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INTRODUCTION 

The Fusion Program of the Oak Ridge National Laboratory (ORNL" is a major component of the U.S. 
national fusion program, «nd i t encompasses nearly all aspects of rjgnetis: fusion researcK. The program 
includes the collaborative efforts of staff from ORNL, Union Carbide Corporation Nuclear Division 
(UCC-ND), private udustries, uriversities; and other fusion laboratories. There nave been ra.-aerous 
advances, and many subprograms have been successfully completed. This report, which summarises'the 
information obtained during 1S31, is issued as the Fusion Energy Sivisiv. tovaal Progress Report; *or 
completeness, however, i t includes the approximately 15S oT the 0R3L Fusion Program not located in the 
Fusion Energy Division. c *" ' J" 

Areas in which the Fusion Program canries out its wort, include experiaentat and theoretical 
research on twn magnetic confinement comxpts, the ELKO Bumpy torus.-(£BT) "and the tokamak; theoretical 
and engineering studies, initiated this year, cot; a -third concept, the r,tellaratcr;the development of 
the essential technologies for heating and fueling fusion plasmas, of the superconducting magnets that 
will be u'.ed to confine r'assas, and of the material: needed in fusion devices.; the developntntof 
diagnostic tools and techniques; the asserablirg of databases on atonic physics and radiation effects; 
the physics wd engineering of present-generation devices; the design jf future devices; and the assess
ment of the environmental impact of eay&tic fusion power. The interactions between these acMvities 
and their integration into a single program are major factors in the success of each activity, and one 
goal of the ORNL Fusion Program is to maintaia this balance among confinement, technology, and engi
neering activities. 

The EBT Program i t ORNL comp.ises two major elements: the EBT-Scale (EBY-S) experiment and the 
EST Proof-of-Princ*:?1e (EBT-:*) project. The EBT-S device was operated with up to 200 kW of power at 
25 GHz and achieved electron tweratures of <-l keV at densities of -^lO18 particles ptr"cubic meter. 
Ion cyclotron heat.nq (ICH) w?.s applied in a collaborative program wf_th McDonnell Qocglas Astronautics 
Company, and substantial heating of tail ions was achieved with 20 kW of̂ now-ir. This work dominated 
the first half of the year and provided data essential to the EBT-P checkpoint review in August. A 
major prog.an following the review was in laser fluorescence spectroscopy. The velocity distribution 
of impurity ions was measured for the first time, showing that the spurce was wall sputtering. The 
preliminary design for the EBT-? device was 95" complete at the end pf the year, and KcDonnell Douglas 
Astronautics Company, the induttrial.participant in the project, was given verbal authorization to 
proceed with detailed design. In addition to the design effort, the EBT-P project includes research 
and development (RSO) activities fir the magnet system, the microwave system, and other machine systems. 
In the magnet system program, twu development coils for EBT-P were fabricated and testc-u at CRNL. 
Initial testing of microwave power distribution components was performed under t h e microwave systcw 
program, and a laboratory facility for low power, 60-GHz testing was competed. The machine systems 
program was initiated this year and encompasses all ether technologies required for E&T-P development. 
As part, of the Eb7 Program, the Division manages the Jepartment of Energy (DOE) Gyrotror. Development 
Program. Both companies involved in this program, Varian Associates^ Inc., and Hughes Aircraft Cc ipany, 
successfully operated 60-GHz pulsed gyrotrons at peak powers of 200 kW during 1981, 

The ORNL Tokamak Program expanded this year to include physics optimization studies for tr\s 
design of an Advanced I'oroidal Facility (ATF I) to replace the Imparity Study Experiment (ISX-B) 
tokamak in the mid-1980s. The ATF-1 activity is aimed at identifying the optimal toroidal configuration 
for a Fusion Detronstration Plant (FDP). Various stellarator options are being addressed; the ATF-1 is 
envisioned as a cjrrent-free ste'ilarator with possible extension to a tokamax/stellarator hybrid. The 
ongoing experimental program on ISX-B focused on high bet* plasma operation, with studies to investigate 



why the volume-averaged beta does not increase linearly with applied bean power. It xas dete^ined 
that the deterioration of ronfin-aent was correlated »rith an increased electron energy loss. In addi
tion, studies on imparity ifacjpcrt, the effects of tore i da 1 field r'ople, and electron cyclotron 
heating (ECH) Mere continued. Pellet fueling was demonstrated with a proccV-pe centrifugal injector 
in ISX-B, and pueped limiter tests confirmed the results of a staple model of the ballistic Fa'tjcle'-
collection principle. 

In the ORKL Plasn* Theory Program, the ftTF-l activity is supported throog»- a study group fo.ved 
this year to asses*, confinement in stellarators and torsatrc.s. Tl jravc is building on previous work 
a m nodels developed in tiw'Jtudy of tok<<aafcs. A new -onfi«iuratian, the f/isotron (f-rr synrtric 
•ndular torsatron), is being ,->ursued. EST theory this year tas focused on understanding the EBT-S 
plasna and improving the vario.fi subsystem w-dels. Particular emphasis was plated on ICK and beta 
effects. Theoretical studies continue to support the possibility of attaining reactor-relevant bet3. 
Tokamaic theory was focus*J on finding and evaluating explanations for deteriorating confinement at high 
power levels. Advances were «ade in the understanding of resistive HHD behavior.. Other areas of 
effort ihc1ided the use of a variational nraents method in place of W D equilibrium calculations, 
spatially resolvev transport analysis of fueling and bean heating dynamics, and modeling of low ripple 
bundle J'v»»rtors, pumped limiters, and MHB jequilibria. 

Technology development for plasiaa beating and fueling continued to advance during 19S1. In tne 
Adv:.iced:Poi;tive Ion Source (APIS) Program, W D .lctivity in two areas, long puis*; plasm generators 
»nd accelerators, was geared to the development of the long p>;lsr, mul timegawatt neutral beam injection 
systems fiat will be requireo for future experiments such a. the Mirror Fusion Test Facility upgrade, 
MFTF-B. The R&D activity was supported b, theoretical stadits. Direct energy recovery was also studied 
experimentally and theoretically. Negative ion beams h? e been generated using an extensively modified 
ion source, and a conceotual beam line incorporating a negative-ion-based source was designed and 
st'idied. In pellet injector development, efforts concentrated on construction of the advanced mechan
ical injector (AMI) and advanced pneumatic injector (API) test facilities. The AMI facility was com
pleted and initio? tests verified the functionality of the various subsystems. A prototype 4-pe'ret 
pneumatic injector was successfully tested and delivered to the Pr.nceton Plasma Physics Latoratory, 
where it was installed on the Poloidal Divertor Experiment. A radio frequency (rf) technology program 
was established in October 1981 in resporsr to ibe nrowing interest in rf heating for magnet."': fusion 
devices. 

Superconducting magnet development continued with strong interactions between the Large Coil 
Prouram (LCP) and the Magnetics and Superconducttvifv (MSS) Section. Development proceeded on the six 
coils - three from the United States anc* one each from Japan, Switzerland, and furatom - that will be 
tested in the Large Coil Test Facility (LCTF). Technical problems delayed all six coils. Construction 
of the LCTF .continued on schedule. The MSS-Section carried 7ut R4D in.support of tne LCP ai.d also made 
progress in the 12-T coil projects and ir. the development of advanced superconductors. The two develop
ment coils for EBT-P were fabricated and successfully ,ested, and a 1Z-T facility iiagnet, the Coil 
Winding Test Experiment, was placed in service. 

The ORNL Fusion Materials Program made advances ir. the development of materials for fusion reactors. 
Neutron irradiation studies of a variety of alloys were carried out in the High Flux Isotope Reactor 
*nd the Oak Ridge Research Reactor at ORNL and in the Experfmental Breeder Reactor at Idaho National 
Engineering Laboratory, The Plasma-Materials Interactions Program addressed issues relatfng to plasma 
edge phenomena in fusion devices and the interaction of the plasma with exposed surfaces through experi
ments on ISX-B and EBT-S. Issues emphasized in 1981 vere odge flux measurements, hydrooen recycling 
Studies, an6 advanced limiter experiments. 
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Diagnostic deve>apnent work was carried out in close association with ISi-B ma EBT-S. Measure
ments were made of the Faraday Vouttiun of the polarization of far-infrared (FIR) laser radiation by 
the plasma magnetic fields. Other activities included cevelopnent of FIR lasers and of neutral paiticle 
jnalyzers. " C 

The atonic physics activity cosbines tht ry and experiment to investigate ezcitation-autoionizatioii 
and collisicnal electron transfer. The >esults are employed in plasma modeling and are dissesrinated by 
the Controlled Fusion Atomic Data Center. 

In the neutron transport activity, experiments are cade to provide the data necessary for verifying 
analytic aethods. Cross sections are obtained for use in fusion reactor neitronics calculations. The 
Radiation Shielding Information Center serves the international fusion conantit/ by maintaining a 
technical database on radiation transport. 

The advanced system studfes effort includes the Fusion Engineering Design Center ifEDCJ *n& the 
Fusion Envirooaental Assessnent Progra*. The FEOC is a centralized laboratory/industry design tease 
hac ted by 08BL and cr jrged with the r>eveloptnent of the device to follow the Tokasafc Fus'on Test Reactor. 
3uring 1981, the FEOC staff de-eloped a baseline design for the Fusion engineering Device. The Fusion 
Ztnriron&jrtai Assesscent Program was established in 1975 >o assist DOE in developing the docuRenfcs 
i-quired by the Rational Enviro-cental Policy Act as the national fusion program advances into engineer- •'-
iWg development. In 1W1, the t?;bnieal basis for a generic environmental ispaei 't*t<?~ent on fssJon 
power was developed anc" documented. 

During the past yeaV", the ORNL Fusion Program has twte many significant contributions to the 
evolution of magnetic fbSiQit towards a vrable energy source. I t is a pleasure to be associated with 
'he staff of the rusioti Energy Oivisirn, other ORHt divisions. OCC-SD, and associated industries, 
universities, and fusion la'oratories sho collaborated in this program and contributed tc its achieve
ments. 

0. 8. Morgan, J r . , Df rectcr 
Fusion Energy Division 

J. Sheffield, Associate Ofrector 
Fusion Energy Division 
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1. EBT RESEARCH AND DEVELOPMENT 

AcSTZACT. Investigations of the ELMO Bumpy Torus (EBT) magnetic confinement concept continued. 
Experiments on the EBT device, in both its init ial (EBT-I) and scaled (EBT-S) configurations. Title I 
design for the EBT Proof-of-Principte (EBT-P) <evice, and management of gyrotron development comprised . 
the major activities in this area. 

EBT-S ran throughout the year, with short downtimes for diagnostic changes and improvements. The 
first half of the year emphasized plasma confinement and ion cyclotron heating (ICK) studies in 
preparation for the EBT-P checkpoint review, which was held in August. Runs Mere made at power levels 
of <2uO kit. A comprehensive set of plasma data was amassed that included detailed power and pressure 
scans. Results included electron temperatures of '-1 keV at densities of \ 1 0 E E particles per cubic 
meter, and electron confinement appeared to be classical. ICH experiments were successful in launching 
propagating waves and in heating tail ions with powers of up to 20 fcW. 

After the EBT-P checkpoint review, experiments-focused on absolute urourement of the neutral 
aluminum impurity density using laser fluorescent'scattering. For the f irst time i i a plasma device, 

' the velocity distribution of impurity atoms was measured, proving that the source was wall sputtering. 
The last lunth of the year was dedicated to detailed ICH experiments. Up to 110 kW of power in 5-*s 
pulses was applied in the C-mpde, and 80-kW pulsed operation wzs achieved in the T-mode. 

The EBT-P project completed several significant milestones during 1981. Title I (preliminary) 
§:, design for EBT-P was 95* complete at year's end. Preliminary design reviews were held for each of the 
•L- eight device systems, and individual system design reports and drawings were prepa-ed by McDonnell 
f Douglas Astronautics Company (KDAC) and reviewed by OPNL. Verbal authorization to proceed with 

detailed (Title I I ) design was given to KDAC on all systems, and a request for proposals was released 
for the detailed design of the cryogenic system. Title I reports and drawings will serve as the 
baseline for the Title I I design. 

In addition to the plant and capital equipment design effort, the EBT-P project includes research 
and development (R'D) activities required to develop the technology needed for the device. The 
principal device R&D programs are magnet system development, microwave system development, and machine 
systems development. ' 

The magnet system development program, which is to provide the technical base for the detailed 
design and fabrication of the EBT-P mirror coils, obtained significant results during the year. Two 
development coils were fabricated at ORNL, and initial open dewar tests were performed on both coils. 
The coils operated successfully at full field corresponding to the 90-GHz upgrade for EBT-P, with 
simulated x-r»y heating imposed at tne design level of 10 w. These coils are being assembled into 
development magnet dewars by General Dynamics-Convair Division (GO). A test facility for testing the 
two development magnets and a GO prototype magnet is currently under construction 9t ORNL. 

