
__. -:- can be in the rarge of 500-1000 Nf(e). 
~~- (4) In contrast to fission reactors, unit 

capital costs for tokamak reactors do 
not neces—• ily favor larger power 
levels. 

(5) Multiple reactor units sharing 
equipment can significantly reduce unit 
capita? cost compared with the single 
reactor unit case. 

(6) Neutron wall loadings in the range of 
2-4 W/m2 with material lifetimes of 
t<fc?& HK-yr/m2 will result in near-
opt4inum plant costs. 

{7}^ JLtfiree-phase program, built around a 
„ '.''_•' STR^te-site, mltlple-unit concept, 

offers a viable strategy for demon­
strating the comwrcial feasibility 
of tokamak fusion power. 

8.2.6 Conclusions 

The concepts evolving from the QftHL Fusion 
Power Demonstration itudy are providing a basis 
for planning a path to tokamak power demonstra-, 
tion. In part'cular, this study has provided 
the following conclusions (Refs; 4, 2'-28): 

(1) Optimistic jwumpttons 0n plasma phyUcs 
per formerW (a of 5-131, a of 1-2 m) 
result in reactor s^e and powei^ level* 
in the range- of present poner and 
utility Industry experience' 

(2) The use of a vacuum building improves 
the reliability and safety of the 
reactor and significantly improves the 
problem of remote maintenance and 
assembly of the blanket vacuum vessel. 

(3) An iron core ohoic heating system 
eliminates the troublesome coils under 
the tokamak device and offers the 
potential of recuced cost by reduction 
in power supplies. 

(4) A modular approach to the blanket design 
eases the problems of 'remote maintenance. 

(5) The technology base for the demonstration 
reactor jm be founded upon current and 
near-term technologies. 

(6) The economics of fusion plant design 
favors multiple tokamak units which 
share a common electrical plant. 

ORNL/OWG/FEO-78-41 f 
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8.2.7 hew Directions for Future Work 

Two specific recommendations resulting from 
the FT 1977 study have been selected for an in-
depth design study to evaluate engineering 
feasibility. The engineering is being sub­
contracted to private industry under OfML 
management to get outside expertise in power 
plant technology. 

Blanket design study 

Hestinghouse Electric Corporation has been 
selected to produce, within progra—atic con­
straints, a reference design for the blanket 
system of a tofcamak concept reactor which will 
operate under a reasonable selection of reactor 
conditions and to assess performance and reli­
ability aspects of the resultant design in 
utility service. The study is limited to con­
sideration of blanket conceits incorporating the 
most characteristic combination of elements, 
i.e., stainless steel structure, liquid lithium 
moderator, and helium gas coolant. It is 
intended to carry the process of conceptual 
engineering design of fusion reactor blanket 
systems one step further ir. comprehensiveness 
toward a feasible preliminary design. It is 
also intended to provide guidance to the devel­
opment of fusion reactor test systems and to 
provide a benchmark against which the develop­
ment of competing design concepts may be mea­
sured. It is not intended to be another para­
metric design study but will, in the initial 
phase, exercise some design point selections 
within the ranges Identified by existing para­
metric studies. The results of this design are 
expected to lay the groundwork for component 
design and testing in FY 1979 and 1980. 

Committed fusion site study 

A three-phase program, built around a 
single committed-site, multiple-unit concept, 
offers a viable strategy for demon*bating 
commercial feasibility of tokamak fusion power. 
Commercial feasibility in this context means 
demonstrating the -1lability and economic 

competitiveness of power generation 
practical utility conditions. The three-phase 
prograr consists of (I) ignition demonstration 
(central pulsed electrical plant plus a single 
ignition device). (2) power technology denni-
stration (power conversion system added), and 
(3) comae .fal prototype demonstration (addi­
tional tokamak units arided and tied to central 
pulsed electrical plant). He feel that such a 
strategy is rational because the plasma require­
ment* for ignition are essentially the same as 
those associated with commercial plant operation. 
That is, plasma physics does not indicate that 
successively larger devices must Deconstructed 
proceeding from ignition to power demonstration 
and then to prototype commercial demonstration. 
Based on our cost estimates, it appears that 
such a program could be implemented in this 
century with a total facility cost of approxi­
mately $2-3 billion (in 1976 dollars). This 
does not include engineering and contingency 
cost:, or does it include development costs. 
Mien t jineering, contingency, and development 
costs are included, the total facility cost is 
estimated to be $5-8 billion (in 1976 dollars). 
Escalation through the three-phase program 
results in an estimated facility cost in the 
range of $10-20 billion. 

An architect-engineer subcontractor will be 
selected in the spring of 1978 to make a tech­
nical evaluation of this concept. To do this, 
we wish to engage an organization f m i l i t r with 
site development for large facilities with 
strong interactions with electric power grids, 
large heat rejection requirements, significant 
environmental impacts, and potential radiological 
hazards. In other words, we need an engineering 
firm with nuclear power plant experience to 
perform this task of establishing site require­
ments and characteristics under UCC-ND super­
vision. 

8.3 ELMO BUMPY TORUS REACTOR STUDY 

The experimental results from EST 2 4 have 
motivate)! a consideration of the EBT concept as 
the basis for a potential reactor. 3 0' J 1 This 
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study played a substantial role over the past 
couple of years in cevelopment of the EST con­
cept into a promising alternative concept for 
fusion power. Since the .irst round of con­
ceptual EBT reactor design in 1976, 3 8 there has 
been considerable progress in design improvement 
which incorporates the increased understanding 
from the plasma research. 

A power producing EBTR system is especially 
attractive fron the viewpoint of a reactor 
designer because of its steady-state operation 
at high plasma pressure, its nodular construc­
tion, its relatively large aspect ratio, and its 
favorable geometry for ease of maintenance. 

The following set of design parameters is 
specified in order to select the reference 
design: from the utilities point of view, power 
output is limited to 2000-6000 Mf(th); neutron 
*•.*. loading is in the range of 1-2 HU/rn2 from 

ifetime considerations; the mirror ratio 
f >r anmilus formation is typically 

the limiting plasma pressure is in the 
if 25-501;32 and the device should be 

capable of ignition and should use, if possible, 
150-keV TFTR neutral beams or 120-GHz EBT-1I 
microwave sources for the toroidal plasma and 
70-GHz EST-II microwave sources for the sus­
taining of annuli. On the basis of trade-off 
studies among the plasma physics requirements 
and uncertainties, engineering design, and 
technological capabilities, a self-consistent 
set of plasma parameters and a range of machine 
characteristics, given in Table 8.9, are ob­
tained, A plan view of the entire EBTR plant is 
shown in Fig. 8.9. In view of the uncertainties 
involved in each area, plausible estimates have 
been made to retain flexibility so that the 
system can accommodate changes as the physics 
and technology evolve with time. The essential 
features of the EBTR a n described below. 

Table 8.9. EBTK parameters 

P U S H radius ( • ) 1 
mirror rat io l .S 
Magnetic f ie ld (aidplane/nirror) (T) Z V 4 . S 
Aspect rat io 30-60 
oaber o f sectors 24-48 

Particle density ( •" ' ) 1.4 % 1 0 " 
Ion/electron tenperature (kef) IS 
Toroidal plasna e (X) 27 
neutron M i l loading (average) ( IK /a 2 ) 1.47 
Total fusion power [IM(e>] looo-ano 
Cold tone (•) 0.2 
Blanket thickness ( • ) 0.« 
Shield thictaess ( • ) 0.55 
Coil inner radios { • ) 3 
Coil outer radios ( • ) 3.7 
Coi. half axial leant. ( • ) I 
Current density (Van 2 ) 1525 
Neutral bean energy (teV) ISO* 
neutral bean power ( IV) 59-200* 
Pticrowave frequency (GHz) 

Toroi**-! plasaa %I20* 
Hot electron annuli •wTO 

Microwave power (Ml) 
Toroidal plasaa 50-200* 
Hot electron annuli 5-10 

A toroidal plasra will be heated to ignitttn conditions 
using either Microwaves or neutral bean injection. 
Power required for ignition is in the range of 50-200 W 
(tout) depending on the startup procedures. 

annuli produce a local magnetic well which 
provides stability for the toroidal plasma.32 

Hence an EBT contains two different groups of 
particles: a comparatively small number of 
mirror-trapped energetic electrons (several 
hundred kilovolts) and a higher density (both 
ions and electrons) toroidal plasma. The 
fusions occur between the toroidal plasma Ions. 

The power density which will dictate the 
desirable characteristics for the plasma in a 
D-T burning system is given by 

V 
<ov> 

B*B* 
<ov> 

(8.3.1) 

8.3.1 Plasma Performance 

The basic EBT operation requires a toroidal 
bumpy magnetic field structure with an electron-
cyclotron heated, hot electron ring (annulus) 
contained in each bump of the field. These 

where Qp • 17.6 MeV. The trade-offs between s 
and B have been considered,31 and high-e and 
low-B (the minimum field strength assumed fea­
sible is t<25 kG) operation Is found to be 
desirable. 
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Fig. 8.9. EBTR plan view. 

Startup scenarios consistent with microwave 
cutoff (120 GHz) or neutral bean penetration 
(150 fceV) requirements have been derived to take 
advantage of Mgh-e operation In EBT. At T - 15 
keV, a 6 of <0.35 Is rehired for 12C-GHz micro­
wave penetration. Similarly, neutral beam 
attenuation, which is proportional to exp (-nox). 
also places a restriction on maximum density if 
hollow density profiles are to be avoided. The 
dynamics of the EBTR system have been analyzed 
to establish procedures for achieving i high-8 
opera*'ng point at acceptable density, consistent 
with constraints imposed by other reactor 
support systems. 

Steady-state plasma .«rformance parameters 
are obtained from a consistent solution of the 
equilibrium and the plasma particle and power 
balance equations.33 The scaling laws which 
will ultimately apply to the EBTR plasma are 
presently uncertain. A simulation model which 
retains the essential physics of the phenomena 
has been developed33 to assess the plasma be­
havior. The reactor plasma simulated in this 
model 1s consistent with the results obtained 
from F.BT-1 experiments: 2 , , J i a 'oroidal core 
with nearly uniform density and .emperature 
within the plasma radius, which is determined by 
the stabilizing hot electron annul1. Although 
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in the present EST device plasaa transport 
to be governed largely by .leoclassfcal processes, 
hypothesized amnions transport losses are 
included in the plasma simulation nodel in order r 

to test the sensitivity of EBTR parameters.' 
From appropriate transport coefficients, 

confinement tines are given by 

(8.3.2) «"* = T-rtJi * T.T. 'BC'IIC V A 

The T factors pewit consideration of different 
containment tines, where the subscripts NC and A 
correspcd to neoclassical and amnions pro­
cesses, respectively. The scaling of confine­
ment tine w?th density (n) and tenperature (T) 
for neoclassical and anomalous processes is 
given b y « » » 

T h X " 
3f*T 17 * *vVai\ 

T* 

(8.3.3) 

(8.3.4) 

where 

Zin. 
v, « 3.8 x 10" 1 7 — * - * -

/."Tf 

a i ' , 0 J d ^ r " • zj"> 

with 

n - 10' J 
Er*c 

All units are nfcs (temperatures and In fceV). 
IU and R £ are the toroidal and minor radii of 
curvature, and s and p art constants. From 
Eq. (8.3.2) one can arrange to have 

o-a^a (8.3.5) 

where the subscript o correspoiids to the oper­
ating point values (steady state) and F (anomaly 
factor) is an adjustable constant which is 
chosen to yield physically plausible solutions. 
The results of the calculations for various 
values of the anomaly factor F and elerirU 
field parameter n are given in Fig. 8.10. It is 
shown that the selected parameters for EBTR are 
flexible enough to accommodate anomalous losses 
one to two orders of magnitude greater than the 
present neoclassical losses at the operating 
point. 

rower requirements to sustain the stabi­
lizing annuli need to be examined in detail, 
although preliminary calculations show that this 
is not a problem because the ring plasma occupies 
a relatively small volume. 3 e» 3 1 In steady 
state, the ainulus power balance is P . = 
PBA + PCA« 

I* P . A * 
where P^ is thermal conduction and 

convection, P M is bremsstrahlung losses, P ^ is 
synchrotron (cyclotron) radiation, and P . is 
the microwave power required to sustain the 
annulus. The calculations show that the syn­
chrotron emission from the hot electron annulus 
amounts to a few tens of kilowatts per sector at 
worst, compared with a few tens to a few hun­
dreds of kilowatts of transport losses for the 
data chosen. 2 9* 3 0 It is important, however, 
that this subject be reviewed frequently as more 
information becomes available about the annul1 
(and their scaling laws) from the future experi­
ments.2* 

From equilibrium requirements and efficiency 
of use of the magnetic field, a displaced-
aperture inner wall design was adopted this 
year. Figure 8.11 shows the mod-B contours and 
field lines for one sctor of EBTR for the 
straight cylindrical wall design (original wall 
design from last year's study) arid for the 
displaced aperture flux following wall design 
(without finite beta). In the Tatter case, the 
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Fig. 8.10. NT VS ion temperature Tf for different values of anomaly 
factor F and the electric field parameter. 

plasm is shifted about 25 CM from the coil 
toward the major axis. This change leads to a 
us*bU volume of vioox," compared with W W 3 0 

for the straight cylindrical case. 