The microwave system RAD program, which has as its objective the development of the l̂ igh power 
microwave components that are required to distribute power from the gyrotrons to the plasma, is also 
in progress at ORNL. Initial testing of some of these elements was performed on EBT-S during the 

c /Sir, A laboratory facility completed this year provides capability for low power testing of com
ponents at 60 GHz. Calculational methods were developed for analyzing the performance of microwave 

ii 

distribution system component;; the methods wt're verified against EBT-S experimental data and applied 
to evaluate EBT-P design alternatives. 

The machine systems MO program, which encompasses all technologies required for the development 
of EBT-P other than the magnet and microwave systems, was initiated this year. A test Hmiter built 
by MDAC will be installed on EBT-S to study limiter effect* on the plasma. 

C 
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The ORNL Gyrotron Development Program continued to manage the development of gyrot-on tubes by two 
irwJustrialcsubcontractors, Vanan Associates, Inc., and Hughes Aircraft Company, f 200-kH. 28-GHz 
gyrot<-on developed through this program was operated at 340 kW with ~\1'= efficiency in 1981- Efforts to 
develiv pulsed and continuous wave (cw), 200-kV, 60-GHz gyr, trons are under way at Varian-and Hughes. 

;Both companies operated pulsed 60-Qtz tubes tf.is year, and significant progress was made toward the goal 
cf a gyrotron capable of producing 200-kW CM powet at 60 fiHz. In la te 1981, Varian began testing the 
f i r s t experimental; >teady-state (cw) axisymetr:c 60-GHz tube. 

1.1 EBT RESEAHCH 

1 . 1 . ' "CJf Experiments 
~?r_ m. Szizy, *". A. 3a..-is, ". L. (xienc 

1981 saw considerable emphasis on heating 
"xperiaents in the ion cyclotron range of 
frequencies vlCRFJ on EBT-S. The ir.stellavion 
of the antenna and matching^circui* i s shown 
in fig. l . l . Exploratory surveys of ,»lauBd 
loading on tne antenna, wave propagation, ion 
heating, and effects on plasma confinement 
tere carried out over a wide range of operating 
conditions. 

The antenna and the matching c i ;cuit were 
modified during the year to improve the power 
handling capability and frequency response. c 
Experiments were performed at 20 kW cw and 
100 k« pulsed at ?0 HHz under best conditions. 
The frequency range o f the system was increased 
to 15-50 HHz. Hew power sources were added to 
provide 100 kW cw up to 20 KHz and 1.5 kU cw, 
4 kW pulsed from 30 to 50 KHz. ft 20-kW trans-
mi ttec covering the range from 30 to 60 KHz 
was ordered from Continental Electronics 
Manufacturing, Company and will oe operational 
ip mid-1982. 

Diagnostic improvements included installa
tion of a set of ten Faraday-shieldeo loop 
probes around the torus and the addition of a 
charge exchange analyzer or the antenna cavity. 

i 

The results of the ICRF experiments are 
described in detail in Refs. 1 and 2. The 
main findings may be summarized as follows, 

(1) Antenna loading increases with frequency 
and w<»h ambient pressure throughout the 
ranqe examined. The maximum loading in 
th* T-mode was - 70. for a deuterium 

plasma. Loading in a hydrogen pasaa was 
10-201 less than for deuterium, in general 

(2) Wave propagation closely follows predic
tions for a plasea-filled cylindrical 
waveguide with a uniform axial Magnetic 
f ie ld . For EBT-S, in a deuterii* plasma 
in the C-mode, propagation begins about 
25 HHz. Ir> the T-mode, propagation does 
not begin until about 35 KHz. The onset 
frequencies for hydrogen plasmas are s t i l l 
higher: 35 MHz and 45 KHz, respectively. 
No evidence of high Q eigepnodcs has been 

^-observed. 
(3) Energetic ion ta i l s are produced during 

fCRF heating. The tctal energy in the 
tai l increases with increasing frequency, 
pressure, and power. The distribution of 
ion energy around the torus follows the 
same general tehavior as the wave propaga
tion, .The mea urements are not suffi
ciently refined to allow determination of 
the ion power balance; howe"er,the 
observed heating i s anomalous. Figure 1.2 
shows the ion distribution function deduced 
from a charge exchange analyzer, four 
cavities away from the antenna, for several 
applied ICRF power levels ip to 15 kW at a 
frequency of 30 MHz for a 95« deuterium 
plasma. The fiqure show?, that both the 
dsnsity and the temperature of the ener
getic ion tail component increase substan
t ia l ly with increasing applied power. 

(4) The only effects of the ICRF power (up to 
20 kW) on core plasma confinement are 
slight reductions in density (-157.) and 
ambfpolar potential ('30'"). No change is 
observed in impurity levels or electron 
temperature. 

C 
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Fig, 1,1, Sectional view of the ICRF antenna and matching circuit 
installed on EBT. 

(5) Anomalous increases in the relativistic 
electron ring beta are observed during 
ICRF heating in the T-mode. The trends 
closely follow t ose of the ion heating, 
except that the ring enhancement is wi~ 
form around the torus when wave propaga
tion is present. Measurements with a hard 
x-ray spectrometer show in Increase fr. 
both the temperature and the density of 
the ring. 

J.1.2 Charge Exchange Measurements 
w. A. ; -vie 

Charge exchange measurements have continued 
with the aim of obtaining a better-under
standing of the systematic variation of ion 
properties with electron cyclotron heating 
(ECH) power and with torus pressure. In 
addition, considerable effort was devoted to 
charge exchange measurements farina ICH exper
iments. 
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Fig. 1-2. Ion distribution function measure
ments during ICK at 30 KHz for several applied 
power levels up to iS kW. -The plasma conditions 
<iEBT-S T-mode) fDr these data were as follows: 
ECH, 100 kW at 23 GHzv ambient neutral pressure, 
1 > TO'5 torr (95'« deuterium); midplane magnetic 
f ield on axis , 7 kG. 

The TCH worn i s summarized in Sect. 1.1.1. 
In support of that effort, the single-chord 
nitrogen stripping cel l analyzer with velocity 
f i l t er was moved from cavity El to cavity W3, 
where the ICh antenna is located. The 4-chord 
nitrogen analyzer was then returned to cavity 
El for use with the ICH experiments. 

Doppler width measurements jf H radiation, 
detailed in Sect. 1.1.8, show a component of 
neutral hydrogen with a temperature of 10-20 eV, 
which (ff assumed to be formed by charge 
exchange) has a line density n{< nearly equal 
to the line density n i measured by soft 
x rays, microwave interferon*try, and spectros
copy. Ion heating from Coulomb collisions 

with electrons heated by ECH power gives ion 
temperatures of 5-20 eV, depending on .he 
plasma density and the particle confinement 
tines. These results imply that the spectra 
recorded by the charge exchange diagnostics 
are not those of the bulk plasma but are ion 
tail components. This i s consistent with the 
fact that the analyzer does not normally 
col lect data below 100 eV and that the observed 
"temperature" components have low densities 
compared to n ;.. i. 

The observed spectra show a non-Kaxwellian 
distribution that nay be characterized by two 
main ion "temperature" components. One has a 
"temperature" of 60-100 eY with an integrated 
density product n-n t < 6 x lu^ 2 on" s . The 
other component has a higher "temperature* of 
2to-350 eV but a much lower density. The 
"temperatures" of these tail cjpmponents show 
no strong dependence on ECH power or torus 
pressure. The higher "temperature" ta i l i s 
only obvious at torus pressures from the 
middle of the T-mode to th~ T-M transition. 

The densities of these ta i l s are strongly 
dependent on the torus pressure and the ECH 
power, as shown in Figs. 1.3 and ' . 4 . (The 
boxe; in these two figures represent tne range 
of different numbers of measurements at the 
various operating points.) The results in 
Fig. 1.3 are for a low pressure of 4.7 y I0" f 

torr, which at the nigher powers i s very near 
the T-M transition. As the power i s raised 
the relative densities of the two ion components 
r ise , with that of the higher "temperatiire" 
component rising most dramatically. Figure 1.4 
shows the steep rise in density of the high 
energy taiVs as the torus pressure i s lowered 
through the T-mode toward the low pressure 
T-M transition at a constant input of 100 kW 
of 28-GHz ECH power. 

1.1.3 Electron Density Measurements with 
a 9-Channel Microwave Interferometer 

The mean electron line density h> i s 
measured at various radii with a 9-channel, 
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Fig. 1.3. Line-averaged n.n i measurements 
vs torus pressure fcv the two observed "tempera-
tore" components for EBT-S operation at 100 kH 
of 28-GHz ECH power. 

70-GM2 microwave interferometer. The micro
wave beam i s injected into tte EBT cavity 
vertically through a standard gain horn that 
has a metallic lens for better directivity. 
The locations of the channels are shown in 
Fig. 1.5. From the chord-averaged phase shift 
data, tre central density n(r=0) and i t s 
profile are obtained by an Abel inversion 
technique. From the high power microwave 
pow?r experiments up to 200 kw" at 28 GHz in 
EBT-S, the following observations are made 
about the electron der.sity. 

(1) The Ifne-avcragco (through the plasma 
center, r * 0) electron density increases 
with microwave power P (Fig. 1.6). 

(2) The density profile n(r) changes with the 
pressure p and power as shown in Fig. 1.7. 

6 S TO 12 14 
H 2 , p i TO"6 (rorr) 

«6 

F 1.4. Line-averaged n.n 4 measurements 
vs 28-GHz ECH power. These data are for low 
pressure operation of EBT (*,7 * 10" 6 torr), 
which at the higher power levels is near the 
T-H transition. 

The effective size of the plasma, t ^ = 
nV/n(r*0), a measure of the changing 
profile, decreases as the power increases 
or as the pressure decreases. However, the 
density scale length is almost constant 
for controlled power and pressure combi
nations, as shown in Fig. 1.8. 
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Fig. 1.5. Cutaway view of the 70-GHz, 
9-cha.-nel ..-.i,'rowave inter feroffieter cavity on 
EBT-S. 
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Fig. K 6 . Variations of the electron line 
density ns with pressure p and applied 28-GHz 
microwave power P . The I.ne density increases 
with the microwave power, and for a given 
power level it stays almost constant in the 
T-irode. 

(3) The variation of n; with P. for constant 
scale length pressure cases [ i . e . , p 
(p ) T ^ and p ?':''] is shown in f i g . 1.9. 
!•, thin the experimental error bars of the 
Measurements, the power scaling is given 
-by fu P - ' - : , which is consistent 
with the prediction of the neoclassical 
scaling.• 

fc.g-dimensional (0-0) comparisons with theo
retical expectations for the complete data set 
are not possible. However, i t is shown that 
for controlled power ard pressure combinations, 
scale lengths and e./T are constant and the 
electron transport in EBT-S scales neoclassi-
cal ly; the power balance (P - n ? /T° - r - , see 
Fig. 1.10) and particle balance ( T ^ A -con
stant, see Fig. 1.11) are consistent with 
neoclassical predictions. 

1.1.4 ..;.;.;;."./»; •• ';'Core Electron Confinement 
Scaling in EBT-S' 

RecE.il high power microwave experiments in 
EBT-S at power levels througn 200 kW at 28 GHz 
cover a broad parameter range (density, 
temperature, potential well , e t c . ) . The 
operating window (T-mode) increases with 
power, and tl.e plasma characteristics change 
significantly with operating parameters (power 

.and pressure). Because the density profiles 
are oh'.erved to change with these parameters. 

1.1.5 Thomson Scattering 

A limited amount of data was obtained with 
a new 25-J ruby laser system for electron 
measurements in EBT-S: The quality of the 
da'a was such that less was learned about the 
e.c-ctrons than about what further improvements 
would be necessary. I t was discovered that an 
input lens with a 2-m focal length cannot be 
used because of laser dump damage. (That lens 
had h<>en selected to minimize the average spot 
size of the focused beam in the domain of the 
20-cm scan,) At the same time, i t was observed 

http://RecE.il
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the power balance is neoclassical. 
P 3-- and (P 0)TM1» which indicates that 

that plasma light is st i l l a severe problem in 
the outer data channels (720-750 nn) even with 
a reduction of the spectrometer slit width to 
0.5 in. This may be due in part to the 
increasing harshness of the plasma environment 
as the microwave power Ms increased. So far, 
the signal-to-noise ratio in the outer channels 
is much less than one, and i t has not been 
possible to corroborate the temperatures 
indicated by soft x-ray measurements. 
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Fig. 1.11. The ratio of electron energy 
confinement time to particle confinement time 
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c ft. ;. 

classical scaling for constant scale lengths. 
Here, I„ - nn . and n is the neutral particle 
dens'ty. 

Improvements made during the year include 
tne replacement of most optical components with 
nonbrowning, antireflection coated materials 
and a rearrangement of the detector configura
tion. For the latter, a sixth data cr._..nel was 
addeo, and a block was inserted to mask the 
aluminum multiplet at 704-706 nm. Since the 
plasma light is very low in the adjacent 
channels, the block is apparently working very 
well. 

Design and fabrication have been completed 
on a replacement for the microwave-absorbing 
water window. The new viewing window consists 
of a Suprasil vacuum window, protected by a 
flap (with a ferrofluidic feedthrough), and a 
so-called "egg crate" microwave cutoff screen. 
Cold tests indicate nearly 30'dB attenuation of 
28-GHz power, while visible radiation is 90% 
transmitted at normal incidence. 
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1.1.6 Abstract c; Hard X-Ray Measurements 
Of the Hot Electron Rings in EBT-S5 

D. L. Hill-Is 

A thorough understanding of the hot electron 
rings in EBT-S is essential to the bumpy torus 
concept of plasma production, since the rings 
provide bulk plasma s tab i l i ty . The hot elec
trons are produced via electron cyclotron 
resonant heating (ECRH) using a 28-GHz CM 
gyrotron, which has operated up to power levels 
of 200 IcU. The parameters of tne energetic 
electron rings are studied via hard x-ray 
measurement techniques and with diamaonetic 
''pickup" coi ls . The hard x-ray measurements 
have jsed collimated Nal(Tl) detectors to 
determine the electron temperature T and 

electron density n for the hot electron e 
annulus. Typical values are T = 4G0-SO0 keV 

e 
arri n = i-s x 1 0 l i cm" : . The total stored 

e 
energy of a single energetic electron ring as 
measured by dianagnetic pickup loops approaches 
-40 J and is in good agreement with that 
deduced from hard x-ray measurements. By 
combining the experimental measurements from 
hard x rays and from the diamagnetic loops, an 
estimate can be obtained for the volume of a 
single hot e!ectron ring. The ring volume is 
determined to be -2.2 l i t e r s , and this volume 
remains approximately constant over the T-mode 
operating regime. Final ly, the power in the 
electrons scattered out of the ring is measured 
indirectly by measuring the x-radiation pro
duced when those electrons strike the chamber 
walls. The variation of this radiation with 
increasing microwfw power levels is found to 
be consistent with classical scattering es t i 
mates. 

1.1.7 Abatrani r,f Electron Confinement Studies 
on EBT-S Using Soft X-Ray Techniques' 

,o, /,. ttilti?., n. P.. Il'iar./i 

Soft x-ray bremsstrahlung measurements have 
been performed on the EBT-S plasma to determine 
the electron temperature T and electron 
density n using a calibrat2d Si (Li ) detector 
over a wide range of operating conditions. 

The steady-state plasma ot EBT-S is heated 
solely by microwaves using a cw gyrotron that 
can operate a t power levels up to 200 kW. 
Frou the soft x-ray measurements, both electron 
tempe.atore and density are found to increase 
at higher microwave power levels. For operation 
at microwave power levels of 200 kM, T 
approaches 1 keV while n approaches 1.2 x 
1 0 1 2 c m - 3 . In general, confinement properties 
are found to improve with increased microwave 
power. The data are compared with neoclassical 
transport scaling, and the electron transport 
is found to be col1is?onless (v/s < 1} as well 
as neoclassical. 

1.1.8 f» Measurement of the Ion Temperature 
Using the Mings of the H ( D J 
Spectral Line 

Just as a charge exchange energy-analyzing 
diagnostic can determine the ion temperature 
from the shape of the energy spectrin of 
neutrals leaving the plasma, a spectroscopic 
measurement of the energy spectrin of neutrals 
within the plasma can be used to estimate the 
ion temperature. A particle balancs within 
the plasma for the neutrals produced by charge 
exchanged (ex) on a background neutral 
population n (Bkg) gives 

n 0(cx) 

itfgkgT'-"''" i ex 

wher» n. is the ion density, • is the plasma 
diameter, and - is the charge exchange cross 
section. For the conditions in EET, this 
ratio is in the range 0.01-0.1. A Ooppler 
broadening measurement of the H (D ) profile 
ihews the existence of a neutral component 
with a fractional density in this range. The 
temperature of this component varies with 
plasma conditions between 8 and 18 eV. Cor
recting for a neutral temperature reduction 
due to wall recycling yields ion temperatures 
of 10-20 eV. Estimates of n^; for this com
ponent are typically -••? • 10 1 - cm"- , which Is 
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in good agreement wit's the measurements of n i 
from the microwave Interferometer. Since tlie 
majority of the particles at these low energies 
cannot be detected with a charge exchange 
diagnostic, the charge exchange results w i l l 
vield only the energy in the ion t a i l . This 
effect would explain the discrepancy between 
the v?lue of n n i determined by a spectroscopic 
raeasureoie.it and that of n-n >. determined by 
the charge ^-change measurement. 

1.1.9 Study of Aluminum Impurity Ions and the 
Arabipolar D otent ia l in EBT 

r.. ':'.. r.ii'i-JU'ds:, K. F. K-I-ZSCH* 

A previous spectroscopic study of impurity 
densities and their spatial profile*;7 has shown 
low charge states of aluminum existing in the 
core of the EBT plasma. Present studies indi
cate that the higher charge states are non
existent. The particle confinement time for 
aluminum must then be very short and can be 
estimated by comparing densities of the 
existing charge states. For example, the 
lifetime for AI is determined by these 
density measurements, :.,•' -. 40 „s. Such a 
lifetime is smaller than the electron confine
ment time by several orders of magnitude and 
suggests a large flux of aluminum and an 
influence on the ambipolar potential as a 
consequence." Qoppler broadeninn measurements 
of the aluminum impurity indicate that it has 
an a nor.alojsly high temperature [I(Al ) 
600 eV]. 

A correlation of aluminum temperature and 
potential well depth has been observed and is 
shown in Fig. 1.1?. This correlation appears 
between the potential and the temperature of 
the highest observable charge state with the 
scaling 

tooo E—I I m i l l ! 

Z e ; 
k'T" 2.5 

•s*t-trc« rco 
i i ! m m 

i nun i I i inn 
20 30 WO ZOO 500 TOOO 

POTENTIAL WELL DEPTH (VI 

Fig. 1.12. The correlation of aluminum 
temperature, normalized by its charge state. 

Plasma Theory Section. 

with the potential well depth. 

1.1.10 Synchrotron Radiation in EBT 

The energy spectrum of the synchrotron 
radiation emitted by the re lat iv is t ic ring 
electrons i i EBT has been calculated for 
various classes of anisotropic ring electron 
distribution functions/ 1 Calculations have 
been carried out for present (EBT-I/S) and 
planned (EBT-P) experiments. The ring temper
atures in EBT-1 and EBT-S are -200 keV and 
500 keV, respectively. The projected ring 

temperature in EBT-P is 1000-1500 keV. The 
calculations indicate that the radiation 
spectrum monotonically decreases and becomes 
almost f l a t at high frequencies, as observed 
in the experiments- (see Fig. 1.13). With 
increasing temperature and anisotropy, the 
total emission increases, the slope of the 
spectrum decreases, and the peak of the spectrum 
moves to a higher frequency. The rat io of the 
extraordinary wave intensity to the ordinary 
wave intensity decreases with temperature, but 
i t increases with anisotropy (see Fig. I . 14 ) . 
Calculated spectra and relative intensity 
levels of EBT-I and EBT-S are found to be in 
reasonable agreement with the experimental 

http://raeasureoie.it
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Fig. 1.14. Computed variation of the ratio 
of extraordinary wave intensity to ordinary 
wave intensity with temperature and anisotropy. 
The solid curve i s for 150 GHz. Variation of 
the ratio within the frequency range 80-250 GHz 
is shown with a shaded band. 

measurements.10 For a Maxwellian ring electron 
distribution function, the total radiation 
power loss P r a < J (in watts) can be estimated 
from 

P rad / V r s K 5 5 * 1 0 ^ r

B

r

K 3 ( m c 2 / T r ) / K : - ( m c : : / T r ) • 

wfcre K2 and K. are the Kankel functfons 

Ks/K; * 1 • 2 .5 (Y - 1} • ^^jrV- i . 

1 + y m c 2 , 

and V r (in cubic meters), f y, B r (in Tesla), 
and T r are volume per ring, ring beta, vacuum 
magnetic field at the ring location, and ring 
temperature, respectively. In Table 1.1, 

using typical EBT-i/S and EBT-P ring param
eters, the estimated radiation power per 
ring is given. Both measurements and cal
culations show that synchrotron looses are 
low in EBT-I and EBT-S, However, in 
future experiments (EBT-P, reactor, etc.), 
radiation losses will play an important 
role in determining the ring power balance. 

Table 1,1, The estimated radiation power loss 
for EBT-I, EBT-S, and EBT-P 

hot electron rings 
EBT-I EBT-S EBT-P 

B r (T) 0.32 0.5 1.0 
T r (keV) 200 500 1000 
8 r (*) 18 24 20 
V r (»») 0.2 x 10* 2 0.2 x 10' 3 0-6 x 10" 2 

Prad <W> 1.3 20 1525 
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1.1.11 Hodi-lated Electron Ring Measurements 

Formation, heating, and loss processes for 
an energetic electron ring can be investigated 
by modulating tJe ECK power applied to the EBT 
device. For these measurements, the power to 
a single EBT cavity is square-wave modulated 
at a very low frequency, 0.2-0.5 Hz, and the 
resulting periodic formation and decay of the 
electron ring in that cavity are own i to red 
using diaoagnetic loops, hard x rays, and 
synchrotron radiation diagnostics. 

The analysis of the dynamic response of the 
ring is greatly simplified if the loss pro
cesses of the ring do not change with tine (as 
the ring decays, for example). The dominant 
classical energy loss processes, drag cooling 
by the toroidal plasma electrons and classical 
scattering, depend primarily on the density of 
tie toroidal plasma at the location of the 
ring. For this reason, only a single EBT 
cavity is modulated. The remaining cavities 
are powered continuously and serve to sustain 
constant plasma density in the modulated 
cavity; therefore, constant classical drag and 
scattering of the ring electrons is expected. 
Interferometer measurements in the modulated 
cavity verify that this approach is reasonably 
successful, as the line-averaged density 
changes by only 5-85 as the power is modulated 
At present, such a ring modulation experiment 
can only he done on EET-I, where the power to 
individual cavities is controlled by a ferrite 
device with a switching time of 8 ms. EBT-S 
does not have a similar switching capability. 

The time variation of the hard x-ray signal 
from a modulated ring is shown in Fig. 1.15, 
where the hard x-ray count rate i s pHtted on 
a logarithmic scale as a function of time. 
The time dependence of the applied power is 
also indicated. The time variation of the 
synchrotron radiation, measured at a frequency 
of 94 GHz, is shown in Fig. 1.16. Similar 
data are acquired from the diamagnetic loops. 
In Fig, 1.16, the synchrotron signal doe.j not 
decrease to zero when the appHid power is 
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Fig. 1.15. The hard x-ray (E > 80 keV) 
court rate on a logarithmic scale as a function 
of time. The -oduiation of the applied power 
is also shown for reference. 

switcheo off. Although the residual radiation 
is largely attributable to the rings in 
adjacent cavities, it is also possible that a 
weak residual ring { 10" of the original ring) 
still remains in the cavity. It is evident 
that the characteristic time scale of the 
rings is on the order of a few tenthr, of a 
second, and that total equilibrium is not 
established for several seconds. It might 
also be noticed that the formation process 
proceeds much more rapidly than the decay. 

The signals recorded from the various r'ng 
diagnostics are processed on the assumption 
that the waveforms art exponential in shape. 
The formation and decay are analyzed separately 
and summarized by an e-folding time, which is 
assignej on the basis of a best fit to an 
exponential. In some inrtances, such as the 



15 

OB«H_.PHCTO ZZW-V2 FED 
500 

Fig. 1.16. Waveforms showing the tine 
evolution of the applied power and the syn
chrotron radiation (94 GHz) when the power is 
square-wave nodulated. 

decay of the synchrotron radiation, the measured 
waveforms are almost exactly exponential in 
shape and the data are easily reduced. However, 
in the case of the diamagnetic loop, the data 
are significantly modified because the diamag
netic field most diffuse through the vacuum 
vessel wall. No attempt was.made to correct 
the data for this effect. The best estimates 
for the decay time of the skin currents induced 
vn the vacuum vessel wall by the diamagnetic 
field are in the range of 30 ms, which is not 
completely negligible. 