8.3.2 Heonetics 

The magnetic field in the EBTR is produced 
by 24 (48) 6-m-bore NbTi superconducting coils 
with a maximum field of <7.B T , •' the coil. The 
magnetic fields at the magnet throat and at the 
midplane (confining magnetic field) are 4.5 T 
and 2.5 T, respectively, which gives a mirror 
ratio of 1.8. As long as the ratio of the 
reactor major radius to the number of coils Is 
constant, the axial field strength produced is 
not sensitive to the size of the .actor. Thus, 

an important advantage of an EBTR is that the 
same module magnet design can be used in reactors 
of different size and output. Also, EBT has a 
large aspect ratio, so that the magnetic field 
is reasonably uniform at the coils and the 
magnetic forces are nearly symmetrical. All 
coils are circular in shape and are made of 
tightly wound pancakes with pool boiling moling. 

Cryostability of the magnet is achieved by 
building up monolithic multifilamentary NbTi 
composite with formed copper strips. The copper 
strips are punched with slots to increase the 
wetted surface area and to improve coolant 
circulation. A high operating current (25 kA) 
was chosen to hold the terminal voltage during 
discharge to 2 kV, and four conductors art wound 
in parallel to maintain a reasonably small 
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Fig. 8.11. Nod-B contours (solid lines) 
and field lines (dashed lines) in the equatorial 
plane for one sector of EBTR for straight cylin­
drical (upper curve) and displaced aperture 
(lower curve) inner wall design. In the upper 
curve, the boundary is the inner wall (and the 
coil planes). In the lower curve, the aperture 
has been moved toward the major axis about 25 on 
so that its projection along ffeld lines into 
the midplane lies on mod-B contours. 

conductor and large heat transfer surface. The 
four conductors are interleaved in a spiral 
fashion in such a way that inductances are 
equalized and the total current is evenly 
divided between conductors. In EBT, it is 
important that the field errors be small. The 
winding scheme adopted (see Fig. 8.12) gives 
lower field errors than if only one conductor 
were used. Furthermore, compensation of field 
errors due to the crossover currents is possible. 
Stray fields ace further reduced by careful use 
of the leads as compensation for each other and 
for axial current component with the winding. 
The design provides 35% helium space, inter­
connected helimPPassage* with a minimum cross-

sectional dimension of 0-25 cm. and a surface 
heat flux cf 0.15 H/crn2 when the entire -urrent 
is in the stabilizer. Quench detection is based 
on voltage taps, with pickup coils on the 
current leads of all power supplies to compen­
sate the inductive voltages and leave only the 
resistive component. Eight consecutfve magnets 
arc charged with a single power supply. Each 
coil is individually protecUd by an external 
dump resistor, which is switcned into the 
circuit on the detection of a quench in any 
coil. Details of the EBrK magnets are discussed 
in Refs. 30, 31, and 35. 

8.3.3 Mechanical Design 

Conceptual desigis of EBT reactors based on 
ute modular concept are studied for a wide range 
of sizes. 3 0' 3 1 Each module consists of one 
supe:-rcrniucting magnet coil, a shield of artic­
ulated cylindrical units, and multiple blanket 
modules (roughly conforming to the plasma shape), 
as well as vacuum pumping and microwave injection 
ports. 

MfH-M* 7C-MOT2 

r 

Fig. 8.12. Schematic diagram for spiral 
winding of four conductors In parallel In a 
pancake. 
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For the blanket, the fol toning material 
choices and design constraints have been 
adopted:36 

(1) stainless steel (notified 3i6) for all 
structures, 
aeUUic normal lithium as the fer ile 
material, 
high pressure aaseous helium as coolant, " 
first wall temperatures limited to 400°C, 
high pressure heliur coolant doubly 
contained for protection of blanket 
buckets, and 
thin first wall to handle surface energy 
deposition. 

(2) 

(3) 
(4) 
(5) 

(») 

The blaafcet is dividad into segments both 
poloidally and torofdally. There are nine 
toroidal segnents in one nodule, and each seg­
ment consists of twelve buckets arranged in a 
circular frame. A cross section of blanket 
bucket is shown in Fig. 8.13. The blanket is of 
uniform thickness, 60 an, for all segnents. The 
buckets are filled with lithium for neutron 

absorption *nd tritiun production, and the back 
section of each bucket has stainless steel 
spheres nixed with lithiun for ganaa absorption. 
In order to contain the high pressure helium and 
prevent damage to the blanket buckets, double 
wall (concentric) cooling tubes are coiled in 
the buckets. Helium gas at 70 at* is circulated 
through the blanket to raum the heat fc - steam 
generation. The entire blanket structure-is 316 
stainless steel with a small addition of ti­
tanium. The shield sections are made of stain­
less steel containers (tanks) filled with _ 
stainless steel spheres around which berated 
water is circulated for heat removal- These 
tanks are divided iuto appropriate shapes and • 
sizes to permit relatively easy access to the 
blanket. 

The torus is assembled in a concrete moat, 
which is evacuated to provide a secondary vacuum 
enclosure for the machine. This vacuum environ­
ment greatly simplifies the assembly procedure 
and, more importantly, eases the remote main­
tenance problem, since »t is not necessary to 

OR*lvm»Gf«D-7*4H 

LITHIUM FILL AND DRAIN LITHIUM VENT AND EXPANSION 

LITHIUM AND STAINLESS 
STEEL SPHERES 

0.08 ~ei 0.08 
H» COOLANT 

0.06 LITHIUM 

TUM DETAIL . 
SCAlf: TWitt MZf 

Fig. 8.13. Cross section of EBTR blanket bucket. Fir>t wall 1$ at bottom of figure. 
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provide a vacuum-tight priNry enclosure for the 
plasma. Tims, it is not required that the 
individual blanket segments be Melded together. 
Also, the numerous penetrations through the 
bluu>»c need no Melding to the blanket well. 
All assembly and rente Maintenance operations 
are performed fro* above the moat. Two gantry 
cranes capable of rotating completely around the 
•oat are Mounted on a continuous circular track. 
A general plan view of the entire EBTR plant is 
shown in *ig. 8.9. 

The coils are installed in a concrete 
"picture frame." The gravity load* and the 
•agnetic centering forces are transmitted to the 
picture frame Through laminated load-bearing 
pads of insulating Material and a liquid ni­
trogen-cooled buffer zone, n plan view of the 
components of the torus is shown >n Fig. 8.14. 
After the coils are installed, the articulated 
shield pieces are installed, except for the 
center clamshell sections between coils. These 
are put in after the blanket sections have been 
put in place. 

The plasma region is vaintained at a lower 
pressure than the moat by two vacuum pumping 
ports between each TF coil. Microwave injection 
is made through these sane vacuum ports. The 
vacuum system for the plasma region is located 
in tunnels running radially under the moat. The 
large area encircled by the moat is used for 
Microwave generators and power supplies, cryo-
genfc refrigerators, primary heat exchangers, 
aitf other equipment. This central location 
minimizes the lengths of lines running to these 
auxiliaries. 
8.3.4 Neutronic Performance 

Neutronlcs calculations were carried out to 
assess the ability of the lithium-laden blanket 
assembly to recover the kinetic energy of D-T 
fusion neutrons and secondary gamm rays in the 
form of heat and for breeding tritium. Also, 
the blanket and the shield assembly were eval­

uated in terms of their combined shielding 
ability to protect the magnet assembly from the 
intense plasma radiation.37 

The calculations were performed in a 1-D 
cylindrical geometry using the discrete ordi-
nates code ANISN 3 8 with a P £ - S I 2 approximation. 
The neutron and gamma ray transport cross 
sections were taken from the DLC-37" library 
and collapsed to a 35-neutron and 21-gamma ray 
energy group subset. All of the nuclear re­
sponses were obtained using the latest available 
FJOF/B-IT data. Tne reactor has a 60-cm-thick 
blanket assembly consisting of lithium fn a 316 
stainless steel structure and cooled with high 
pressure helium. The blanket surrounds a 100-
c*-radius plasma region with a 20-cm cold zone. 
The shield is 55 cm thick and is separated from 
the blanket by a 30-cm-thick maintenance void. 
The shield is composed of 316 stainless steel 
(65S) and water (351) and is supported by a 
stainless iteel structure. Surrourding the 
blanket and shield is a magnet assembly con­
sisting ov NbTi/Cu coils and supported by 
stain^s steel. All of the data were normal­
ized to a first wall neutron loading of 1.47 
PMVM 2. 

The blanket assembly recovers 96% of the 
neutron and secondary gamma ray energy in the 
form of heat. Approximately 4X of the energy is 
deposited in the shield, and the remainder 
(7 x 10~*X) is deposited in the magnet assembly. 
The total heating rate in the reactor is 1.47 x 
10 s W. The peak heating rate in the blanket is 
13.5 M/cm3 and drops off to 0.34 M/cm3 at the 
front of the shield. The'shleld reduces the 
nuclear heating by nearly four orders of mag­
nitude, and at the front of the magnet assembly 
the peak heating 1* down to 5.8 x 10~* M/cm 3. 

Natural lithium Is used as the fertile 
material in the blanket. The tritium Dreading 
ratio is 1.29 tritium nuclei per incident 
neutron, with 56* of the breeding resulting from 
neutron reactions with *li. 
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Fig. 8.14. A plan and section elevation view. 

The radiation damage in the stainless steel 
structural 'umponents at various locations in 
the rejcttc is summarized in Table 8.10. De­
tails of the nuclear performance of the EBTR are 
discussed in Refs. 31 and 37. 

8.3.5 Thermal Hydraulics and Stress Analysis 

Thermal hydraulic design .-pace for the 
blanket module ^Hcussed has been examined in 
detail. 3 6 Specifically, a parametric study was 
performed to determine all the relevant hy­
draulic parameters, such as heat transfer 
coefficients, pumping power, etc. 

In addit'on, calculations were made to 
determine the operating temperatures of the 
blanket structure. In this respect, the design 
goals were as follows: 

(1) Limit maximum temperatures anywhere in 
the stainless steel structure to -v6O0°C. 

(2) Limit the temperatures in areas experi­
encing the most severe radiation damage 
(first wall) to ^OO'C. 

(3) Minimize thermal stresses by arranging 
the coolant tubes to provide favorable 
temperature gradients in the blanket 
structure. 



Tabl- ?..\r,. '.tgnnar/ r,f r . ; - ; i * t . ior . £&.M.* i n '.zi ''•'<'*.: *f-f t r * i - j 

Aturf.ic displacement 
rate* '(Jpi/yr, 

J**utrGri_wa_lJ Joac:r,^ = i_47 
H/drC9<;r. CiS 

pro'SjCtior. r •»•.«; 
fappr/yr j i -Lnraticr, 

First. U- t ic tura l w^V. 10."i 913 

C-mter of blanket * t-2 127 

Rear c»f blanket 7.70 jr 10~- 7.42 

Front of shie ld 2.16 x 10" 1 1.4C, 

Rear of sh ie ld 4.92 x 10"'- L i t x 10" 

Front of magnet co i l 3.SI » 10 ' 5.13 x 10" 

Rear of magnet co i l 6.26 x 10" J 7.76 < 10" 

Based on an e f fec t i ve displacement energy of 40 eV. 
Atom parts per m i l l i on per year. 

r e l ' >Jt 
produc t i&r rat* : 

-'if, 

Hi 
34 . ; 

i.r. 
3.62 / 

2.74 / 

1.26 , 

1.67 x 

10" 

i o -

10" 

Figure 8.15 shows sos* of the resu ' ts cf 

nydraulic ca lculat ions. In th is f igure , the 
e f f e c t s o f w a l l Jnart inr i . t i i h i no c:'7P »t\A t n i e r 

pressure are parametrized with respect to the 
ratio of pumping power used to thermal power 
produced. Also indicated in Fig. 8.15 is a 
series of horizontal lines intersecting each of 
the curves of constant neutron wall loading. 
These lines indicate the uaxi-^m diameter tube 
that can be used and still maintain the first 
wall maximum temperature at less than 4v.0°C. 
One should note that the first wall temperature 
of 40CC cannot be achieved for either 1.8- or 
2-HW/m: cases. To operate at wall loading 
higher than 1.6 MW/m-', the maximum temperature 
shou'rt be relaxed somewhat. 