The reduced data describing the formation 
of the ring are shown in Fig. 1.17, where the 
characteristic formation times inferred from 
the various ring diagnostics are plotted as a 
function of the neutral gas pressure. Similar 
data corresponding to the decay of the electron 
ring are shown ^,. Fig. 1.18. The hard x-ray 
data were acquired during operation with 40 kW 
of power at 18 6Kz, while the synchrntror. and 
diamagnetic data correspond to 50-kW operation. 
Because the results are only weakly power-
dependent, this difference can be neglected. 
With the exception of the synchrotron data, 
the characteristic times do not cnange ub-
stantially as the neutral gas pressure is 
varied. I t is apparent, however, that there 
are consistent differences beliyeen the various 
diagnostics. Generally, the characteristic 
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Fig. 1.17. Characteristic electron rir.g 
formation tiats, as measured by the dianagnetic, 
hard x-ray, and synchrotron diagnostics, vs 
the neutral gas pressure for EBT-I operation. 

times inferred from the hard x-ray and diamag
netic data are comparable, whereas those 
inferred from the synchrotron measurements are 
longer by a factor of 2. This is comprehen
sible, however, when i t is realized that each 
of the diagnostics has a different ring 
paraateter dependence and represents a different 
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Fig. 1.18. Characteristic ring decay 
times, as measured by the various ring diag
nostics, vs the neutral gas pre$$vrt for 
F.BT-I operation. 
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moment of the energy distribution of the 
electron ring. Finally, the formation of the 
ring proceeds rare quickly than the decay by 
roughly a factor of 2. 

Of the two processes, formation and decay, 
the decay of the ring i s more easily analyzed 
and can readily be compared with predictions 
based on classical ring loss processes. For 
this purpose, i t i s assumed that the electron 
ring temperature i s 160 keV and that the 
magnetic field at the ring location i s 3.2 fcG. 
Using data from the multichannel microwave 
interferometer, the density of the toroidal 
plasma at the location of the ring i s approx
imately 2.5 * 1 0 ; ; cm":". In this case, c las 
sical drag cooling, scattering, and synchrotron 
radiatior. add up to an energy loss of 155 fceV/s 
per electron, which correspondi to a classical 
energy decay time of 1.0 s. As can be seen 
from the data of Fig. 1.17, the stored energy 
of the r. ng, as measured by the diamagnetic 
loop, decays with a characteristic e-folding 
time of 200 ms. Although uncertainties in 
both the measured and calculated decay times 
must be taken into account, i t appears that 
the electron rings of EbT-I decay significantly 
faster than expected on the basis of classical 
losses. 

1.1.12 Kirrowave Interferometer Measurements 
at 140 GHz 

A 2-mra microwave interferometer (f = 140 GHz), 
on loan from the Impurity Study Experiment (ISX), 
••»•»', installed on EBT and compared with the 
standard single-channel 4-mm interferometer 
(f = 70 GHz). The 2-mm interferometer was 
located two cavities away from the 4-mm system. 
A comparison of the phase shifts measured 
during pressure scans in EBT-l operation is 
shown in Fig. 1.19, where the 2-mm phase shift 
is plotted versu; the 4-mm phase shift. Since 
the ratio of the interferometer frequencies is 
exactly 2:1, the 2-mm phase shift is expected 
to be exactly half of the 4-mm phase shift. 
Difference', be'.ween , the two measurements are 
quite small, corresponding to 1C for the 
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Fig. 1.19. The phase shift measured with a 
2-mm interferometer vs the phase shift measured 
with a 4-mm system. The various data points 
were taken from three pressure scans during 
EBT-I ope-ation. 

4-ram interferometer or 5r' for the 2-mm :.y„tem. 
Similar results were obtained for EBT-S 
operation, but in this case thermal drifts of 
the 2-mm system made the comparison diff icult . 
The agreement between the two measurements 
indicates that i t i s very unlikely that errors 
in the standard single-channel 4-mm interfer
ometer will exceed 10'. Assuming a pat' 
length of ; = ?0 cm, th.is corresponds to a 
maximal uncertainty of -0.5 > 10'- cm" for 
the measured line-averaged density. 

1.1.13 Synrhrot-on Radiation Diagnostic 
Development 

A synchrotron radiation diagnostic has been 
under development at the University of Maryland. 
The objective i s to measure the parameters of 
the EBT electrdn rings, with the in i t ia l 

University of Maryland, College Park, 
Maryland. 



measurements to provide information on the 
density, energy, and parallel velocity dis
tribution of the energetic electrons. 

Because multiple reflections from the 
vacuum vessel Malls are a nontrivial compli
cation in the interpretation of measurements 
at high harmonics of the electron cyclotron 
frequency, considerable development has been 
undertaken to achieve optimal viewing optics, 
the quasi-optical viewing system that has been" 
adopted user a mirror-lens arrangement to 
isolate direct radiation from the r i n g . 1 1 * 1 2 

By reflecting the viewing beam back on itself, 
the mirror enables double-pass viewing of the 
ring and at the same time allows the viewing 
port to be used as a viewing dump. The cal i 
brated millimeter wave radiometers, which will 
be used to measure the absolute intensity and 
the polarization state of the radiation at 
frequencies of 80 and 138 GHz, have been 
received and are presently in use at the 
university of Maryland on a test setup that 
uses a retired EBT cavity to simulate the 
actual measurement. 

In addition, supportive theoretical worn 
has led to the development of simplified 
analytic expressions to describe the parameter 
dependences of synchrotron radiation from the 
relativistic e lec t rons . ! 2 , I i I t is anticipated 
that these expressions will be useful in 
interpreting the forthcoming measurements on 
the EBT device. 

1.1.14 ileavy Ion Seam Probe Experiments 
K. A. ~orvrs,r,* ?. M. Sienloae'-,, J. R. dc/er,* 

0. A. Hall^ik, ?.. L. Hic'ok, »>. , * £, ."ol-zri.i',eK 

Experiments performed with the heavy ion 
beam probe during the past yttr have further 
demonstrated the similarity between data 
obtained under EBT-I and under EBT-S operating 
conditions. For example, the total detected 
Cs ' signal profiles show that the plasma 

* 
Rensselaer Polytechnic Institute, Troy, 
New York. 

radius is somewhat larger in the C-mode than 
in the T-oode. Also, field errors can short 
out the potential well structure in the T-mode. 
While all the basic profile features have been 
observed now for both EBT-I and EBT-S, some 
difficulties were encountered in obtaining the 
scaling of the well with heating power and 
pressure. A detailed study of the transition 
from C- to T-mode chawed the formation of the 
well at the C-T boundary in both cases. 
However, there were errors in the data for 
EBT-S that are related to system alignment and 

. loading in the high voltage regions; the 
errors indicate that for the higher energy 
beams needed in EBT-S measurements better 
system control is required. Major modifica
tions to the beam probe system are new under 
way to rectify this situation. 

The EBT hei-y ion beam probe is sensitive 
to the electron temperature and density in the 
core p'asma. the surface plasma, and the hot 
electron rings. Since the sensitivity is not 
the same for all three electron distributions, 
i t is possible to determine some of the gross 
properties of each by comparing their relative 
signal strengths. In particular, for EBT-I 
operation, i t is possible to pulse the 18-GHz 
microwave power in the beam probe cavity and 
observe changes in the total detected signal. 
In normal operation, i .e . , for potential 
measurements, the measurement is made with 
Cs secondary ions, but increased sensitivity 
results when Cs ' is used. 

The location of the resonance surface has 
been shown to determine the size of the core 
plasma, as determined from potential profiles 
and profiles of Cs ' signals obtained with the 
beam probe.''' A complementary study has now 
been made w-*h Cs , showing that the hot 
electrons also move as expected. Figure 1.20 
displays the results of three pulsed ring 
experiments (I s on, 1 s off) at field currents 
of 4000, 5000, and 7250 A. The hatched 
regions correspond to the position of the 
second harmonic, and the crosshatched region 
corresponds to the fundamental resonance. The 
measurements were made at the bottom of the 
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The 7250-A case is a fundamentally different 
heatfng topology, in which the Magnetic field 
is high enough to move the fundamental resonance 
for 18 GHz into the midplane. The largest 
observed difference in the Cs ' signal was 
s i 11 near the second hanaonic, despite the 
fact that it was near the outer edge of the 
plasma. In contrast to the lower field cases, 
the relative change in the signal did not drop 
to 105 inside the second hanaonic, but retained 
close to 40* up to the first harmonic surface, 
inside the fundamental surface, there was no 
signal at all because of the very low electron 
temperature in this heating configuration. 
Similar hollow profiles were observed on the 
relative changes of the Cs * signal. The 
7250-A profile shows heating from the funda
mental surface nearly to the wall. Hence, the 
position of the hot electron ring is not clear 
from this experiment. 

Fig. 1.20. Radial profile of the relative 
change in the Cs :* signal for ring turnoff 
experiments with I T = 4<*no, 5000, and 7250 A. 

plasma, but measurements at the top show the 
same characteristics; namely, the peak relative 
change in the Cs signal occurs near the 
second harmonic resonance location. The 
effect of the pulsed ring is less than 10i in 
the core. It is much larger in the surface 
plasma because the difference in relative 
sensitivity between the hot electrons and the 
surface plasma is greater than that between 
the hot electrons and the core. This fact 
distorts the apparent shape of the ring. 
Neglecting temperature gradients in the back
ground plasma, the thickness of the ring is 
roughly 5-8 cm for both the 4000- and 5000-A 
cases. Although the background electron 
temperature is not well known in this region, 
the presence of any positive temperature 
gradient would reduce the thickness of the 
ring, as interpreted from these data, by 
1-3 cm1. 

1.1.15 Observations of Low Frequency Plasma 
Fluctuations in EBT 

r.. Ktmcvi 

In the EBT plasma, two types of low frequency 
fluctuations have been identified in the dc 
frequency range up to 1 MHz: a drift-type 
fluctuation and an interchange instability. 
The latter, which leads to an unstable toroidal 
plasma, is prominently excited in the outer 
plasma along the hot electron ring. In the 
proper neutral pressure regime, the hot electron 
Hogs prevent these two fluctuations from 
growing and permit the establishment of a 
stable toroidal plasma. 

1.1.16 Abxtwi o/Experimental Hot-to-Warm 
Electron Density Ratio for Instability 
Threshold in the ELMO Bumpy Torus1s 

.7. :Hi"M, '.. A. Serir., R, J. Cnlahin, J. C. 
ll-0'ji*n'<G. ',. R, .''••tat.-., •). I. Hillia, T. U.i'ifim 

The hot-to-warm electron density ratio is 
determined for the onset of instabilities that 
spontaneously grow in the region of large 
stored energy in EBT. When this ratio exceeds 
-0.5, the instability becomes conspicuous as 
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ah oscillation on the microwave interferometer 
signal. When the microwave power and ambient 
pressure are varied, the rat io remains constant 
in spite of changes in the density, temperature, 
and beta value. The stable region in a beta 
diagram increases when the microwave power 
increases. 

1.1.17 Ahstrzzt of Nonstandard heating 
Experiments in EBT l £ 

V. C. GZou£srka3 Sf. A. Dssis, 2. L. F.illis, 
?. UekzK^ F. K. Bier.iosek, L. SolsKSten 

The magnetic design of EBT-I/S provides a 
f lexible environment i n which to examine 
various ring and core plasma ECH scenarios. 
The heating occurs when the ECK power, available 
at three discrete frequencies (10.6 , 18, and 
28 GHz), is in resonance with local harmonics 
of the electron cyclotron frequency. The 
resonance locations can be moved in a contin
uous fashion in the cavity sectors by changing 
the toroidal magnetic f i e l d over the range of 
0-1.4 T. In an EBT, the bumpy magnetic equi
librium is stabilized by the high beta, hot 
electron rings formed in the f ie ld bumps by 
proper choice of microwave heating frequency 
and magnetic geometry. The most commonly used 
heating geometry for ECH is the standard 
resonance configuration (SR) wherein a funda
mental resonance exists across the mirror coil 
throats for bulk plasma heating and a second 
harmonic resonance exists in an annular region 
in the cavity midplane for ring heatinq. 
Reported here are the results of two nonstandard 
heating experiments. In one, the fundamental 
ECH resonance at either 10.6 or 18 GHz was 
placed a t the usual ring position in an attempt 
to generate rings solely with fundamental 
heating; this is the fundamental resonance 
configuration (FR). In a second experiment, 
an attempt was made to heat the ring and core 
separately by forming the ring as above with 
10.6 6Hz and thenjieating the core with the 
fundamental and second harmonic of 26 GHz; 
this is the separately coupled ring and toroidal 
core heating configuration (SCRATCH). In both 

cases, the hot electron annuli were formed and 
stabil ized the core plasma as in the SR exper
iments. In FR, the rings formed at the second 
harmonic and no significant potential structures 
were found. In SCRATCH, either a potential 
well or a potential h i l l could be formed (see 
Fig. l . Z t ) . In both heating regimes, s i g n i f i 
cant ion heating above that found in standard 
heating experiments was found. 
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Fig. 1.21. Comparison of two plasma poten
tial profiles in SCRATCH using *he same ECH 
power at 28 GHz (SO kW) but different levels 
of 10.6-GHz power (10 kW vs 20 kW). 