Steady-state temperature distribution in 
the blanket bucket structure is shown in Fig. 
».16 for a neutron wall loading of 1.4 MW/m2. 
For this wall loading the stresses and stress 
intensities derived for three critical points in 
the blanket module are summarized in Table 8.11. 
These values are <n all cases below the allow­
able limits with a large margin of safety. 

'JHS^/ZAZ/HI •<* *• 

( O M*/ i -
( 2 M* /m ' 
t 4 » * / « ' 

2 OMW/w2 

(.40 
O (, «2 IB 24 30 

RATIO OF PUMPING POWtR TO THERMAL POWER (%) 

Fig, 8.15. Hydraulic parameters for: 
p1nlet * , 0 0 ° p s 1 9 - T1n * 6 6' c- i T * 4 1 5 ° c -

8.3.6 Economic Analysis 

In order to establish tne economic potential 
of the EBT reactor, two Independent system 
costing models have beer developed.'*0 The first 

model relies on an explicit model of EBTR, 
discussed here, to compute the cost of the 
reactor itself and on the United Engineers and 
Constructors 1972 plant cost estimate developed 
for the LMFBR (suitably inflated for 1977 



Fi~.. '..If. r.:t:>.-.j-state te"3*rar,jre distribution in tht blanket 
iC ' 'e* i t r . C . J " - i t 4 r t / . r r , - , « a l l l O S l ' m j Of 1 .4 M i i / « ; ' . 

Tatl'r £ .11 . ' t resses arid stress in tens i t ies for three 
crii.-'.ai point-i in blanket mciAe 

Firs t -a l l Side wall 
Location Center Con.er Outlet side 

'.•r.perature, ' C 3?0 400 431 

n - a 

150 150 150 

\' p s i f i •1,650 •1.650 :800 

C ; , pS! 4,500 0 16,800 

'1. . PS* 4 •17,900 •20.300 •17.690 

r • P. 
rn t 

1,300 ',800 950 

P • P. * 0 
m b ' 

24,200 ^2,100 35,400 

P_ - membrane stress 
!P = bending stress. 
0 « thermal membrane stress. 
0\ • thermal bending stress. 
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dollars} to ceapute the costs of the baiance of 
the plant. The sensit:.i*y of tne reactor cost 
(nuclear island co-,') to the design is then 
examined by par<unetric tariations. To relate 
the results for comparison with the tokaiulc 
system, a second co-.t estiraiswas nade using 
the model developed for the iciimak system."* 
The results of the two models, wMch are d is ­
cussed in detail -n pe'. *•',, <-rp in (jener-il 
^greemwt anl predict capitit r e t s o*. approxi­
mate!/ Sj5O-4G0/Hifth;. ftgare 8.17 shows 
capital costs as a function ©i aspect ratio, 
wall louding. beta, and JX>7*T output for fixed 
•plasma radius and Heretic field Since the 
."efficiency cf the powr »»i.i/er,fon system varies 
ano has ys't to br demonstrated, cost estimates _" 

»re: given on the ba'.is of soiiars per kilowatt 
thermal instead of dollars per kilowatt electric-

In comparing tne E5TP cost to the tokamak 
reactor cost,'' cost savings of the EBT? over the 
tokamak system ire realized by the lack of 
poloidal coil and driving systems and of the 
economic penalty of a duty factor associated 
with pulsed operation. These costs inc'ude 
neither the expected increased maintenance cost 
associated with the rauch twjre conple* tokaroak. 
•system and operating cycle rtor the advantages of 
favorable EETP geometry for east of maintenance. 
In comparison, therefore, tne EBT cor^ept appears 
competitive both-among fusion r e c t o r concepts 
i^i'smrfi different power Dlar.'.s. 

1—vV-
OHWL/0WC/FE3- 7T775 

TMERMOMJCLE** 
: j . 2000 MWtfh) 

/ "" <*3000 
- ^ - • •> ^4000 

_ B(midptone/n»rror)*2.5/4.5T 
o • 1.0 m 

^•5000 
\ MW/m z(0~24%) 

-^6000 

t.5 (-29%) 
8000 
2 (-34%) 
2.5 (-38%) 
3 (-42%) 
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w , 3 - ° m 
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J 

Fig. 8.17. Variation of unft capital costs with aspect ratio and 
wall loading. % 
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if&t-McX. The radiation effects program during. 
the past ye&r was heavily involved with DOE and 
other contractor persornel in defining the 
pro;raiis for Alloy Developrent for Irradiation 
r-»rform»nre The rnal of this orocrar. is to 
s e l e c :• "• develop one or more alloys (froc th" 
multitude of candidate rvterials) that wiM 
serve successfully in fusion reactors prod icing 
economical electrical power. The basis fa- this 
experimental program is a continuing reappra.'.al 
of the materials requmrfnerts for fusion re­
actors - the maintenance of a program to cal­
culate radiation damage paraweters in conceptual 
fusion reactor designs and in fissi^- 'oc tors 
and other available experimental fac i l i t i e s . 
Irradiation experiments for this prcgrar-, are 
conducted in three fission reactors, EBP-II, 
HFIR, and the ORR. The past year saw the 

*Par t - t i ne . 
1 . Chenistry D iv is 4 0 ' i . 
Z. Neutron Physics Dr / ' s fon . 
3, metals *nd Ceramics Division. 
4 , Sol id State D iv is ion . 

5, University of Tennessee, Knoxville, 
Tennessee. 

6, Computer Sciences Divi'.ion. 
7, Colorado School of Mines, Golden, Colorado. 
8, Department of Energy, Washington, D.C. 
9, ORNL Operations. 

10. UCC-NO Engineering. 

r e c e p t i o n fcy DOC o? the value of ORR to the 
Fusion Materials Proyrar and rf-sulfd in the 
f irst e*V.-rii"*nts for ORR irradiation of Fusion 
Sector Program wafriais being built. The HFIR 
irradiate program continued, exploiting the 
unigue ability of this reactor to produce high 
levels cf heliun during the irradiation of 
alloys containing nickel. Irradiation experi­
ments in tBR-U continue with many different 
alleys reaching high levels of displacement 
damage at temperatures of interest. 

The measured effects of irradiation on the 
engineering properties of candidate alloys 3re 
evaluated to serve three goals: (1) to set the 
direction of further experimental investigation, 
(2) to identify promisinq directions for alloy 
improvement by control of chemistry or micro-
structure, and (3) to identify limitations that 
iraterial properties impose on fusion power sys­
tems. Available fata indicate that limitation1: 
on ductility after eztenied periods of irradia­
tion will restrict both the ooerating tempera­
tures and the allowable strains durinq reactor 
operation. Cyclic loading imposed by temperature 
changes du.'ing a reactor operating cycle « n be 
expected to further limit the reactor structure 
lifetiTO. The most important sinqle result of 
this analysis is to highlight the shortage of 
data relevant to fusion reactor design or perfor­
mance prediction. F'nally, examination of the 
effect of modifying type 316 stainless steel by 
the addition of snail amounts of titanium shows 
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that this is a promising accroach t i te w'.'*€ 
in the search tor alloys that meet the *»~ar<l-. o f 

Tusior, power system. 

Th* resist ivi ty o* several comerc 4*! 
organic insulates decreased prcr&tly t / a factor 
of -.10* under ir»t?rse garma ra / i r raoiat ion, but 
th« »n-.ul»tr,rs showM l i t t l e fu»-*her charge aur­
ic-; Eradiation at *.?, r to a dose of 2 x W- P. 
Postirradiation testing of electrical and 
mechanical properties at 300 Y showed l i t t l e 
change over preirradiation values. 

9.1 THE PPQGRAM FOR ALLOY DEVELOPMENT 
FOR IRRADIATION PERFORMANCE 
IN FUSION REACTORS1 

J. 0. Stiegler T. C. Reuther 

Because the fusion reactor environment ts 
outside the range of our txperierce and because 
wic uroperties regjired by reactor desiin art not 
yet idc_tif'"ed, the Alloy Developnent for Irradi­
ation >.-rfore>ance Task Group is taMng a broa*! 
approach in which four distinct classes of 
materials are investigated in parallel: 

Path A - austenitic alloys 
Path B - higher strength Fe-Ni-Cr alloys 
Path C - reactive/refractory metal alloys 
Path D - innovative concepts. 

The Division of Magnetic Fusion Energy has 
established the planning and organizational basis 
for the development and testing of these alloys 
for the intense high energy neutron rlux thjt 
will he encountered in the first wall of a fusion 
reactor. Because of the lack o f fusion testing 
environment, most irradiations for obtaining 
engineering data will have to be carried out in 
fission reactors. A key element of the program 
is the Li (d,n) neutron source, which will allow 
relationships to be established between the fis­
sion and fusion environments. Because such a 
source* supplies a broad spectrum cf neutrons 
extending up to about 40 MeV, extensive cross-
section measurements are required in order for It 
to be used effectively to develop alloys for 
fusion reactors. 

9.2 MPTEP'ALS PE'v:P£*£*«*C FQP F:.*S!C% PEACT0PS* 

C. J . "crar-ue J . L. Scitt 

Once t*e physics of fusicr devices is under­
stood, which is expected to be achieved in the 
early 198C's. one or more experinental power 
reactors ftPP} are planned which w i l l produce net 
e lectr ical power. The structural material for 
the i * / ice wi l ! probably be a modification of ar. 
austenitic stairless steel . Unl*Ve fission 
reactors, whose pressure boundaries are subjected 
to no or only l ight i r radiat ion, the pressure 
boundary of a fusion reactor is subjected to high 
' tonic displacement damage and high production . 
rates of transmutation products, e . g . , helium and 
hydrogen. Hence, the design data base must 
include irradiation materials. Because ir.-ti'u 
testing to obtain tensi le, fatigue, creep, crack 
growth, stress aipture, and Swelling data is cur­
rently tmossible for fusion reactor conditions, 
a prooran of service tenperature irradiations in 
fission reactors followed by postirradiation 
testing, sicnjlatirr, t* fusion conditions, and low 
fluence M-HeV neutron irradiation tests is 
planned. For the demonstration reactor (Deno) 
expected to be bui l t within ten years a f t * r the 
EPR. nigher heat fluxes i«*y requ..* me use of 
refractory ra ta ls , at least for the f i rs t 20 cm. 
A part ial data base may be provided by high flux 
14-MeV neutron sources b-̂ ing planned. Many mate­
r ia ls other than those for structural components 
w i l l be required in the EPR and Demo. These 
include superconducting magnets, insulators, neu­
tron reflectors and shields, and breeding mate­
r i a l s . The rest of the device should ut i l ize 
conventional materials except that portion 
involved in trit ium confinement and recovery. 

9 . 3 SUMMARY OF RADIATION DAMAGE CALCULATIONS 

T. A. Gabriel B. L. Bishop 

In order to plan radiation damage experi­
ments in fission reactors (such as 0RR, HFIR, and 
EBR-II) keyed toward fusion reactor applications, 
It Is necessary to have available fur these 
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fac i l i t i es displacement per ctom Upa) and gas 
production rate'- for cany potential materials. 
In a previous psoer, 5 the calculate! irradiation 
tsponse (dpa and gas production) f i r a fusion 
reactor f i r s t wall neutron spectrum was obtained. 
Similar calculated data trt now beirg obtained 
for various locations within the fission reactors 
mentioned above. These data, when orsidered 
with thos- in Pef. 1 . w i l l rake available better 
information for planning and evaluating fi«_ v\ 
reactor experiments in the l ight of fusion reac­
tor needs. Some of the calculated data for the 
ORR reactor are given in Table 9 . 1 . 

in order to maintain good basic (lata on 
which ^he above type calculations arejbased, the 
sensitivity of primary knock-on atom ^PKA) spec­
tra and dpa cross sections to different secondary 
neutron energy and angular distributions and " in-
groun" weighting schemes was investigated." I t 
was shown (see Table 5.2) that tor some variables 
such as secondary neutron angular distributions, 
the sensitivity is reasonably large and there 
exists a need for further theoretical and experi­
mental data j n d developnent. 