1.1,18 Ring Diamagnetic Diagnostics: 
Perpendicular Energy 

The concentric cylindrical current sheet 
model that has been used to provide a calf bra 
tion for the diamagnetic flux loops' perpen
dicular energy signal has been studied exten
sively. '"' The calibration results obtained 

~ ~_-.. . ~__ ... 
University of Missouri, Rolla, Missouri. 
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using this simple model are quite insensitive 
to the model parameters (a fact attributed i» 
part to the arrangement of the pickup loops, 
which resemble Heimholtz co i l s } ; this should 
imply that siir.ilar calibration results would 
be obtained wit 1 other models. A test of this 
hypothesis nas *• .en carried out in studies 
using a '.lagnetohydrodynamic (MHO) equilibrium 
model irTburpy cylinder geometry. Calculations 
using a modification of an available EBT 
equilibrium code'- have sr/"..,i results for the 
perpendicular energy calibration that are in 
essential agreement with tho.e obtained using 
the current sheet modei.'••'--'• This rtHO 
equilibrium model automatically provided a 
more real ist ic geometry, along with a self-
consistent treatment of drift current effects 
and local magnetic flux density. These two 
factors had been the major points on which the 
current sheet model had bean questioned. 

1.1.19 Ring Diamagnetic Diagnostics: 
Ring Geometry 

Although ths ring diaraagnetic flux linking 
the perpendicular energy pickup loops i s 
almost completely insensitive to ring geometry, 
some information on ring geometry can be 
obtained from measurements of tta diamagnetic 
field strengtn at the outside of an EBT cavity. ' ' 
A magnetometer based on ferromagnetic resonance 
in small spheres of yttrium iron g urnet (yig) 
has been developed to provide such measurements 
with a precision of a few hundredths of a 
gauss.- • Generator current fluctuations and 
plasma fluctuations limit the accuracy of the 
data, but with generator current compensation 
incorporated in the instrumentation, diamagnetic 
field variations as small as 0.05 G can s t i l l 
be observed. Data taken with the field probe 
located on the outer wall of the horizontal 
n.idplane of an EBT cavity yielded field values 

ijni vor', i ty of Missouri, Rolla, Missouri. 

in agreement with the perpendicular energy 
signals and the current sheet model. Kith 
reasonable assumptions for i l l current sheet 
model parameters but one, t*»is last geometrical 
parameter is determined by the field measure
ment."3 Field aeasurements taken with the 
field probe relocated to the cavity wall on the 
inside of the torus (diametrically opposed to 
the f i r s t location) also yielded agreement with 
the perpendicular energy aitd the current sheet 
model - but with a different set of model 
parameters. This points out a lack of 
axisymoietry in the rings, which has been 
anticipated. The detai ls of this asymmetry and 
their interpretation will be the subject of 
further study. 

1.1.20 EBT-S Microwave System Development 

^J.if/:>: -—' 

Routine operation of the 28-GHz, 200-kW, cw 
gyrotron ECK systc-m on E.BT-S continued, and 
further development was undertaken to improve 
the efficiency and rel iabi l i ty of operation, 
especially at higher power levels . Plasma 
operation at 200-fcW cw gyrotron output was 
in i t ia l ly achieved in Hay, thus enabling timely 
acquisition of desired EBT scaling data for the 
EBT-P checkpoint review in August. 

Detailed calorimetric measurements of the 
28-GHz power losses in the overmoded trans
mission and distribution system showed that the 
average efficiency of delivery of gyrotron 
output powf>r to the EBT toroidal vessel is 
slightly over 70•=. About one-third of this 
dissipative loss occurs in lumped elements that 
ire included to improve impedance matching for 
the TE; gyrotron interaction mode. An addi
tional third of the transmission loss appears 
as I R losses in the 6.35-cm-diam (2.5-in.) 
circular waveguide, and the final third appears 
as [R losses in the large toroidal manifold 
used for power division and distribution. As 
expected, the system i s slightly dispersive, 
and variations both in the total fractional 
losses and in the distribution of losses are 
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observed in response to the saw 11 frequency 
changes that accompany variations in gyrotron 
output power. 

To improve the performance and efficiency 
of the toroidal manifold used to c*ivide and 
distribute the power to the 24 mirror confine
ment regies , the diameters of the circular 
output coupling apertures through which 28-GHz 
power is coupled to EBT-S were enlarged. The 
larger apertures produce stronger coupling to 
the lossy plasma, thereby reducing the level 
of stored 28-GHz energy in the manifold. This 
leads to improved impedance matching to the 
input waveguide from the gyrotron and to 
improved transmission efficiency of the mani
fold through reduction of losses. 

1.1.21 Abstract of Analysis of Mixed-Mode 
Microwave Distribution Manifolds22 

?. L. White 

The 28-GHz microwave distribution manifold 
used in the EBT-S experiments consists of a 
toroidal metallic cavity, the dimensions of 
which are much greater than a wavelength, fed 
by a source of microwave power. Equalization 
of the mixed-mode power distribution to the 24 
cavities of EBT-S i s accomplished by empirically 
adjusting the coupling irises that are equally 
spaced around the manifold. The performance 
of the manifold to date tes been very good, 
but no analytical models existed for optimizing 
manifold transmission efficiency or for scaling 
this technology to the EBT-P manifold design. 
The present report develops a general model 
for mixed-mode microwave distribution manifolds 
based on isotropic plane wave sow-ces of 
varying amplitudes, which are distributed 
toroidal1y around the manifold. The calculated 
manifold transmission efficiency for the most 
recent EBT-S coupling iris modification is 
90?. This agrees with the average measured 
transmission efficiency. The model also 
predicts the coupling iris areas required to 
balance the distribution i,, microwave power 
while maximizing transmission efficiency. In 
addition, losse« in waveguide feeds connecting 

the irises to the cavities of EET are calcu
lated using an approach similar to the calcu
lation of manifold losses. The model will be 
used to evaluate F3T-P manifold designs. 

1.1.22 Abstract of Vacuum System Problems of 
EBT, a Steady-State Fusion Experiment23 

if. L. Livesey 

The EBT is a 24-sector, steady-state, 
fusion energy research device with plasma 
production and heating provided by microwave 
sources. The microwave heating is provided by 
klystrons, which deliver up to 60 kW of lft-GHz 
power and 30 fcW of 10.6-GHz power, and by a CM 
gyrotron, which has operated at power levels 
up to 150 kW. Preliminary experiments with 
ICRH have added up to 10 kW of 30-mHz steady-
state rf power. The large amount of microwave 
power used in heatirj the plasma of EBT produces 
a number of problems which have impacted the 
vacuum vessel design. Special attention has 
been directed toward the elimination of micro
wave propagation to elastomer surfaces. 
VariouVproblems dealing with the maintenance 
of this unique vacuum vessel operated in a 
»»crowave environment will be discussed. 
Particular emphasis will be placed on how 
these problems have been addressed on EBT. 

1.1.23 Abstract of. Intrinsic Engineering 
Problems for ELMO Bumpy Torus-Scale2 "* 

0. A. h'veritt, H. 0. zason, B. U. Liuese:Jt 

7. L. White 

The reduction in engineering problems 
stemming from EBT's large aspect ratio and 
steady-state operation has made the EBT concept 
an attractive alternative to the tokamak 
concept. However, EBTs have their own unique 
engineerir? problems. Microwave containment, 
hard x-ray shielding, aluminum sputtering, and 
steady-state heat dissipation are the major 
concerns for the EBT-S experiment. The most 
difficult of these is the containment of high 
power microwaves in an all'aluminum vacuum 
vessel sealed with 0-rings. Since O-ring 
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materials readi ly absorb microwate power, o 

special 0-r ing gland was design* .1 for pro

tec t ion . Careful a t to r t i oo mu: t be paid to 

th is seat to prev n t microwaw arcs and O-ring 

damage. For diagnostic access, o var ie ty of 

microwave ref lec .ors and absorbers have been 

designed to protect equipment and personnel. 

Water jackets and other lossy mediums have 

been designed to absorb microwave power where 

re f lec t ion has not been p rac t i ca l . In add i t i on , 

a l l diagnostics that protrude i n to the micro

wave environment must be designed to preclude 

sharo edges and smal1 cracks where microwave 

arcs may occur. Tne creat ion of hard x rays 

v i t h i n EBl-S has added to the engineering 

problems. Radiation hardening o f f l e x i b l e 

nylon water l ines i s e v i i e n l ood has caused 

some loss-of-coolant incidents i n the mir ror 

c o i l s . Obviously, personnel and sensit ive 

diagnostic equipment must be protected. 

.Muminum sputter ing create? another-unique 

engineer-Jig problem. Glass viewing ports must 

be designed wi th shutters to prevent accumula

t ion of sputtered aluminum, and r f insu lators 

must be protected from sputtered material to 

preserve the i r i n t e g r i t y In add i t ion , the 

th in layer of aluminum tends to peel o f f or 

f l a ke , and these f lakes f a l l in to areas where 

< ^y can cause microwave arcing and other 

problems F ina l l y , the move to higher power 

and i. her freoiftncy microwave energy i s 

beginning to tax present cooling schemes on 

EBT-S. Thi i could be a serious obstacle in 

the road to e -en higher in jected powers. 

',.1.24 EBT S p l i t Mirror Coi]s 

The proposed design for the s p l i t mirror 
co i ls for tBT-S was fsw.roved during 1931. These 
c o i l ; are intended t.o replace four of the 
ordinary co i l s on EBT-S to permit experime-r.s to 
be done in the m i r ro r , o> high f i e l d , regi i . 
The pr incipal uesfgn c r i t e r i o n for the s p l i t 
co i l s is tnat they be as nearly ident ical 
mechanically, e l e c t r i c a l l y , magnetical ly, and 
thermally tc the ordinary co i l s as possible. 

I f th is c r i t e r i o n i s met, the new co i l s could be 
interchanged w i th the ordinary c o i l s w i th no 
changes other than t . .• new access to the co i l 
throa*.s. In t h i s sec t ion , the new design is 
described and compared w i th the ordinary c o i l s . 

Coils 

The new design makes use of a concept first 
proposed by Luton. 2 5 In this concept the cross
overs are not formed by bending the conductor 
hut are machined from a solid copper block, 
through which the water passage is drilled and 
to which the conductor is soldered. Advantages 
of this technique include more reliable .insula
tion in the crossover region and fewer void 
spaces, or regions without conductor, in the 
coil. 

Cases 

The new coil case will have three 2- by 
15-cm ports on the midplane. It will be machined 
O o m a solid aluminum forging, in contrast to 
the ordinary coil cases, which are made in two 
sections and then welded together. The two 
halves of the split coil will be wound in place 
in grooves in the coil case. This type of 
construction allows the material in the coil 
throat to be thinner than it is in the ordinary 
coil case. The result of the thinner throat, 
plus the added layer of conductor on the inner 
portion of the coil, is that the clear bore 
diameter of the new cases is reduced by 0.36 cm. 

Magnetics 

While the magnetic field produced by these 
ip'it coils is not identical to that produced'by 
the ordinary coils, the two appear to be very 
similar except near the windings. Since it is 
di"*cult to assess the impact of the difference 
in tne magnetic fielJo directly, another prop
erty of the field is used to compare the two. 
The longitudinal invariant of particle motion, 
J * ! . dv, can be shown to be proportional to 
k\\ - B/B )d;. evaluated along the flux line, 
where P fs the field value where the particle 
turns. Particles tend to drift along surfaces 
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of constant J known as drift surfaces. Evalua
tion of the drift surfaces in a cavity bounded 
by ordinary coils and in a cavity bounded by 
split coils shows that the drift surfaces are 
very similar in the two. The greatest differ
ence occurs for particles that turn in the coil 
throat, near the windings. The intersections of 

these drift surfaces with the midplane are shown 
in Fig. 1.22 for these particles. 

Conclusions 
The new design appears to be feasible to 

construct, to result in magnetic fields that are 
sufficiently close to the present Magnetic 

2 
O 

or 
o 
i 

5 
O 
or 
l l . 

UJ 

< 
<n 
o 

140 

ORNL-DWG 82-2374 

CAVITY BOUNDED BY ORDINARY COILS 

FED 

145 150 155 160 

CAVITY BOUNDED BY SPLIT COILS 

140 145 150 155 160 
RADIAL DISTANCE FROM EBT POLE (cm) 

rig. 1.22. Drift surfaces in covities bounded by ordinary colls 
and by split coils. The value of the turning magnetfc field has been 
chosen so as to maximize the difference between the two sets of curves. 
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fields, and to have clear bores only slightly 
smaller than those of ordinary coils. 