Table 9 . 1 . dpa and gas production rates in the elemental constituents 
of fusion candidate alloys for the reactor spectrum: ORR/C-3 (midplane) 

Effective 
displacement Displacement 

threshold danage Helium Hydrogen 
Element energy (eV) (dpa/< iec) (appm/sec) (tppm/sec) 

Fe CO 2.13 x 10" 6.23 x 10"» 1.07 x 10-« 
Ni 40 2.25 x 10- 7 8.88 x 10- 7 1.36 x 10-5 
Cr 40 2.41 x 10- 7 2.27 x 10'« 3.14 x 10" 7 

Mn 40 2.65 x io- 7 2.46 x 10' 8 2.47 x 10' 7 

V 40 2.65 x 10- 7 4.68 x 10-9 1.90 x 10- 7 

Nb 60 1.43 x io- 7 1.55 x 10*" 1.10 x 10' 7 

MO 60 1.63 x io- 7 1.54 x 10'» 2.99 x 10-» 
Ti 30 3.45 x lO'7 3.11 x 10' 8 5.06 x 10"» 
IT 50 1.63 x 10' 7 4.32 x 10"»° 6.13 x I0"» 
A1 25 4.28 x 10' 7 1.42 x 10- 7 7 31 x 10' 7 

Mg 40 2.72 x io- 7 5.40 x 10' 7 2.37 x 10"*7 

Cu 30 2.92 x io- 7 6.11 x )0"» 3.25 x 10"« 
Co 40 2.50 x IP* 7 2.1* x jo'» 5.35 x 10- 7 

V.< USE OF FISSION REACTORS FOR FUSION REACTOR 
FIRST WALL STUDIES-

J . A. Horak J . K. Swank 

The purpose of tbe work presented is to 
demonstrate one of the more important uses of 
existing fission reactors for the magnetic fusion 
reactor (KFR) f i r s t wall alloy development pro­
gram. The most important properties of the f i r s t 
wall are resistance to fracture and to swelling 
while operating in the MFR environment. One of 
the more important effects of the fusion reactor 
environment is the high He/dpa produced in the 
f i rs t wal l . The f i r s t wall must operate In the 
temperature range from «0.3 to *0 .5 T^, where i t 
has been demonstrated that duct i l i ty and swelling 
an sensitive to helium concentration, dpa, and 
the He/dpa. 6 ' 6 

!» ~',zz£ C**CCtrjf? f * " * 1 ? * * r»»#-tnr* wfw»mp 

both the fast (E > 0.1 HeV) and thermal neutron 
'luxes are i3 x lO1"* neutrons/cm2/s, both helium 
and dpa levels equal to and greater than those 
anticipated for an KFR at an operating level of 
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Table 9.2. Sensitivity of the Fe(n,n' unresolved) dpa cros* sections 
to different neutron angular distributions and tnergy spectra 

dpa cross sections (bams) 
dc ,a 
d a " ! * - 2 *L= 3 C 

dr. 3 £ • ' 
Neutron 
group 

ninber * - « dE * £-= A dE * * • • 
1 460 376 346 394 
2 47? 385 356 410 
3 504 412 381 444 
C 565 463 428 506 
5 689 566 524 631 
6 955 797 736 906 
7 1309 1099 1028 1289 
8 t48S 1259 1183 1492 
9 1395 1181 1109 1410 
10 1261 1066 1000 1277 
11 1112 939 8tjl 1129 
12 ?36 792 744 956 
13 730 622 585 7S1 
14 512 442 419 533 
15 308 271 259 323 
16 144 130 126 152 
17 27.5 25.4 24.8 28.3 

a l = constant; i I * 755 forward, 
. - -E/T 

25*. backward; 3 « 1 • cos O. 
A = ENOFB/IV; B = E e " c " , where T(eV; = 3.22 x 10 3 JPJK, A is the atomic number 
of the target, E' is the incident neutron energy in eV, and E is * energy of 
the emitted neutron. (All energy and angular distributions are for the center 
of mass system.) 

at least 1 MW/m2 can be produc-4 in alloys that 
contain nickel, as shown in rig. 9.1 for type 316 
stainless steel. The fas': neutrons produce the 
dpa; the helium is produced by the process 5 8Ni • 
n t -tb 5 ,N1 • n t *llb " F e • a . 5 . " However, as 
shown in Fig. 9.1(a). irradiation in a mixed 
spectrum reactor where the thermal-to-fast-
neutron ratio is approximately constant diving 
the entire irradiation, the same He/dpa as that 
1n an MFR first wall of type 316 staples* ;ieel 
is achieved at only one time durlri irradiation. 
The helium concentration increases ipproximately 
as (• t't)" 1' i and the dpa Increases linearly with 
«f>t. Hence, the time when the He/dpa In a fis­

sion reactor exceeds that in an MFR is a function 
of the thermal-to-fast-neutron ratio. To utilize 
fission reactors for MFR first wall development 
of materials that contain niobium, it is neces­
sary that the He/dpa during the entire irradia­
tion closely match that anticipated in an MFR. 

For several valid reason; it is becoming 
increasingly obvious that a member of the type 
316 stainless steel family will be utilized for 
the first wall of the early generations of 
MFR<.'-»-15 In Fig, 9.1(b) is shown the calcu­
lated He/dpa in type 316 stainless steel for an 
MFR at 1 Mw/m* and for Irradiation in two of the 
high flux positions (£-5 and C-3) of the Oak 
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Fig. 1(a). Helium concentration as a function of displacements 
per atom in type 316 stainless steel for an MFR first wall and for 
irradiation in two HFIR and two ORR positions. 

Fig. 1(b). Helium concentration as a function of displacements 
per a tor, in type 316 stainless steel fvr an MFR and for irradiation 
in two positions of ORR with spectrum tailoring. Percentage values 
are for the Increases in the thermal neutron flux produced by varying 
the moderation between the reactor fuel and the test samples. 
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Ridge Research Reactor (QRR). The He/dpa for 
type 316 stainless steel irradiated in the cen­
tral irradiation positions of ORR can be Main­
tained as close to that of an MFR as thought 
necessary. This is accomplished by varying the 
thermal-to-fast-neutron ratio as often as desired 
durinq the irradiation. 

The ORR core loading arrangement is designed 
to be extremely flexible. The spectrum tailoring 
reauired to produce the correct helium and dpa 
production rates and th* He/dpa can be controlled 
throuqh the number of fuel elements in the core, 
the mass of 2 3 - U per fuel element, the thickness 
and snecies of moderator between the fuel and the 
test samples, and through the insertion of thin 
pieces of aluminum containing =10 at. " 2 3 5 U be­
tween the fuel and test samples. In the example 
shown in Fig. 9.1(b), extremely simple spectrum 
tailoring of the present ORR was used. No 
attempt was made to optimize the sp.-ctrum tailor­
ing to produce a He/dpa closer to the NFR value. 
I t is not known at this time how closely the He/ 
dpa must be controlled to simulate the effects of 
the MFR environment. I t would be relatively easy 
to have the He/dpa value for ORR irradiation of 
type 316 stainless steel as close to that of an 
MFR as desired. 

In summary, high flux mixed spectrum fission 
reactors such as the ORR can provide relevant 
simulation of the helium concentration, dpa, and 
He/dpa expected in an MFR. These reactors will 
be an important part of the OFE alloy developnent 
program for f irst wall materials that contain 
nickel, for at least the next five to ten years. 

9.5 THE UNIQUE ROLE OF HFIR IH FUSION REACTOR 
MATERIALS EVALUATION1* 

P. J. Maiiasz F. W. Mi ffen 

The lack of irradiation facilities with 
neutron flux and spectrum that match a D-T fueled 
fusion reactor requires the use of simulation 
techniques 1n examining irradiation effects In 
fusion reactor first wall and structural mate­
rials. The purpose of this paper is to examine 

the place of irradiations in the HFIR in evaluat­
ing the effects of the fusiun reactor environment 
and to examine the results of experiments ex­
ploiting the HFIR advantages. 

The High Flux Isotopes Reactor is a 100-
HV(th) flux trap reactor. The highest fast 
neutron flux is 1.4 x 10 1 5 neutrons/cm2/sec (>0.1 
HeV); the thermal flux at the same position is 
2.3 x 10 1 5 neutrons/cmVsec. Temperatures above 
the water coolant temperatures are achieved by 
gradients across gas gaps between the nuclear 
heated specimen and the specimen holder in ther­
mal contact with the water. Irradiation temper­
atures from 280-950°C have been achieved by this 
method. 

Neutron irradiation of a metal results in 
the displacement of atoms, mainly through elastic 
collisions, and transmutation of target atoms 
initiated by neutron captures. In a fusion 
reactor, the accumulated displacement damage and 
the heli'jm produced in (n,*) reactions will be 
the most important components of the irradiation 
respof.se. In HFIR irradiation fast neutrons 
result in a high level of disp.jcement damage, 
and the high thermal neutron flux results in 
significant yields for any reactions having a 
high thermal neutron cross section. A unique 
reaction sequence of interest here is helium 
production from the iiajor isotope of nickel. The 
two-stage thermal neutron reaction sequence is 
5 «Ni(n, Y )"Ni , "Ni(n,i)^F> . The calculated 
irradiation response during HFIR irradiation of 
two alloys of interest is given in Table 9.3 and 
is compared wit* calculated danage production 
rates in a tokamak fusion reactor first wall. 

Ir-adiatlons in the HFIR offer the only 
method of achieving helium levels equivalent to 
long service in a fusion reactor. Although these 
heiium levels are accompanied by a lower dpa 
level than would be achieved in the long fusion 
reactor service, the dpa level is as high as 
achieve ,e In any other fission reactor. These 
unique advantages of HFIR can be exploited in 
evaluating the Importance of high helium levels 
In determining the irradiation response of some 
metals; In addition, in crises where helium level 

http://respof.se
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Table 9.3. The simulation of fusion reactor irradiation response 
by HFIR irradiation of nickel-containing alloys 

Calculated response 
Irradiation tine and response parameter Type 316 SS PE-16 

One HFIR cycle (23 days) 
Displacement danage 2.25 dpa 2.25 dpa 
Fusion equivalent 0.2 W-yr/M 2 0.2 f l-yr/n 2 

Helium generation 30 appn 101 appn 
Fusion equivalent exposure 0.2 HH-yr/m2 0.7 rV-yrfm2 

One year in HFIR (at 92X) 
Displacement danage 33,7 dpa 33.7 dpa 
Fusion equivalent exposure 2.9 W-yr/n 2 2.9 nM-yr/B2 

Helium generation 1920 appn 6370 appn 
Fusion equivalent exposure 13 rV-yr/n 2 44 HW-yr/n2 

ran pe snuwn tu (.uiikrui trie i i iauianu-i minitisc, 
the results can be used to predict fusion reactor 
service behavior. 

Samples of type 316 stainless s tee l , Inconel 
600, and PE-16 have been irradiated at tempera­
tures in the range 300-730°C. Postirradiation 
examination has resulted in the following con­
clusions: 

(1) At levels of helium anticipated in fusion 
reactor service, the irradiation response 
is not adequately predicted by irradia­
tions that produce only displacement 
damage.1 

(2) Swellir.j is controlled by helium content, 
with cavities in equilibrium with the 
helium pressure. 6 ' 6 As a result , swelling 
is relatively temperature independent 
throughout the normal range of swelling 
temperatures, but larger swelling is 
observed at higher temperatures. 

(3) Ducti l i ty reductions are greater than 
observed after fas? reactor irradiation. 
At elevated temperatures, embrittlement 1s 
clearly dominated by helium content, with 
near zero elongation resulting from inter-
granular fractures. 7 

more completely defining the helium effects on 
irradiation response and comparing the response 
of candidate alloys to the unique regime o f i r r a ­
diation parameters achievable in this reactor. 
The results w i l l be translated to performance 
limits on planned fusion reactors and w i l l be 
used in the development of alloys more resistant 
to degradation in fusion reactor services. 

9.6 MECHANICAL PROPERTY DEGRADATION OF 
STRUCTURAL MATERIALS OURINS FUSION REACTOR 
OPERATION17 

F. H. Hiffen 

The reliability and economics of electricity 
supplied by fusion power reactors will in large 
measure be determined by the lifetime of the 
reactor structural materials. This lifetime will 
be set by projected changes in the mechanical 
properties of the structure during service ir- the 
reactor neutron flux. In general, irradiation 
hardens the material and leads to a reduction in 
ductility. Ar exception to this Is in some com­
plex engineering alloys, where either hardeninq 
or softening can be observed depending on the 



206 

alloy and the irradiation conditions. Regardless 
of this restriction, irradiation usually leads to 
a reduction in ductility. Available tensile data 
show that significant ductility reduction can be 
expected for irradiation conditions typical of 
fusion reactor operation. Consideration of these 
effects shows that extensive work wil l be needed 
to felly establish the in-service properties of 
reactor structures. This information will be 
used by designers to develop conditions and 
design philosophies adapted to avoid the most 
deleterious operating conditions and to minimize 
design stresses. The information will also be 
used as input to alloy development programs with 
goals of producing materials more resistant to 
property degradation during irradiation. 

9.7 COMPARISON OF 316 + Ti WITH 316 STAINLESS 
STEEL IRRADIATED IN A SIKULATFD FIKTON 
ENVIRONMENT" 

P. J. Maziasz E. E. Bloom 

Fracture of the first w?11 in a fusion 
reactor is a shutdown condition, and ductility 
and swelling are important parameters in evaluat­
ing the fracture resistance. In a fusion 
reactor, 14-MeV neutrons from the D-T plasma will 
produce displacement damage and helium in the 
first wall and structural materials. The High 
Flux Isotope Reactor simultaneously produces hiqh 
levels of helium and dpa in alloys containing 
nickel and can help evaluate the fusion reactor 
response.1'' Previous studies 6 " 8 ' 1 9 have shown 
that titanium additions can improve the irradia­
tion response under fast reactor irradiation and 
that 202 cold working can improve the response 
relative to solution-annealed material after HFIR 
irradiations. 

Samples of annealed and 20J cold-worked 316 
and 316 modified by the addition of 0.23 wt % Ti 
(TIM 316) were irradiated in HFIR at 550-8O0°C to 
fluences producing 30-60 dpa and 2000- to 4000-
appm He. Lower fluence irradiations at 600"C 
produced 1.5-3.0 dp* and 30- to 80-appm He. 
Swelling was determined by immersion density; the 
specimens were then tensile tested at a strain 

rate of 0.0028 min"1 at temperatures near the 
irradiation temperature, and the m*crostractures 
and swelling were evaluated by electron micros­
copy. 

Limited data show increased ductility in 
annealed TiM 316 compared to 316 for tests above 
550°C, while at 575°C, 20? cold-worked TiM 316 
irradiated to low fluences also shows increased 
ductility relative to 203 cold-worked 316 (see 
Table 9-4). Ductility is lower in 316 irradiated 
in HFIR fiar. in EBR-II, which produces much lower 
helium levels at similar temperatures and 
fluences.7 

Swelling is reduced in annealed TiM 316 
relative to 316 irradiated in HFIR (Table 9.4). 
Swelling is also reduced in 20J cold-worked TiM 
316 relative to 316 for irradiation at 600°C to 
1.5-3.0 dpa and 30- to 80-apoci He. In both 
microstructural conditio.. the concentration nf 
intragranular cavities is reduced in TiM 316 rel­
ative to 316, while the cavity size remains about 
O.e sane- In irradiations of t.ie annealed mate­
r ia l , the grain boundary cavities are much 
smaller in TiM 316 than in 316. Swellino is 
greater in 316 irradiated in HFIR than i t is in 
EBR-II at similar temperatures and fluences. 6' 8 

The precipitation responses of annealed TiM 
316 and 316 are quite different. Intraqranular 
precipitates in TiM 316 include TiC and some 
M23C6 after irradiation at 550-680'C. In con­
trast, precipitates identified in 116 include chi 
phase and sor* MJJC^ for irradiation from 480-
600°C. Both alloys exhibit M.„,6 at the grain 
boundaries for irradiations below 600°C and sigma 
phase above 600°C. The TIC precioitate particles 
in the modified alloy are rod shaped and aopear 
to he preferential nudeatlon sites for cavities. 
Their role as collection sites for helium affects 
both ductility and swelling. 

In summary, the addition of titanium to 316 
stainless steel improves both the total tensile 
elonqatlon and the swellinq response for irradia­
tion to helium and dpa levels similar to those 
predicted for a fusion reactor first wall envi­
ronment. The imorovenent results from differ­
ences In the microstructural accommodation of the 
helium. 
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Table 9.4. Swelling and postirr.. »tion ductility of 316 
aid titanium-nodifieo 316 v . adiated in HFIR 

Helium 
content 
(appm) 

Displacement 
damage 
(dpa) 

Test 
temperature 

( • C ) a 

Total tensile 
elongation 

(*> 

Cavity volume 
fraction 

(?) 

Annealed 316 
4100 60 575 0.82 [ 8 ] 6 

3200 45 650 0.2 
4240 61 650 0 7 * 3 
3400 48 750 0.14 [ 8 ] 6 

- Annealed 316 + Ti 
'850 28 575 4.5 1 i 0.3 
2450 39 650 0.7 
3300 47 650 1 3 ± 3.8 
3300 45 700 1.1 [3 .4] b 

3420 48 750 

2(K cold-worked 3U 

0 9 ± J 

34.0 1.5 575 2.5 [0.4f 
51.0 2,*> 575 2.85 
86.0 3.3 575 

20% cold-wArfe* 316 • 

0.5 

Ti 

0.06 ± 0.03 

30 1.5 575 5.6 lo.zf 
70 3 575 5.1 0.02 t 0.006 

Irradiation temperatures were near the test temperatures shown. 
[ ] indicated swelling measured by immersion density change. 

9.8 HECHA-fIC"' PROPERTIES OF STRUCTURAL 
MATERIALS 

K. C. Liu 

Fusion power reactors must be guarded from 
thermal cyclic fatigue and designed against fa i l ­
l e by the interaction of fatigue an<f creeo at 
high temperatures wnere the effects of thermal 
and radiation creep on the mechanical properties 
of structural materials are significant. ror 
concents with short burn times, hfih cvdit l i fe­
time is required. For others with lonoer burn 
tines, the interaction cf creeo and fatioue is 
important. In any case, creep-fatigue damane is 
a strong function of thermal stresses, increas­
ing thermal stresses /<J1 decrease creep-fatigue 
and consequently increase structural lifetime. 

A recent panel-0 discussed the nature of 
thermal stress problems in a thin walled fusion 
blanket and denonstrated that the severity of the 
thermal stress is strongly dependent on the 
arrangement of cooling circuits. Requirements 
for acceotance of a design on the basis of exist­
ing ^;sign codes were also discussed. Unfortu­
nately, these codes do not include the effects of 
fast neutron irradiation, which are essential to 
fusion component desigrs. 

Structure.: integrity of the first wall/ 
blanket system is a crucial factor that could 
influence the economy of fusion power Damages 
by cyclic fatinue and creep-fitigue are likely 
the design limitations that govern the structural 
l i fe of fusion blanket systems. In desiinlnq 
components for fusion reactors, desion a"*1ysts 



208 

ire faced with a d i f f icu ' * task r,f pr»dictinq 
structure l ifetime because the compW prohlems 
of ceeo-fati iue have not beon wetl understood 
and t*ie existing methods of l i fe t ine estimates 
are not adequate for their desiin aoplicatior.*.. 

Problems of assessing cyclic creep-fat»o»je 
damage in fusion blankets and current methods of 
lifetime prediction have also been addressed. 7 1 

TVre are d i f f icu l t proolerv, associated with 
using these methods in current design apolica-
tions. Several methods which an s f i l l under 
development commonly y i e ' i a dispersion of 
results when applied to the same design situa­
tion. Ther» is also a cannon deficiency in the 
treatment of stress mulHaxiati ty, which wi l l 
generally exist in the structure duiinn opera­
t ion, whereas "joporting desiqn data are mostly 
derived from ideal uniaxial test conditions per­
formed :n relatively short periods. The most 
serious deficiency in the current treatment of 
creep-fatigue interaction is ch2 lack of knowl­
edge of the effects of neutron radiation. A 
development effort to f i l l gaps in exisMno 
knowl':dqe of the effects of neutron radiation on 
creep-fatique damage i eedi immediate attention. 

9.9 IRRAD1ATIC- CXPERIMEMTS IN PROGRESS 

£. t . BIOOTII 

-f. W. Hi ffen 
A. F. ZulHger 

H J . Kan la 
M. L. Grossbeck 
J . W. Woods 

The Radiation Effects Program fs continuing 
to use irradiation experiments in available f i s ­
sion reactors to evaluate the effects on material 
properties that wi l l be encountered in fusion 
reactor f i rs t wall and structural components. 
Experiments are currently under irradiation in 
two thermal spectrum reactors, ORR and HFIR, and 
In the fast spectrum reactor, EBR-II. 

The f i rs t exoerWnt for the irradiation of 
fusion reactor pronram materials in the ORR, ex­
periment ORR-MFM, was built late in 1977 fnr 
irradiation beqfnnf.iq in 1978. The experiment 
contains auitenltic stainless steels, austenitlc 
stainless steel we'ids, nickel base, and titanium 
base alloys. These samples are Intended for 

postirradiutior. testify to determine swelling, 
r icrcstructu r es, te'.sile croperties, fatigue 
p ro je r t i ' s . and fracture wodes - The samples 
selectc. provide coverage of alloy types, compo­
sitional variations, and microstructural varia­
t i o n . . The irradiation parameters include the 
te~perature ranoe Vt^-^S^C. 

Experiments in the PTP of HFIP continued 
through 197*. During the year 11 experiments 
were loaded into the reactor, and 12 experiments 
were removed with their scheduled irradiation 
completed. These exoeriper.ts contained specimens 
of type 316 stainless s tee l , w^lds in type 316 
stainless s tee l , Inconel 600, and PE-16. The 
ra^ge of irradiation temperatures was 5S-700"'C, 
and specimens included wi l l be used for the de­
termination of swell ; ng, microstri'ctJres, tensile 
properties, and postirradiation fatique in uni­
ax ia l , fu l ly reversed loading. 

The EBP-II row H experiment, for which LASL 
was the major experimenter, was discharged fror 
th-2 reactor early in 1977. ORfJL specimens o* 
type 3*i6 stainless steel , PE-16, and several 
refractory al 'oy: have been -eturned for tensile 
and microstructural exarit.atitn. This sample set 
w i l l provide information on the effects of helium 
injected prior to irradiation in the postirradia-
tion properties of several al loys. The row 7 ex-
per'me * for EBR-II was put into the realtor in 
January 1977, and wi l l continue under irradia­
tion until early 1979. This experiment includes 
316 stainles: s tee l , PE-16, and a nur*er of vana­
dium and nioMun basv alloy>. Many of the 
samples have helium introduced by n-injecMon or 
3T e d->cay. The range of irradiation tempera­
tures is 400-7QO°C, and the goal maximum fluence 
Is 4 x 1 0 " neutrons/m2 (>0.1 MeV). 

9.10 SPUTTERING CALCULATIONS WITH THF DISCRETE 
0RDINATES METHOD22 

T. .1. Hoffman 

H. L. Dodds, Jr. 
M. T. Robinson 

D. K. Holmes 

The purpose of this wort: is to investigate 
the applicability of the iiscrete ordinates ( S j 
iwthod to l loht Ion sputtering problems. In 
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par t i cu la r , trie neu' ra l pa r t i c l e discrete o r d i -

nates OTSuter code ANIS'i was used to calculate 

sputter ir i ' : y i e lds . No mod i f i ca t ion ' to th i s code 

were necessary to t rea t charged pa r t i c l e t rans­

por t . However, a cross-section processing code 

was wr i t ten for the generation of nul t igroup 

cros„ sect ions; tnese cross sections include a 

nod i f i ca f ' on to the t o t a l macroscopic cross sec­

t ion to account f o r e lec t ron ic in te rac t ion and 

i n a l l scat ter ing anqle e l a s t i c in te rac t ions . The 

discrete ordinates aoproach enables cal :u lat ion 

of the sputter ing y i e l d as functions of inc ident 

energy and angle and ot iwany re la ted quant i t ies 

such as ion re f l ec t i on c o e f f i c i e n t s , annular and 

energy d i . t r i b u t i o n s or sput ter ing p a r t i c l e s , the 

behavior of beans penetrating th in f o i l s , e tc . 