1.1.25 Bundle Divertor Study 

A study contract with the Fusion.Power 
Systems Department of Uestinghouse Electric 
Corporation was established in 1980 for the 
'design of a bundle divertor for EBT-S. This 
work was completed in i9Sl, and reports 2 6 have 
been issued. 

The first phase of the contract focused on 
magnetic field conceptual designs; toroidal and 
bundle divertors were considered in detail. The 
magnetic field configuration of choice was the 
toroidal divertor, and the second phase of the 
study focused on a mechanical design that can 
fit into the existing EBT-S machine without 
large modifications. A conceptual design was 
evolved that is cr.npatible with EBT even if 
aspect ratio enhancement (ARE) coils are 
added. This desi»;v included considerations of 
force, heat loads, and pumping. An entirely 
satisfactory solution to the pumping problem 
was not fourd, in large part because of the 
microwave environment of the divertor chamber. 
Initial operation using turbopumps was envi
sioned. It was estimated that another 18 
months of detailed design and manufacture 
would be required to construct the toroidal 
divertor system. 

1.1.26 Aspect Ratio Enhancement 

As a qeneral statement, confinement i n an 

EBT depends on the square of the aspect r a t i o , 

i . e . , n. A , where A = R/a wi th R the major 

radius of the device and a the radius of a 

c o i l . I t has been shown, however, that use of 

any of a number of d i f f e ren t types of aux i l i a ry 

c o i l s improves the confinement o r , in e f f e c t , 

enhances the aspect r a t i o . ' Perhaps the 

simplest system is one that simply increases 

-He mirror r a t i o . 

An approach to implementing this configura
tion on EBT-S is illustrated in Fig. 1.23, 
where, in addition to the toroidal field 
coils, two Helmholtz-like ARE coils are shown. 
They arc wound in slots that are machined into 
the microwave cavities because cooling lines, 
generator buses, coil supports, and a host of 
other components severely restrict the available 
space outside the cavity envelope. 

A prototype cavity was installed in late 
1980 to test compatibilit> with the microwave 
environment and with the ring and core plasmas. 
Unfortunately, there was a factor of 2 reduction 
in the ring energy as measured by diamagnetic 
loops. Figure 1.24 illustrates this drop for 
runs while the ARE cavity was in place and 
after i t was taken out. This drop is unaccept
able and has forced consideration of alternative 
designs. 

OSNL-OWG 8 2 - 2 3 7 6 FED 

ARE 
CO.LS ~--^ 

tJri 

Fig . l .?3. Equatorial 
ARE cav i t y . 

section of EBT-S 
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Thret options will be considered: 

reducing the depth of the intrusion by 
using smaller coils with higher current 
density, 
attempting to install a set of coils 
outside the Microwave cavities, and 
using iron pole piece inserts, 

A decision as to which approach is best will 
be Made in mid-1982. 

In order to obtain information for the 
evaluation, a subcor tract was placed with 
Hestingfouse Electric Corporation to develop 
the iron pole piece concept (which was first 
advanced in westinghouse's EBT-P Phase I 
study). This work was summarized in Refv. £8. 
Briefly, the conclusions were: (1) iron pole 
pieces can improve particle drift surfaces by 
an amount equivalent to an aspect ratio enhance
ment of 20-308 (the definition of the ARE 
factor i s somewhat arbitrary1 and (2) there 
are no essential engineer Kg or physics problems 
associated with the iron system. The decision 
among the various approaches will be based on 
cost, schedule, flexibility, and performance. 

1.2 EBT-P PROJECT 
c 

A. L. Boch, J. K. Ballau, A. J. Bpooeman, 

/?. A. Beoun, R. S. Eduards, W. H. Fletcher, 

U. R. Hanilton, C. M. loring, H. C. Wc&trdu, 

7. J. HcHarumqf, J . P. Stout, D. V. Swain 

1.2.1 Introduction c 

Recent DOE policy on the development of 
fusion energy has placed increased emphasis on 
the testing of alternate concepts to permit 
comparisons with tofcamafcs and mirrors *p the 
mid-1980s. In December 1978, DOE selected the 
EST concept as one of the alternate concepts 
to be advanced through a proof-of-principle 
experiment. The EBT-P device is a R»D facility 
intended to advance the EBT magnetic confine
ment fusion concept to the proof-of-principle 
level. Specific objectives of EBT-P ere: 

' to extend EBT plasma parameters into the 
range where they can be reliably scaled to 
the reactor regime, to validate scaling 
laws, and to demonstrate that a power-
producing EBT reactor i t a viable concept, 
and 
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to determine whether core plasmas with 
intermediate values of beta can be stably 
confined. 

The responsibility f ' r technical management 
of the EBT-P project, i••.eluding the supporting 
R&C act iv i t ies , is assigned to ORNL. The project 
is being conducted in three phases. Phase I , 
project def in i t ion, was completed in October 
1979. Phase I I , the design, fabrication, and 
installation of the device, is now in progress. 
Phase I I I , operations, is scheduled to begin in 
1985. 

Before Phase I began, a memorandum of agree
ment (HQAJ was completed to document the agree
ments between DOE and ORNL on plans and 
responsibilities for in i t ia t ing the project. An 
important aspect of the KQA was the intention 
that industry have a major role in the def in i 
t ion, design, fabrication, and experimental 
operation of the de. : ce . 

Phase I project definit ion studies were 
completed in October 1979 by four industrial 
teams (Ebasco Services, Inc . , Grumman Aerospace 
Corporation, MDAC, and Wesiinghouse Electric 
Corporation) and ORNL. Using the information 
derived from the project definit ion studies, 
ORNL prepared a proposed reference design for 
EBT-P2 5 that was approved by DOE in early 1980. 
This approved reference design was used as the, 
basis for solicit ing proposals to design and 
build EBT-P from the four inoustrial teams. In 
September 1980, HDAC was selected as the Phase I I 
industrial participant to design and construct 
cBT-P in the Oak Ridge Valley Industrial "ark. 
Principal subcontractors are General Dynamics-
Convai" Division (GD) and Gilbert Associates, 
Inc. (GAI). 

In October 1980, MDAC was awarded a le t ter 
subcontract to begin T i t l e '. engineering design, 
and Phase I I of the EBT-P project was o f f i c ia l l y 
under way. The i n i t i a l project baseline def ini 
tion was completed late in 1980 and called fu* 
S86 million in capital funds and $59.1 mil l ion 
in operations support, with April 1985 as the 
target date for completion of Phase I I . 

1.2.2 Design Description 

EBT-P is to be designed and bui l t by MQAC on 
a 4.45-hectare (11-acre) s i te at the Oak Ridge 
Valley Industrial Park. The HOAC-funded f a c i l 
i t y , estimated to cost SIO mi l l ion, w i l l include 
an administration building, a test center build
ing containing the EBT-P device and i t s enclo
sure, a mechanical equipment building, and an 
outdoor power supply pad. Figure 1.25 presents 
an a r t i s t i c rendering of the proposed f a c i l i t y . 

The EBT-P device is housed in a bilevel 
concrete enclosure, arranged as shown in 
Fig. 1.^6, which provides adequate x-ray shield
ing to reduce external exposure levels to safe 
l imi ts . The upper level of the enclosure houses 
the device, i t s support structure, and the 
overhead superstructure for ancillary equipment. 
The lower level contains mainly the microwave 
generating and support equipment. 

The projected plasma parameters for E5T-P 
are shown in Table 1.2. EBT-P is a toroidal 
device with a 4.5-m major radius and 36 sectors, 
each comprising a mirror cavity, a coil vacuum 
l iner , and a superconducting mirror c o i l . The 
toroidal vacuum vessel consists of alternating 
mirror cavity and coi l vacuum liner sectors, 
which form the vacuum boundary. Four actively 
cooled, replaceable limiters are positioned in 
each mirror cavity to intercept scattered 
electrons and bremsstrahlung and thus prevent 
excessive heating and erosion of the toroidal 
vessel walls. 

The steady-state plasma is contained by the 
magnetic f i e ld generated by the pool-boiling 
NbTi superconducting coi ls , each contained in a 
separate vacuum dewar. A -hield is provided a t 
the base and sides of each coi l to protect i t 
from x-radiation. Power is supplied to the 
mirror coils from a high current dc power supply 
through gaseo»:s-helium-cooled leads connected in 
series. 

Tie plasma wi l l be stabilized and heated by 
the injection of up to 0.4 MW of microwave power 
a t 28 GHz and up to 1.2 MW at 60 GHz into the 

I 
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Fig. 1.25. Perspective of EBT-P facilities located in Oak Ridge Valley Industrial Park 
(photo courtesy of Gilbert Associates, Inc.). 

toroidal vessel. Microwave power is transmitted 
uniformly from gyrotron power sources (located 
in the lower level) to the toroidal vessel via 
an overmoded, segmented manifold system with 
symmetrical connections to each mirror cavity. 

Primary pumping of the toroidal vacuum 
vessel is accomplished with five turbomolecular 
pumps located on mirror cavities around the 
torus periphery, A roughing system is used 
for initial puntpdown of the vacuum vessel and 
coil dewars and for foreline pumping of the 
turbomolecular pumps. Primary pumping of the 
coil vacuum dewars is accomplished with four 
turbomolecular pumps attached to a common 
manifold, which serves all 36 dewars. The 
torur. pumping system is shielded from microwave 
power by a water-cooled, perforated copper 
plate in each pumping port. 

The entire torus ar *ignet structure is 
cantilevered from a structural concrete bucking 
ring designed to structurally restrain the 
magnetic loading and dead weight of the torus. 
A superstructure above the device serves as a 
platform for mounting mirror coil electrical 
components, cryogenic and vacuum manifolds, 
waveguides, and other ancillary equipment. 

Liquid helium and nitrogen are supplied to 
'.be device for cooling the superconducting 
mirror coils and gyrotron magnets. The closed-
loop liquid helium system delivers saturated 
liquid helium from the refrigeration/liquefac
tion equipment via a vacuum-jacketed, super-
insulated distribution system. The open-loop 
liquid nitrogen system supplies liquid nitrogen 
from a storage dewar to the device; the waste 
gaseous nitrogen is vented to the atmosphere. 
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Fig. 1.26. Perspective of EBT-P device (photo courtesy of McDonnell Douglas Astronautics 
Company). 

Tabte 1.2. Projected EBT-P pi asraa parameters 

Parameter' Startup Base 

36 
4.5 

Upgrade 

" c o i l s 
R (m) 

36 
4.5 

Base 

36 
4.5 

36 
4 5 

B res <T> 
n lc~." '} 

2.1 

1.0 • 10-

2.1 
l.o - I 0 n 

3.2 

3 . 10'-": 

T e (keV) 2.0 5.0 7.5 

Tj (keV) 0.4 2.5 5.0 
Core beta {at annul us) : ) t . 5 5.0 8.0 

Ee ( m s ) 30 6C 60 
n~Ee ( c m ' ' s ' 3 > 1 0 : I 1 < 10" 2 * W--

PECRH M 0.8 
0.4 

1.2 
0.4 

PICRH f«*) 0 1.0 

All densities and temperatures »re nominal values with 3 
nominal 30 uncertainty. 
Additional ICti power, ECH a' 90 GHz, operation at higher 
fields, and ARE coils will be used to attain the upgrade 
parameter objectives. 
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A semiautomatic instrumentation and control 
(I&C) system is provided to ensure sequential 
and orderly startup and operation of the 
device and to furnish adequate data to verify 
the operation. The l&C system includes data 
acquisition, device system, and safety instru
mentation. 

The device is designed to allow future 
upgrades that trill extend performance parameters 
toward the conditions necessary for containing 
a fusion reactor plasma. Future upgrades 
include additional ICH Md ECH potter, ECH at 
90 GHZ and correspondingly higher magnetic 
field, and ARE coils. 

1.2.3 Technology Development 

Successful realization of EBT-P requires 
significant advances in certain areas of tech
nology. The ongoing EBJ-S experimental program 
Mill be essential in extending the technology 
by providing important operating experience and 
serving as a test-bed for subsystems and compo
nents. Other needs will dictate development 
efforts specifically for EBT-P. Two major 
subsystems, the superconducting magnet system 
and the microwave system, were identified early 
in the program as requiring intensive develop
ment efforts, and development programs for 
these components have been initiated. 