•fre results of several sput ter ing problems as 

calculated w i n ANISN are presented. 

9.11 COWER SIMULATION OF RADIATION EFFECTS 

IN M1TALS 

M. T. Robinson 

The computer program MARLOWE generates 
co l l i s i on cascades in c r ys ta l l i ne and amorphous 
media using the binary c o l l i s i o n approximation to 
generate ind iv idual pa r t i c l e t r a j ec to r i es . The 
numerical model *as imoroved in a number r f 
respects, and both the running time and the 
nes»ory requirements were s i g n i f i c a n t l y reduced. 
The program (o r i g ina l ! y wr i t t en fo r IBM System/ 
?GQ equipment) was adapted to CDC 7600 hardware 
and w»s tested on a machine at LLL using the 
national MFE computing network. The code runs 
about one-th i rd faster on a CDC 7600 than I t does 
on a 360/195 but i s much la rger . At present, 
displacement cascades In copper could be run on a 
CDC 7600 up to about 50 keV, whereas on the 360/ 
195, energies as hiqh as 300 keV can be achieved 
without reprogrammfng. I f adequate access to t\<t 
NKFECC can be assured, i t can be used very 
ef fec t i ve ly 1n damage analysis appl icat ions. 

?.12 C0KPUTEP SIMULATION OF THE REFLECTION OF 

HYDPOGES. DEUTERIUK, AND TPITlliK FROM 

AMOPPHWS AND POf'CRYSTALLINE SOLIDS— 

P. S. Oen M. T. Robinson 

The re f l ec t i on (backscatterino) o f 0.01 to 
5-keV hvdroqen, deuteriuir , and t r i t i u m ipns 
(atoms} from a'^orphoiii and po lyc rys ta l l i ne sol ids 
has been studied using the binary c o l l i s i o n cas­
cade program MARLOWE. Incident ions s t r i k i n q the 
target are fol lowed c o l l i s i o n by c o l l i s i o n unf" 
they e i t he r emerge throuah the tarqet surface oi 
the i r energy f a l l s below 1 eV. Each c o l l i s i o n 
wi th a target atop consists of an e l as t i c par t 
described.by a Thomas-Ferei potent ia l and an i n ­
e l as t i c per t which is proport ional to the veloc­
i t y of the p r o j e c t i l e . The t a r g e t , chosen were 
Be, Fe, Mo, w, and composite materials such as 
FeH. For the l a t t e r , the sput ter inq y i e l d o f the 
l i qh t atort const i tuent was also calculated by 
f ol lowing the complete c o l l i s i o n cascade as i t 
developed i n the s o l i d . 

The r e f l e c t i o n coef f ic ien ts increase w i th 
increasing target atomic number. For IQO-eV 
t r i t i u m ions , f o r instance, the re f l ec t i on from 
amorphous tungsten i s an order o f magnf*ude 
larger than from bery l l ium. Hydrogen ref i»ct<on 
decreases as the hyJrogen content of the ta rge t 
ncreases ( replac ing metal atoms by hydrogen) and 
;he r e f l ec t i on of hydrogen from a pure hydrogen 
arget becomes vanishinqly smal l . With increas­

ing hydrogen content of the t a r g e t , the sput te r -
i ' g y i e l d of hydrogen increases, passes through a 
ma imum, and th«n decreases almost to zero. This 
re *u l t may be explained by not ing that most o f 
the sput ter ing is produced by the re f lec ted p ro ­
j e c t i l e s as they emerge through the surface. 

The re f l ec t i on Increases w i th increasing 
incident angle such that to ta l r e f l ec t i on occurs 
for angles greater than a c r i t i c a l angle. With 
Increasing Incident angle, the sput ter ing y i e l d 
of the l i g h t atom const i tuent increases, goes 
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through a maxi"ur:, and subsequently decreases. 
The calculated energy spectra of reflected ions 
and light sputtered atons wi l l be discussed. 

9.13 RADIATION EFFECTS OH INSULATORS FOP 
SUPERCONDUCTING NAWETS 

R. H. Kemohan R. R. Coltnan, Jr. 

C. J Long 

In order to determine the radiation 
stabi l i ty of electrical insulation that could be 
used in a sup*rconducting magnet for containment 
of the pla;3M in a fusion energy device, 55 spec­
imens of eight types of organic insulation were 
irradiated to a dose of about 2 * 10 8 R (2 x 10s 

J/kg) at a temperature of 4.R K in the Low-
Temperature Irradiation Facility in the Bulk 
Shielding Reactor at ORflL. Four of the specimens 
were monitored for changes i f f"e lectr ic ! resis­
t iv i ty during the irradiation. The in i t ia l 
res is t iv i t ies , which were of the order of lO1"* 
r<-cm, decreased to about 1 0 n :<-cm under the 
influence of a weak, radiation f ie ld . At fu l l 
power reactor operation (2 m), the resistivit ies 
dropped to about 1 0 n a-cm but changed l i t t l e 
during the irradiation. Because of residual 
radioactivity near or in the experiment assembly, 
the resist ivi t ies increased after irradiat ion, 
but not to the i n i t i a l values. Restoration to 
near w » fnft fal resist ivity values was later 
observed upon warming the specimens to room tem­
perature and purging the irradiation chamber. 
The lat ter result may be related to outgassing 
induced by the irradiation. 

9.14 TRITIUM PERMEATION AND STEAM GENERATORS 

J . T. Bell J . D. Redman 

The trit ium permeation and steam generator 
program is new beginning in FY 1978. The objec­
tives are to measure tritium permeation rates 

t^rti'ii* stea*" we^a tor rateri-rls u^'ler condi­
tion* that are articisated i" ''jsion DOwe*- i l^ r fs 
an<\ to deterrire effective ser-e^tic^ tirr'er 
characteristics of c/ide coatings tnat *r* for™?d 
by the steam oxidation of the he«t exch.»r,~er 
material. An e/cen'f-er.tal syster is fcetr,-: 
designed and w i l l be constructed by rid-FY 1979. 

The in i t i a l design of the system for neasur-
ing tritiwr. permeabilities of stean generator 
naterials at high temperatures (400-600"'C) and 
ur.der dynamic hi ih stean pressures was accom­
plished. This systew w i l l consist of He-T2 feed 
gas flowing around or through tube type sarples 
with steam flowing respectively through or around 
the tubes. Tritium that permeates fror the feed 
gas into the sieam wi l l be determined by analysis 
of condensed water samples. 

9.15 LITHIUH COMPATIBILITY PESEAPCH - STATUS AND 
REQUIREMENTS FOR FEPROUS KATEPIALS 

J . E. Selle D. L. Olson 

Studies to date on lithium corrosion in fer­
rous materials show that lithian is more corro­
sive toward stainless steels than is sodium. 
Pure iron Sas excellent resistance to lithium, 
but the corrosion rate inceases with increasing 
nickel content. Solution, intergranuler, and 
dissimilar metal mass transport mechanises limit 
the maximum operating tencerature of different 
alloy systems. Nitrogen is an especially detri­
mental impurity in lithium and causes accelerated 
mass transport in type 31 f stainless steel loops. 
Getters such as calcium, which tie up the nitro­
gen, can reduce the adverse effects considerably. 
Aluminum additions to lithium result in the for­
mation of intermetallic compounds on the surface 
of type 316 stainless steel and reduce the weight 
loss at 600°C by a factor of four. Extensive 
work Is needed to define the corrosion limits for 
ferrous materials of interest for fuston reactor 
applications. 



9.t£ COMPATIBILITY S'.jQIES OF POTEriTIAL »KL7EN 

SALT E=EEDE?> REACTO?. MATERIALS :-i MOLTETi 

FLJCIDE SALTS 

J . R. K.eiser 

Th;s reDC"t Su?"rari2es t*"e re Iter, f lucr -de 

s a l t c o r o a t t t i l i t y studies car r ied out during the 

period 197«-76 in suoDori of the Ho Hen Sal t 

Reactor Procra"". Ther-a! convection antf- forced 

c i r cu la t i on looos were used to reasu?"e tr.e corro­

sion rate of selected a l loys- Results c o n f i r ^ d 

the re la t ionshio of t i r e , i n i t i a l chrariur* con­

cen t ra t ion , and r^ss loss developed bv Drevicus 

workers. The corrosion rates of Hastel lov "1 sr.d 

Hastelloy K n o t i f i e d by the addi t ion of 1-2 wt '" 

Kb were wel l w i th in the acceotable rsr.ee for use 

i.i an HSBP. 
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NEUTRON TRANSPORT 

«?. G. Alsci l ler . 
J . Barish" 
J . K. U n e s -
B. L. Bishop-" 
G. T. Chapman'-
T. A. Gabriel 1 

R. ft. Li l l ie*-
B. F. Raskewitz1 

J . T. Hihalczo' 
G. t . Morgan1 

£. K. Obio* : 

F. G. Perey1 

R. V. Roussin1 

R- T. Santoro1 

Y. Seki-
J . S. Tang 

0 . K. Trubey-

nbtt'tacz. The neutron transport program is 
primarily analytic, b-it it also includes an 
experiBental pro<ira-?. The experinental program 
is desicned to provide the data necessary to 
verify the analysis methods and cross section 
data that are used at 0P.*IL and throughout the 
United States for fus:on leactor neutror.ics 
desion calculations. Ourinq the past year a 
variety of neutronics calculations have been 
carried out in support of design work at ORNL 
and at the Princeton Plasra Physics Laboratory. 

10.1 BLANKET AND SHIELD INTEGRAL EXPERIMENT 
AND ANALYSIS 

G. T. Chapman G. L. Morgan 
E. M. Cblow F. G. Pfcrey 
R. T. Sancoro If. Seki 

The design and construction of the I4-KeV 
neutron integral experiment facility was com­
pleted in 1977. The facility will produce up to 
10 1 G neutrons/sec, and measurements of both 
neutron and gamma ray transmissions through up 
to 1 m cr ..Meld material can be measured (i.e., 
up to 10"- material plus geometric attenuations). 

Preliminary measurements were made without 
shield materials in place, and these agreed well 
with two-dimensional transport calculations 
modeling the whole facility. 

Analytic activity focused on the preanal­
ysis of the first two experiments planned for 
1978. A preliminary design for the first 
attenuation experiment was completed, and wort 
was initiated to design the first streaming 
experiment. The attenuation experiment was 
designed to resemble a size-optimized inner 
toroidal shield for a large tokamak reactor 
(i.e., TNS). The experimental shield will 
consist of 35 cm of stainless steel followed by 
25 cm of alternating 5-o» layers of stainless 
steel and borated polyethylene. Neutron and 
gamma ray spectral measurements will be made 
with an NE-213 det**u»r at various stages of 
construction of the full 60-cm shield (six 
intermediate experiment-, are currently planned). 
Sensitivity studies for all o5 these planned 
measurements were also c«-ried out to see what 
radiation transport and produ'tion processes »r* 
most important in such a shield " Very high 
sensitivity to 14-MeV neutron xanspor* was 
observed. 

1. Neuron Physics Division. 
2. Computer Sciences Division. 
3. Instrumentation and Controls Division, 
4. Visiting scientist from the Division of 

Thermonuclear Fusion Research, Japan Atomic 
Energy Research Institute, Tokai Research 
Establishment, Japan. 

10.2 TFTR NEUTRAL BEAM INJECTOR SHIELD*;.. 

R. T. Santoro 
R. G. Alsmilier, jr. 

R. A. Lillie 
J. M. Barnes 

Two-dimensional discrete ordinate* and 
three-dimensional Monte Carlo radiation trans­
port calculations were carried out to estimate 
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the sp̂ '-ial dependencies of the nuclear heading 
rates and neutron and game ray scalar fluxes in 
the components of the neutral bean injectors 
being Jesigned for the TFTR.2 The nuclear 
responses were obtained for the radiation 
streaming from tl« plasma through the injector 
port and for the radiation leaking through the 
concrete igloo shield that surrounds the reactor. 
The analysis was perforated using accurate repre­
sentations of the radiation sources, and the 
neutral beam injector was Modelled in the detail 
commensurate for each radiation transport calcu­
lation. The nuciear heating rates in the cryo-
panels that line the injector were found to 
range from <w5 x 10" J H/cm3 at the front of the 
injector to-4 > 10~ e M/cn 3 it the rear of the 
injector. 

10.3 NEUTRON COLLIMATOR DESIGN CALCULATIONS 

R. A. Lillie R. G. Alsmiller, Jr. 
J. T. Nihalczo 

The TFTR at Princeton University and the 
ORNAK Upgrade at Oak Ridge National Laboratory 
will require neutron collimators to obtain 
spatially resolved neutron spectrum Measurements 
that can be used to infer such quantities as ion 
temperature and toroidal drift notion. To aid 
in the design of these collimators, a number of 
SS-316 right circular cylindrical shells of 
varying lengths were analyzed using the two-
dimensional discrete ordinates DOT 3 code system 
together with first and last flight particle 
estimator techniques to determine direct and 
background detector responses. 

The results of this investigation identified 
the 14-MeV neutrons that scatter in the SS-316 
imediately adjacent to the collimator opening 
(air column liner) as the dominant contributor 
to detector background.1' Although collimator 
lengths greater than 60 cm were sufficient to 
attenuate uncoilided background neutrons, lengths 
over 100 cm were needed to retuce the 14-NeV 
scattered background to acceptable level*. The 
calculated lower energy neutron background and 
the photon background levels were not found to 
be significant. 

10.4 NEUTRONICS ANALYSIS FOR FUSION REACTOR 
DESIGN 

R. T. Santoro J. S. Tang 
T. A. Gabriel J. N. Barnes 

Neutronics analyses have also been carried 
out in support of a variety of fusion reactor 
designs. These include TNS. EBTR, and CRMAK 
Upgrade. Calculations were carried out to 
identify the effects of shield penetration on a 
generic class of fusion reactors.' Calculations 
for EBTR were performed as part of a design team 
effort to identify a plausible design concept. 
The results of one-dimensional calculations 
identified the nuclear heating, radiation damage, 
and tritium breeding parameters for a lithium 
laden stainless steel-supported blanket design.* 
A study of the sensitivity of the tirst wall 
radiation damage to blanket composition to the 
first wall thickness also resulted from the EBTR 
studies.7 

Two-dimensional discrete ordinates calcula­
tions were performed to identify a suitable 
biological shield design for an upgraded 0RMAK 
machine. 

10.5 RADIATION SHIELDING INFORMATION CENTER 

B. F. Maskewitz R. W. Roussin 
D. K. Trubey 

The Radiation Shielding Information Center 
(RSIC), established in 1962, serves its user 
community by collecting, organizing, processing, 
evaluating, packaging, and disseminating infor- x 

nation related mainly to reactor and weapons 
radiation. The scope includes the physics of 
interaction of radiation with matter, radiation 
production and transport, radiation detectors 
and measurements, engineering design techniques, 
shielding materials properties, computer codes 
useful in research and design, and nuclear data 
compilations. Originally established to support 
research related to fission, RSIC now supports 
fusion reactor technology. The major activities 
include (1) operating a computer-based informa­
tion systen and answering Inquiries; (2) col­
lecting, testing, packaging, and distributing 
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computer codes; and (3) those act iv i t ies associ­
ated with evaluated and processed nuclear data 
l ibrar ies. 

Al l RSIC act iv i t ies r e t r i b u t e to the 
fusion technology progrca, but perhaps the most 
significant are those associated with the DOE-OFF 
D i U Center. The Center includes a clearinghouse 
for evaluated cross sections and the generation, 
packaging, and distribution of a general purpose 
coupled neutron and gi—i ray cross-section 
l ibrary for use in radiation transport and 
neutronics studies. In CT 1977. DLC-41/vnAKIH C. 
a 171-neutron, 36-gMmm ray group. 36-msterials 
data l ibrary Mas validated and made generally 
available. Several more probleM-dependent data 
l ibrar ies were derived f ro* this f ine group set. 

ibe RSIC data base increased in each subtask 
during the year: 

(1) l i terature - 6000 ci tat ions 6 my be ac­
cessed on DOE-RECON. 40 RSIC reports 
issued with several volunes in series; 

'2 ) codes collection - 309 complex shielding 
code packages' and 116 auxiliary data 
processing packages;1 0 

(3) data collection - 51 data l ibrary pack­
ages 1 1 and additional working cross-
section l ibraries Maintained for OOE-OFE 
and DM sponsors. 

The RSIC newsletter distribution is -v1400. 
Volume V of the shielding bibliography series* 
was issued. 

RSIC latest user Statistics (FY 1977) 
indicate that 3307 separate l e t te r * and telephone 
cal ls (<v>13.2/worfcday) were processed during the 
yt*rt a 505 increase over the previous year, and 
96 visitors were received. The fusion research 
community accounted for -V15X of the total number 
of requests. 
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MANAGEMENT SERVICES 

R. H. Oil worth. Section Head 
S. K. Mkins R. P. Jeraigan E. T . Rogers* • i 

0. R. Alford e. 1 . Johnson - E. n. Kuckart 
A. e. Barnette n. I I . Johnson U. K. Russell 
0 . P. Brooks p. B. Johnston'- C. PJ. Sekula 
J . L. Burke * r.. Keln»n : D. 6 . Sharp 
E. L. Cagle1 K. S. K:ncaid- A. ¥ . Snodgrass 
C- J . Chamberlain J . r. Lovin S. t . Stockbridge 
C. K. Cox J . 8 . Mar t in * ' 1 B. L. Straine 
n. v. Dm B. J . IfcClure' C. «_ Str ickler 1 

R. S. Edwards J •eeley 1 C. r. Thorns 
J . C. Ezell B. L. Pope 0. T . Hare 1 

H. H. Jernigen P. R. Rader2 E. L. UaUin 1 

J . R. Jernigan H. C. Rhea* E. E. Webster' 

E. R. Hells C. whitmire, . Jr . 

MutJuuX. The Management Services Section com­
pleted its first full year as a section charged 
with providing coordinated professional admin­
istrative services to the Fusion Energy Division. 
A permanent section head was eaployed in June 
1977. The addition of two financial assistants 
in the Finance Office oroved valuable in both 
year-end closing and budget preparation. Sub­
contract activity with industry continued to 
grow, with S5 oil I ion now in force. The capa­
bilities of the FED Communications Center were 
increased to keep pace witt increased publication 
activity. The FED Management Information System 
upgradt.1 the Procurement Module, initiated the 
Personnel Nodule, and extended its activities 
outside the Division. The Engineering Services 
Group handled major GPP additions during the 
yt»r. Both f " Quality Assurance »A the Safety 
programs initiated formal training fcr Division 
staff. 

Part-time. 
1. Information Division. 
2. Finance and Materials Oivision. 

11.1 nrTRODUCTION 

The Management Services Section w.s formed 
just over a year ago to provide coordinated 
professional administrative services for the 
Fusion Energy Division, thus enhancir.g the 
technical efforts of the Division staff. In­
cluded in the work of the section *rt the 
finance, general administrative, personnel, 
engineering services, purchasing coordination, 
management information, technology commercial­
ization, and communications center functions of 
the Division. 

The section was headed temporarily by the 
Associate Division Director until June 1977. 
when a permanent Section He* « was employed. 
During the year, two minor organization changes 
were made within the section. The purchasing 
coordination and expediting function was moved 
into the Engineering Services group to provide 
better work load leveling, and the emergency 
planning function of the Division was combined 
with the safety program. Both of these changes 
ere reflected In the organization chart for FED 
(Fig. 11.1). The yt»r just concluded was one in 
which the concept of a centralized section for 
management services matured Into a functional 
entity. Highlights of these activities follow. 
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11.2 FINANCE OFFICE 

During this year two Financial Assistants 
were added to the finance Office to act as 
liaison to the technical sections and programs 
of the Division. Their value was especially 
noteworthy in the difficult task of closing the 
budget year and in financia' planning for the 
following year. 

The funding trends for the Division have 
slowed from the rapid growth of prior years, as 
illustrated in Fig. 11.2 for t»t entire Division, 
and in Table 11.1 for the various activities of 
the Division. Under these changing circum-
stances, the role of the Finance Office wist 
include scrutiny of accounts and careful cost 
projections. In addition, important negotia­
tions were supported in which the costs charged 
the Division by other organizations were deter­
mined. 

OBNL DWG *ED 78 435 

76 77 78 79 8C 
FISCAL Y L A R S 

Fig. 11.2. FED fu ing projection. 

The Finance Office continues to provide 
•onthly reports of the status of each funded 
accivity in the Division, working with the 
section and program heads to prooerly plan 
manpower and procurement needs within the budget 
constraints. It also operates the coordinated 
work order control system for the Division. 
This i"*re is also the focal point, through the 
Financial Assistants, for preparation of Forms 
18° for future funding of all Division programs. 

11.3 OFFICE OF THE ADMINISTRATOR 

Most of the general administrative func­
tions of the Division are handled or coordinated 
by this office. Some highlights folic-*. 

11.3.1 Personnel Functions 

During the past year arrangements were made 
for interviews with 54 prospective employees, 19 
of whom accepted employment. Eleven ne>- em­
ployees transferred from other ORWL orgaiiza-
tions. Twenty-two guest assignments were 
processed, by which nonemployees participate in 
Division programs. The Division per~<c;inel fi les 
were completely revised to conform with new 
guidelines. 

11.3.2 Visitors 

During the past year arrangements were made 
for 1977 visitors to the Division, including 225 
noncitizens. 

11.3.3 Subcontracts 

The involvement of industry in the work of 
the Division, first begun in 1976, expanded 
considerably in 1977, with the total value of 
contracts to Industv exceedirg $5 million. In 
addition to continuing programs in TNS studies 
and in microwave power tube development, three 
major contracts were initiated for fabrication 
of prototype fusion reactor magnet coils as a 
part of the Large Col? Program. These activities 
constitute a major technology commercialization 
effort through which industry becomes involved 
with the technology of fusion power. 



Table 11.1. FED activity funding 

/ 

Dollars 1n thousands 

Activity 
FY 76 FY 77 
Actual Actual 
cost cos*. 

FY 78 
Funding as 
of March 78 

FY 78 Total 
expected 
funding 

FY 79 
Presidential 

budget 
FY 80 

Projected budget 
from OFE 

Confinement systems - tokatrak 
system - research operations 

Confinement systems - tokamak 
systems — major device fabrication 

Conflncmer* systems - magnetic 
mirror systems - research 
operations 

Confinement systems - magnetic 
mirror systems - major device 
fabrication 

Confinement systems — design and 
engineering 

Total confinement systems 
Development and technology -

magnetic systems 
Development and technology -

plasma engineering 
Development and technology -

fusion reactor materials 
Development and technology -
fusion systems engineering 

Development and technology -
environment and safety 
Total development and technology 

Applied plasma physics - fusion 
plasma theory 

Applied plasma physics -
experimental plasm? research 

Applied piasma physics - national 
NFE computer network 

Total applied plasma physics 
Reactor projects - TFTR 

Total reactor projects 
Total ORNL finding 

3,846 6,8; 1 

2,534 4,574 

1,080 1,969 

0 178 
441 __L 7 p i 

$ 7,901 $15,253 

3,367 5,691 
4,998 6,063 
1,016 1,645 
789 814 
0 0 

$10,170 $14,213 

1,804 
580 
0 

$ 2,384 
J) 
0 

2,063 
643 
271 

$ 3.177 
321 

$_ 321 
$20,455 $32,964 

5,550 
4,850 

2,250 

200 
900 

$13,750 

7,200 
5,525 
2,940 

970 
60 

$16,695 

2,200 
920 
150 

$ 3,270 
0 
0 

$33,715 

5.740 
4,850 

2,400 

200 
300 

$14,090 

7,200 
5,525 
2,940 
1,020 

60 
$16,745 

2,200 
920 
150 

$ 3,270 
0 
g 

$3«,105 

9,000 
3,000 

2,250 

0 
1,150 

$15,400 

11.4C0 
5,600 
2,205 
970 
60 

$2*.235 

2,300 
920 
290 

$ 3,510 
__0 
g 

$39,145 

10.900 
2,000 

2.500 

$15,400 

13.400 
6.825 
3.460 
2.250*' 

100 
$26,035 

2.400 
925 
J4_0 

$ 3,665 
g 
_g 

$45,100 
°rNS IS classified under Development and 
for FY 198J 1s $600K. 