The magnet development program, which is to 
provide the technical base for detailed design 
and fabrication or the EBT-P mirror coils, 
consists of the fabrication, testing, and 
verification of magnet performance on two 
development coils ard a prototype unit. Testing 
of these units will take place in a coil test 
facility at ORNL. The magnet development 
effort is described in Sect. 7, The magnet 
development program is being conducted jointly 
by ORNL, MOAC, and 60. 

The microwave system R&D proyam consists of 
the development of the high power microwave 
sources and components *hat are required to 
generate and distribute power to the plasma. 
Development of the microwave sources is being 
carried out as a part of the DOE National 
Gyrotron Program and is described in Sect. 1.3. 

Development of the microwave distribution system 
components is a joint ORNL/MDAC effort. 

In addition, a machine system R&D program was 
initiated this year for the development of other 
technologies required for EBT-P. 

1.2.4 Progress in 1981 

The EBT-P project achieved several signifi
cant milestones during 19S1. The preliminary 
(Title I) design phase for EBT-P was approxi
mately 955 complete at year's end. Preliminary 
design reviews were held for each of the eight 
device systems, and Title I design reports for 
the individual systems were prepared by MOAC. 
Approximately 80 Title I drawings were prepared 
by HOAC and submitted to ORNL for rev"**/ 
approval during the year. Also du* ing this 
period, the baseline cost estimate vas cortin-
ually updated to reflect changes in the base
line design. Nineteen design changes were 
proposed during the year, and four major 
changes were implemented: the toroidal vessel 
will be a stainless steel vessel with metal 
seals, rather than an aluminum vessel with 
elastomer seals; the pumping system will use 
turbomolecular vacuum pumps, rather than 
cryosorption pumping; the primary support 
structure will be made of concrete, rather 
than stainless steel; and the device enclosure 
will be constructed of normal aggregate con
crete, rather than high density barite concrete. 
The first two changes were dictated by the 
effects of the harsh x-ray environment on 
nonmetallic seals, and the last two were 
incorporated to reduce costs. 

Several important project documents were 
prepared by MOAC, including a configuration 
management plan, a project management plan, a 
procurement plan, a preliminary safety analysis 
report, a preliminary quality assurance plan, 
a set of Title I design criteria, a work 
breakdown structure dictionary, and a prelim
inary manufacturing plan, MDAC also performed 
a number of trade studies and analyses during 
Title I design. 

All device systems are currently In limited 
Title II design. Official approval for Title II 
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design Mi l l be given once the f inal T i t le I 
report volumes are received and approved by 
ORNL (probably in March 1982}. The request 
for proposals for design of the cryogenic 
system was released to eight prospective 
bidders, including foreign suppliers. 

Detailed design o f the HOAC-funded f a c i l i t y 
is about 60S complete. Baseline schedules 
cal l for i n i t i a l f a c i l i t y construction to 
oegin in February 1962 and for the device 
design, construction, and checkout (Phase I I ) 
to be completed in time to start the experi
mental test phase (Phase I I I ) by Kay 1985. 
However, the latest guidance from DOE dictates 
that no construction or procurement w i l l be 
in i t iated during FY 1982 and FY 1983 and that 
the e f fo r t during this period wi l l include 
only T i t le I I design and development ac t iv i t ies . 
This stretchout of approximately 21 months 
requires a replanning of project act iv i t ies 
and w i l l , of course, have a significant impact 
on the cost and schedule. I t is anticipated 
that construction/procurement funas wi l l be 
avziTable in FY 1984. 

Sever.* 1 important achievements have also 
been made in the technology development area. 
Two development coi ls , fabricated by ORNL, 
were open-dewar-tested at ORNL. Both coils 
operated successfull at fu l l f i e ld correspond
ing to the 90-GHz upgrade for EBT-P, with 
simulated x-ray heating imposed at the design 
level of 10 W. This ef fort is described in 
more detai l in Sect. 7. These coils are 
currently at 6D for complete assembly in^o 
magnets and installation in individual vacuum 
dewars. Tnese two magnets K i l l then be 
returned to ORNL for testing, along with a 
CD prototype, in a magnet test facility at 
ORNL. Construction of the magnet test f a c i l i t y 
is approximately 75.. complete. 

Developmental testing of high power micro
wave components was performed this year in the 
ORNL microwave test f a c i l i t i e s , including the 
EBT-S device. A laboratory f ac i l i t y was 
completed that provides capability for low 
power testing of components at 60 GHz, Calcu-
lational methods were developed for analyzing 

the performance of microwave distribution 
system components; the methods were verif ied 
against EPT-S experimental data and applied to 
evaiuate EBT-P dt ign alternatives. In a 
related a c t i v i t y , Si-inificar.t progress was 
made toward the goal o" a gyrotron capable of 
producing 200-kW cw power at 60 GHz. In late 
1981 Varian began testing the f i rs t experimental 
steady-state (cw) axisymmetric 60-GHz tube. 
This e f for t is a part o f the DOE National 
Gyrotron Progras and i s described in Sect. 1.3. 

1.3 GVR0TR0N GEVLLuPHtSCT PROGRAM 

The ORNL Fusion Energy Division manages the 
development portion of the DOE National Gyrotron 
Deveiopnent Program. The objective of the ORHL 
program is to operate a coordinated, timely 
program in industry to develop millimeter wave 
power generators (gyrotron tubes} for use in 
plasma heatim* systems. The program manages the 
efforts of two industrial subcontractors, Varian 
Associates, Inc . , and Hughes Aircraft Company; 
performs supporting analytical and material 
development work; and cooperates with gyrotron 
R&D act iv i t ies a t other laboratories, including 
the basic gyrotron research at the Massachusetts 
Institute of Technology (HIT) and the Naval 
Research Laboratory (NRL). 

Gyrotron tubes operating a t 28 GHz are 
currently in use on EBT-S and ISX at ORNL, on 
the Tandem Mirror Experiment upgrade at Lawrence 
Livermore National Laboratory (LLNl), and on 
experiments in England, I t a ly , and Japan. They 
wi)J also be used on EBT-P and on LLNL's Mirror 
Fusion Test Faci l i ty upgrade (MFTF-B). Systems 
operating at 60 GHz are planned for EBT-P, 
1FTF-B, the Poloidal Divertor Fxperiment a t 

Princeton P'asma Physics Laboratory (PPPL), and 
the Doublet I I I tokamk at General Atomic 
Company. Power required for these systems is in 
the range of 0.4-2 HW. Longer-range plans, for 
such devices as EBT-P and the Advanced Toroidal 
Facil i ty at ORNL, Alottor-C at WT. the Tokamak 
Fusion Test Reactor at PPh, and the Fuiion 
Engineering Device, indicate that multimegawatt 
systems with frequencies from 90 to 150 GHz wi l l 
be required in the future, 
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The program at Varian that developed the 
28-GHz gyrotrons now in use was completed in 
I960 with the successful operation of a 200-kU, 
cw, 40-50, efficient gyrotron. A tube of this 
design was operated at 340 kW with 371 effi
ciency in 1931. 

A program to develop the 60-GKz, 200-kW, 
pulsed and cw gyrotrons needed for the next 
phase of fusion experiments is under way at 
Varian and Hughes. During 1981, 60-GKz pulsed 
tubes were operated by both companies. At 
Varian, three experimental pulsed tubes were 
operated at a peak power of 200 kit for 100 ms. 
At lower peak power, 10-kW average power was 
achieved. At Hughes, the first experimental 
pulsed cube operated at a peak power of 160 IcW 
with a 15-j.s pulse length (equipment limited} 
and an average power of 15 M. Varian's first 
60-GKz cw tube produced 70 kW for a few minutes 
early in 1982. The 60-GHz. 200-kii cw gyrotron 
development effort is expected to be completed 
in 1983; the completion in August 1983 of a high 
power test facility that can run 200-W, pulsed 
cr cw tubes at Hughes will aid in this effort. 

Studies in collaboration with Hughes, Varian, 
and the CRNL Engineering Technology and Metals 
and Ceramics divisions began this year to 
determine the cyclic thermal fatigue life of the 
electron beam collector. A collaborative 
program with KIT and the Metals and Ceramics 
Division is in progress to measure the relevant 
electrical and mechanical properties of candidate 
microwave window materials. 

It is expected that work in progress at KIT 
and NRL will result in improved efficiency and 
megawatt-level power in future developmental 
i,yrotrons. The possibility of beginning an 
industrial program to develop I-WW, cw, 60- or 
100-GHz gyrotrons is under consideration. 
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Z. TOKAKAJC EXPEK TOUTS 

A52Z5ACT. The act iv i t ies of the tok.-aak group during 1981 centered around two major e f for ts , the 
experimental program on the Impurity Study Experiment (ISX-B) tokamak and the physics optimization 
studies for the design of an Advanced Toroidal Faci l i ty ( A T M ) to replace ISX-8 in the-aid-1980s. In 
both these areas, a close and effective cooperation with the Plasma Theory Section has been crucia l . 

The g.als of the experimental progr=w are primarily directed toward resolution of the physics and 
technology issues relevant to a tokamk-based Fusion Engineering Oevice (FED), with particular emphasis 
on whet i s currently the most important of the physics issues — high beta plasma operation. Uting 
intense neutn. 1 beam injection, with a maximum total beam power P fc of 2.5 MW from two coinjectors, 
ISX-B has achieved volume-averaged beta <£> of --2.5" and central beta =(0) of -9*. However, at high 
beam pow». «..,c increase i n <f> is not l inear with applied beam pCVer. Recent ISX-B experiments have 
been aimeJ at >;nder;tandinij this response. 

To characU; ize the problem more c lear ly , ISX-B experiments focused on systematic single-parameter 
scans involving change in or.".j one of the main operational parameters (toroidal f i e ld B~. plasma current 
I , e ectron density n , and P . ] . Both circular and noncircular plasmas were employed, with and without 
gettering. The overall results confirmed the ear l ier empirical scaling, s,^]/2 « P D ' 5 » implying that 
the global confinement time scales as \% <* ^n2?*?^1- I n *x scans, the poloidal beta s and \* remaiv. 
constant, while <l> varies by a factor of -4. The fact that xt is independent of <?> indicates that 
beta i t s e l f is not relevant to the observed deterioration of confinement. Plasma current scans confirm 
the \lj'- scaling of it, and this scaling has motivated the upgrade of the poloidal f ie ld power supply 
for higher I operation. Detailed confinement analysis is carried out with a prof i le analysis code 
based on Thomson scattering, which properly incorporates high beta geometrical effects such as Shafranov 
shift and plasma elongation. The analysis indicates that the deterioration of confinement is most 
strongly correlated with increasing electron energy loss, although ion energy, part icle confinement, and 
parallel momentum confinement are also degraded. 

The magnetohydrodynamic (HHD) act iv i ty (as observed by Himov loops and soft x-ray detector arrays) 
at re lat ively low •• is best described as a z distortion of the m = J;n = 1 mode that drives other 
hel ic i t ies through toroidal and nonlinear coupling; however, both B T and I scans shew that confinement 
is not governed by this phenomenon. The theory also predicts that as z increases, resistive ballooning 
modes become dominant. The effects of resistive ballooning modes on confinement are currently under 
investigation. Fluctuation measurements wi l l be extended using a variety of methods, such as microwave 
scattering, far-infrared (FIR) Faraday rotation/interferometry, and ion beam prooe measurements. 

Toroidal plasma rotation is another candidate for driving the deterioration of confinement. The 
rotation velocities ( -10 7 cm/s) estimated from spectroscopic measurements are on tne order of the ion 
thermal velocity and suggest that substantial effects on energy confinement night be expected. Dramatic 
differences in density clamping and impurity transport between coinjection ano counterinjection are 
observed and suggest that particle transport may be strongly affected by rotation. Thus, investigation 
of momentum transport may provide insight into a central transport phenomenon. Preparations are being 
made for experiments with controlled momentum i.iput (via balanced beams) and measurements of the 
rotation-induced electr ic f ie ld with a heavy ion beam probe. 

Along with the emphasis on the high beta work, a broad range of other studies has ccitinued. 
Impurity transport studies in discharges with coinjection and countednjectlon have shown evidence for 
beam-driven impurity flow reversal effects. The effects of periodic toroidal f ie ld ripple have been 
investigated by comparing plasma characteristics with either 9 or 18 toroidal f ie ld (TF) coils ener
gized. The observed enhancement of transport is consistent with, or sl ightly higher than, thac 
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predicted theoretically. Electron rycktron heating (ECH) studies of preionization and bulk heating 
effects were pursued in collaborate air* Princeton Plasma Physics Laboratory (PPPL) and the University 
of Tennessee. The pellet fueling proyjw demonstrated the use on ? tokamak of a prototypical centrifu
gal injector capable of producing 150 petle^ per second. Pumped limiter tests of the principle of 
ballistic par? le collection were completed, confirming the applicability of a simple model for the 
process. In the plasma-mjterials interaction p-ogram, deposition probes were used to investigate the 
fluxes of botn deuterium and impurities in die plasma edge region, and hydrogen recycle studies in 
collaboration with the Georgia Institute of Technology were continued. Improvements were made in the 
FIR^interferometry/Faraday rotation system, and a successful test of a low energy (<50-eV) charge 
exchange analyzer was completed, both in collaboration with the diagnostic development group in the 
Physics Division. 