Technology - Fusion Systems Engineering for FY 1980. The TNS projected budget 
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11.3.4 FED Communications Center 

This new name replaces the former "Reports 
Office" to reflect more accurately the broad 
range of• ervices provided by this group. The 
center provides a complete documentation service 
which includes editorial review, t ping, draft­
ing, photographic art, and copying services. 
During,1977, 59 numbered reports, 47 journal 
articles, and 199 meeting papers were published; 
265 abstracts were processed, the graphics 
group prepared approximately 2000 drawings, 1000 
viewgraphs, and 2000 punsparencies by the POS 1 ". 
and COLOR POS process,. The addition of a 9200 
Xerox copier with operator has enabled one-day 
service for large copying and collating request.. 

Growth of this group has continued in order 
to keep pace with the increasing publication 
outpi't of the Division; fut lennore, while the 
vol^ae of work has increased, the average pro­
cessing time has decreased/ Our records continue 
to verify the productivity and cost-effectiveness 
of this group. 

11.?.5 Administrative Guidelines 

. The FED Administrative Guidelines, initiated 
In 1976, were updated by the revision of six of 
the fourteenxhdpters^j reflecting cnanges in or 
additions to applicable proceduV"PJ. -.Thexe 
guidelines cover administrative situations" ^ 
unlque to the Division and serve as a supplement 
to the Nuclear Division Office Guide, the ORNL 
Style Kanual, and the Standard Practice Pro­
cedures, 

11.4 MANAGEMENT INFORMATION SYSTEM 

The Management Information System (MIS) 
activity completed Its first full year of oper­
ation. The purpose of the system is to provide 
the Division Director, section heads, and program 
managers with timely :'J relevant information 
needed to maintain control of cost* and adherence 
to schedules. 

Most of the effort this year was directed 
toward improvements In the Procurement Module of 
the MIS.1 These improvements provide more 

accurate data on accounts payable transactions 
as well as more control by the user on the 
selection of data. Weekly updates from the 
financial acounting system revise cost commit­
ment data to reflect recent payments as well as 
tc provide a cteck on the data. These checks 
and the resulting corrections are accomplished 
by a software routine without manual involvement 
in most cases, reports from users and computer 
usage records indicate that the module is in 
wide use. 

The demonstrated usefulness of the FEO 
Procurement Module prompted a request from the 
Engineering Technology Division to set up a 
similar system for the procurements related to 
that division, and this was accomplished. 

Work continued to provide a project sched­
uling capability for the Division and its 
related engineering organizations. Several PERT 
(Program Evaluation and Review Techniques) 
programs were evaluated; one was selected,2 and 
it is now being checked out on the FED computer. 
User classes have been scheduled, and use of the 
system will begin shortly. 

Two new MIS modules were initiated. The 
Labor Module will provide weekly updaf J data on 
nondivisional later charges to aid p.-ogram 
managers in cost control. The Personnel Module 
provides means tor computer-generated personnel 
reports and Information. Both of these new 
<K>dt»les are in early stages of development. 

11.5 ENGINEERING StRVICES, tJtSttf'P— ._,- y^z-.•-
ASSURANCE, SAFETY AND EMERGENCY 
PLANNING, AND PROCUREMENT EXPEDITING 

11.5.1 Engineering Services 

The Engineering Services group provides all 
of the nonprogrammatic engineering work and 
coordination for the Division. This includes 
coordination of machine shop work, maintenance 
craft work, inventory and storage of equipment 
and materials, and the coordination of Division 
requests for General Plant Projects, General 
Plant Equipment, and Line Item facility Improve­
ments. It Is also responsible for the mainte­
nance of buildings, facilities, and eqjipment. 



and for planning of future f a c i l i t i e s . Sir<r of 

the h igh l igh ts of th is a c t i v i t y in the P*st year 

include: 

( 1 ; conpletion of 5 GPP and 17 e/pense type 

pro jec ts ; 

(2) i n i t i a t i o n of 1 GPP, 17 e/pense, and « 

equipment pro jects ; and 

(3! coordination of 37 inan-years of machine 

shop work in Y-12 shops, and IS nan-years 

in 31-10 shops. 

A lump sum subcontract bid package was prepared 

for a detnineralized water system for Bui ld ing 

9204-1. An architect-engineer subcontractor wa-

assigned to provide detai led design for the GPP 

o f f i c e and laboratory space addi t ion to bu i ld ing 

9201-2. Coordination was provided for the new 

telephone ivstem to be ins ta l led in 1979. 

11.5.2 Safejjf_and_trergency P1 anning 

The Div is ion safety program includes safety 

and f i r e inspections plus s ix formal t ra in ing 

sessions per year for a l l Divis ion personnel. A 

formal t ra in ing program was ins t i tu ted for 

indoctr inat ion in both plant and Divis ion 

emergency procedures. 

11.5.3 Qujj2ty_Assurance 

The qua l i t y assurance program for FED 

continues to be a model operation for ORNL. The 

progran extends to a l l shop work, f i e l d assembly, 

and enginee. ing , and continues to be e f fec t ive 

in ensuring re l i ab le and cost-ef fect ive '>xperi-

mental equipment. A comprehensive t ra in ing 

program in qua l i t y assurance was ins t i tu ted for 

a l l Div is ion personnel. 

11.5.4 Procurement Expediting 

The procurement expediting function was 
placed in the Engineering Services group to 
obtain advantages of work load leveling among a 
iarger group of people and to provide closer 
coordination with the material control and 
inventory function. During 1977 this activity 
processed 17-0 requisitions for materials, 

feCiiprert, ir,1 services, represent"".-; i trA i-<: 

0* C/er Si ' ; ^ l l l i o r . F y t h e ' i-pr-j-/e"e'''.'. n':Th 

r^de r l j r i r i i tr.e year ir. the interact '>', r. o ' 

procurement e/Deditir,-; with t i e * : ' Pr-.-c^renetit 

Ffedule, including i rout'.r-.e computer generated 

e/pedit i r , ' ; repr r t to tne p-irchasin-j depa^trent 

on !ate or c r i t . c a l purchased i t e - s . 

li.6 TECHNOLOGY UTILIZATION 

The Fusion Energy Division Is deeply in­
volved in the transfer of fusion technology to 
industry. Subcontracts with * nufiier of indus­
trial companies now total S5 rill ion. The types 
of contracts in force include: 

(1) studies of fusion technology problems by 
industry personnel .it both ORNL and at 
the contractor's plant, 

(2) fabrication contracts for newly developed 
equipramt, 

(3) contracts to obtain industry personnel 
having unique technical expedience for 
work at O W L , and 

(4) development contracts for advancing the 
state of industrial art in technical areas 
essential to Division programs. 

Through the Division Technology Utilization 
and Commercialization Officer, the Division 
progran is closely coordinated with the ORflL 
program. 

11.7 FED LIBRARY 

The FED Library maintains a specialized 
collection of books, technical reports, and 
scientific journals pertinent to the fields of 
plasma physics and fusion energy technology. In 
addition, it functions as a branch of the ORNL 
Central Research Library, with professional 
librarian assistance to aid in. document location 
and retrieval problems. Particular goals of the 
library this year were current awareness of 
publications in the pertinent fields and suitable 
additions to the library collection. Activity 
in the area of automated literature search 
Included the addition of Bibliographic Retrieval 



P.£FE»ENC£S 
Services ' 3 3 5 , . inc l i i i i r . - i :--.,-.i_s Abstracts and 

Disser ta te- ; fesfacts Cat<r cases, whicn w i l l te i . J . K. Loxin and E. A. Clark, Pvcu-tonuit 

o? oart ic i i ' ier value to t n i i D iv is ion . Otr.er M^itt^ r\-. * *<JS: Usct'-s UXKUAI, ORNL/TK-

'c i& l ioqrapnk services avai lable are OOt "ecor. 5654, Oak. P.itJ^e. Tennessee (March IS77). 

SDC'5. Orb i t , Icc'r-eeS's Dialog, Nev» ;"ork 7irv?s 2. The New PERT6, Dynamic Solutions Incorpo-

Infbrswtion Bank, anc %ASA ?^con. ra ted, Hartsaale, Sew York (October 1977). 
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LIST OF ABBREVIATIONS 

AD I alternating direction implicit 
AEOC Arnold Engineering Development Center 
AES Auger electron spectroscopy 
apptn «tonic parts per million 
ARE aspect ratio enhancement 
ATC Adiabattc Toroidal Compressor 
CCW counterclockwise 
CPFF cost plus fixed fee 
CPU CoUisional Plasma Model 
CM clockwise 
cw continuous wave 
Demo Demonstration Reactor 
DUE Divertor Injector Tokamak Experiment 
DMFE Division of Magnetic Fusion Energy (now Office of Fusion Energy) 
DNA Defense Nuclear Agency 
DOE Department of Energy (formerly ERDA) 
dpa displacement per atom 
D-T deuterium-tritium 
EBR-II Experimental Breeder Reactor II (Idaho) 
EBT ELMO Bumpy Torus 
EBTR ELMO Bumpy Torus Reactor 
EBT-S ELMO Bumpy Torus Scale Experiment 
ECH electron cyclotron heating 
ECRH electron cyclotron resonant heating 
EF equilibrium field 
EPR Experimental Power Reactor 
cRDA Energy Research and Develnpment Administration (now Department of Energy) 
FCT flux conserving tokamak 
FED fusion Energy Division 
FIR far Infrared 
FWHH full width at half maximum 
HFIR High Flux Isotoce Reactor 
HPTF High Power Test Facility 
HWHM half width at half maximum 
IAEA International Atomic Energy Agency 
IFR impurit.' flow reversal 
IMP Injection into Microwave Plasma 
ISX Impurities Study Experiment 
JET Joint European Torus Tokamak 
ksi thousand pounds per square Inch 
LASL Los Alamos Scientific Laboratory 
LCP Large Coil Program 
LCPTF Large Coll Program Test Facility 
LCS Large Coll Segment 
LCSTF Large Coll Segment Test Facility 
LMFBR Liquid Metal Fast Breeder Reactor 
LPTT Long Pulse Technology Tokamafc 
L/R ratio of Inductance to resistance 
MCDT moving coll displacement transducer 
KETF Medium Energy Test Facility 
MFE magnetic fusion energy 
MFR magnetic fusion reactor 
MHO magnetohydrodynamlc 
MIS Management Information System 
MIT Massachusetts Institute of Technology 
MSB* molten salt breeder reactor 
NASA National Aeronautics and Space Administration 
NBS National Bureau of Standards 
NMFECC National Magnetic Fusion Energy Computing Center 
OFE Office of Fusion Energy (formerly OWE) 
OH ohmlc heating 
ORHAK Oak Ridge Tokamak 
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PDX Polotdal Di/ertor Excerirent 
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PEPT Program Evaluation and Peview Techniques 
PF poloidal f ie ld 
PKA primary frnock-or a tor 
PLT Princeton Larrje Torus 
PPPL Prir.ceton Plasma Physics Laboratory 
PSl pounds Per square inch 
PTP peripheral target position 
rf radio frequency 
PHEL Putherford H«gn Energy Laooratory 
R'lC Padiation Shielding Infomation Center 
SCP. silicon controller rect i f ie r 
sim secondary ion r-ass spectroscopy 
SOP successive overrelaxation 
iS stainless steel 
TEA transversely e d i t e d atisospheric pressure 
TEXT Texas Tokamak 
TF toroidal f ie ld 
TLD r.Henfiriiuwiw scent dosimeter 
TFTR Tok&ssk Fusiin Test P.eactor 
TNS The Next Step ?Toka?»k) 
TSTA Tritium Systems T * s t Assembly 
TTAP Technology Te. t A^senbly with Plasma 
uoe ufiif ied data bas? 
use u_"»r Servtca Center 
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vuv vacuum ultraviolet 
0-0 zero-dimensional 
1-D one-dimensional 
2-D two-dimensional 
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