In the coming year many of these program-, -ill be enhanced by significant improvements and addi
tions to the facilities. The beta and shaping studies will ae pursued with an increased plasma current 
capability, ar Improved Thomson scattering system, the addition of a counterinjection beam line to 
investigate the effects of plasma rotation, jnd a number of diagnostics to explore 3HD and fluctuation 
effects. The EC" program will continue in collaboration w t h the Naval kesearch Laboratory (NRL), 
using the NRL 300-kW, 35-GKz gyrotron for current drive, startup, and bulk heating studies. In the 
area of particle control, a new 4-pell«-t injector from thi Plasrai Technology Section will be installed, 
as will t'J pumped limiter modules Uiat are being developed with Sandia National Laboratories. In 
i;oll?toration with Rensselaer Polytechnic Institute (RPI), an ion beam probe will be mounted on ISX-B 
to investigate the transport effect of the radial electric field. A new pulsed laser fluorescence 
system will be used in the plasma-materials program for measuring impurity fluxes in the edge region, 
and further CA/ransion of the Faraday rotation diagnostic is anticipated. 

The ATF . activity supports the efforts within the U.S. program to identify the optimum toroidal 
confinement concept for future application in a Fusion Demonstration Project (FDP). I>: this context, 
toroidal confinement encompasses configurations with closed nested flu/, surfaces of the tokamak/ 
stellarator class. The objective is to construct a facility in the middle to late 1980s that will 
investigate beta limits and transport in a flexible steady-state device. The ATF-1 is envisaged as a 
current-frea stellarator, with possible later extension to a hybrid tokama</stellarator. At present, 
various stellaratcr option* are being assessed. The physics optimization studies have included cal
culation of vacuum magnetic surfaces, particle orbits, and KHD equilibrium and stability properties. 
In parallel, engineering assessments are in progress for continuous-coil frsatron configurations, as 
we'l as for modular stellarators and en ORNL-developed modular torsatron. A rinal choice of coil 
configuration is expecteo in mid-1982 so iJ?»t v-vitial procurement and fabrication can begin in 1983. 
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Z.I . I High Beta Confinement with Neutral 
Beam Injection 

Introduction 
S. C. Bates, J. 3. Sell, C. E. Bush, 
U. A. Cooper, J. L. Dw.las, ?. H. Edncrds, 
H. C* Ea-je, D. P. SutekiKsoK, ?.. C. Islev, 
E. A. Lazarus, J- ?- Lyon, C. E- Ha, 
.*f. Kurckard, L. E. Sfurvav, 0. fe". Beilsos., 
D. S. Ooerbe-j, V. K. Pope, J. E. Eeagan, 
H. 3. Saltnarsk, S. D. Saoct, K. A. Sieaart, 
C. E. T'tomcs, 0. M. Tkonzz, F. '-.'. Wieland, 
V. R. Wing, A. J. Uocttcm 

High beta studies in 1981 focused on 
systematic single-parameter scans involving 
changes in only one of the main operational 
parameters (By, I , n , and P.). The overall 
results confirmed earlier empirical scaling 
results, which suggested that Sjlj2 " P i ' 3 , 
indicating that e (rather than <8>) "satu
rates" with Pu-L This imp»ies 

<S> « iVzpi/VBfU • **) , 

as shown in Fin. 2.1, or equivalently <i global 
confinement time' derived from the poloidal 
equilibrium measurement,2 xt <* 1}/2K2^2 for 
P. » PQu (where PQ„ is the ohst'c heating 
power). These scans also resulted in a number 
of noteworthy parameter dependences. 

(1) As Bf was varied from 0.75 to 1.4 T, e 
and xt remained constant, while <$> 
decreased from 2.4 to 0.6%. The 
independence of x\ on <e> is consistent 
with confinement not. limited by ideal MHO 
modes. 

Univers'ty of Texas, Austin, Texas. 
T% 2 (I * Wj + Wf)/Pfc, which approximates 
the mo; • jnventlonal gross energy confinement 
time ( t £ ; , since W"e + W< » Hf and P b » PQH-

(2) The observed strong dependence of xt on 
I and the relative independence of xt 
on n are in sharp contrast with the 
usual scalings observed in ohmically 
heated discharges. 

(3) Beta values achieved with elongated 
discharges are similar to those with 
circular discharges, and xt in elongated 
discharges is larger (by factors of **) 
than that in circular discharges with 
fixed P fe, By, and qJa). However, these 
statements must be qualified by noting 
that the available range of both external 
(1.1-1.6) and internal (1.1-1.3) 
elongations is somewhat limited. 

Since beam power does appear to be delivered 
to the plasma (e.g., from an analysis of the 
charge exchange fluxes), the nonlinear depen
dence of beta on beam power is a consequence 
of degrading confinement with increasing beam 
power. Electron and ion energy confinement 
(T £_ and Tc-) have been evaluated in a MHO 
equilibrium-consistent geometry (including 
internal flux shift and elongation) using the 
variational moments analysis3 incorporated 
with (I' Thomson scattering profile measure
ments, (2) classical beam deposition and 
slowing-down calculations, and (3) an ion 
power balance with an enhancement factor for 
neoclassical heat conduction adjusted to match 
the measured central ion temperature (T,). 
The T̂  profile so calculated is not signifi
cantly different from T (R) under typical high 
beta conditions. On the other hand, the power 
lost through the ion channel is less than that 
lost through the electron channel (30J10S 

versus 70*10% of P fc). Therefore, Tr Is 
typically smaller by a factor of 2 than t ^ , a 
result which emphasizes the problem of electron 
confinement. As Pfc increases from 0 to 2.5 WW, 
x E e (as well as t E ) decreases from 2 to 0.5 
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times the Alcator sca l ing . Scaling* of - £ 

with other parameters are s im i la r to those of 
-.Z discussed above (see F ig. 2 .2) . 

The increased energy loss rate a t Men beam 
power cannot reasonably be accounted for by 
increases in rad ia t ion and convective losses. 
Two other candidates are discussed- ef fects 
o f MHO a c t i v i t y and plasma ro ta t i on . 

The observed MHD a c t i v i t y is dominated by 
the high poloidal beta d i s to r t i on of the 
m - 1;n = 1 mode, as evidenced by the close 
co r re la t i on of the observed osci l la t ions '* wi th 
ca lcu lat ions based on the theoret ical mode 
s t ruc tu re . In By scans, the in tens i ty of the 
n;ooe cnangeo as predicted by tne theory ( i . e . , 
strong osc i l l a t i ons at low B, diminished a i 
B T rose), whi le the confinement time remained 
constant. In I scans, the MHO a c t i v i t y and 
-., both increased as I increased. Therefore, 
we conclude that t h i s mode s t ruc tu re , in 
par t i cu la r the theore t ica l l y predicted over
lapping islands outside q • 1 , is not a 
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Fig . 2.2. Deter iorat ion of e lectron energy 
confinement wi th increasing beam power. 

s i gn i f i can t loss factor and that t h i s mode is 

not responsible for saturat ion of ; • ! ; / • ' . 
1 P P 

However, higher n pressure-driven modes, which 

are predicted by the same theory, s t i i 1 remain 

a candidate. 



Inferred toroidal plasma rotation velocities 
v_(0) are -1 >. 107 cm/s under typical high 
beta conditions. Because the inferred parallel 
momentum confinement is anomalous ( t , *» 5-10 ms • 
-£ ) and v_(0) approaches the ion thermal 
velocity at the center, direct effects on ion 
energy confinement are expected. Dramatic 
differences ii» density clamping and impurity 
transport between coinjection and counter-
injection were observed and suggest that 
particle transport may be strongly affected by 
rotation. Therefore, investigation of momentum 
transport may provide a better understanding 
of central transport phenomena. 

Ir. summary, the observed scaling (a I ^ 2 « 
**£ ) implies deteriorating energy confine
ment. The mechanism for the deterioration of 
TEe" T Ei* ~D' a w l T-- h 3 S n o t b e e n ' * ' e n t ' f i e « ' -
The observed m = l;n = 1 mode is not respon
sible, but pressure-driven modes with n > I 
remain a possibility and should be measured. 
Rotation effects are expected, and experiments 
with balanced beams will help resolve this 
possibility. I t is not yet clear whether the 
deterioration is a beam-specific or a high 
poloidal beta effect. 

High beta profile and HHD equilibrium analysis 
of ISX-B plasmas 
L. A. Chart tc>:, <!. L. Dunlaf, E. A. Lazarus, 
J. ¥.. ftunro, '•!. Hurakasi, S. H, Ueilsor,, 
V. '/.. Pare, S. D. Saot(_, K. A. Stevart, 
C. i. Thenar, P.. 'A. Wielani, A. •'. K'OOIU>K 

HHD equilibrium analysis has been coupled 
with the traditional profile analysi". of ISX-B 
discharges in or<ier to (1) obtain a mapping of 
the magnetic surfaces, including variations of 
the shift and elongation, consistent with high 
polo<da1 beta configurations and (2) provide 
the most accurate model possible for theo
retical stability analyses. A variational 
moments technique is used to solve the Grad-
Shafranov equation1 with the boundary specified 
by poloidal magnetic probe measure-rents and 
the pressure profile by Thpmson scattering, 
charge exchange, and FIR interferometer data, 
together with classical fast ion calculations. 
The fon component of the required pressure 
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profile comes from a detailed treatment of the 
ion power balance, using a neoclassical <• 
multiplier to yield a central ion temperature 
in agreement with ion temperature diagnostics. 

The toroidal current profile 1(c), where 
.- = r/a, must also be specified; the choice is 
important for stability analysis because it 
directly determines the q profile. While more 
direct measurements are not available, there 
do exist data directly related to U P ) - the 
location of the q = 1 surface, obtained from 
soft x-ray array data, and moments of the 
toroidal current distribution,5 obtained from 
magnetic data. We construct the profile so 
that the calculated equilibrium agrees with 
these data. As a check, the externa* multi-
pole fields required to sustain the resulting 
configuration are calculated and compared with 
the actual fields provided by the poloidal 
field (PF) coils. 

To illustrate this technique for choosing 
1(c), we consider a moderate beta case, in 
which the plasma current was kept constant for 
-80 ms to allow time for penetration. 
Figure 2.3 illustrates the pressure profile, 
along with the midplane current density (j ) 
and q profiles used to model this case; 
Table 2.1 shows that parameters calculated 
from this equilibrium agree well with those 
obtained from the magnetic data. Figure 2.3 
further indicates that the assumed current 
profile corresponds very nearly to that 
obtained assuming a resistive equilibrium 
(i.e., RE. constant over the cross section). 

t 

AL.zirgjz c;' HHD Instability with Neutral Beam 
Heating in the ISX-B Tokamalr 
J. 1. Pur.lar-, B. A. Carrcraz, V. K. Pare, 
«'. A. Helrus, £. C, Bams, ••. P. Bell, 
H. h. iiickz, V. £'. U^nah, A. P. Uavarro 

We describe observations of HHD instability 
with neutral beam heating in the ISX-B tokanuk 
and the theory specifically developed to 
support these experiments. The observed MHD 
activity is explained by the resistive model 
presented but is not responsible for the 

UCC-ND Computer Sciences. 
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Fig. 2.3. (a) Pressure and (b) current 
density and q profile used ir> equilibrium 
modeling of case described in Table 2.1. 

Table 2.1. Comparison of measured and modeled 
magnetic equilibrium parameters with 

I = 185 kA, B. = 1.22 T. , = 1.4, -.•> = 1.5% 
.•„ = 1.74, ;. = 1.1, and q, = 4.5 

Measured Modeled 

Moments of j . " 

y 4.46 cm 4.36 cm 

y -9.56 cm -9.35 cm 

Multipole fields 
Vertical 629 G 640 G 
Quadrupole 291 G/m 299 G/m 

Polofdal coil currents 
Inner 10.0 kA 9.9 kA 
Outer 15.7 kA 15.9 kA 
Shaping 0 kA 0.1 kA 

\ '**aWv ; / " , where 

vi;'Kj ;

r n cos n -

observed degradation of confinement. Increas
ingly important n > 1 pressure-driven nodes 
are predicted by the theory for the higher 
experimental 3 values, but there is no 
experimental verification of their presence. 

2.1.2 Impurity Transport and Behavior 

Reduced impurity radiation in IS7-B plasmas 
heated by coinjection 
C. E. Busk, ft. MurakaTt, f 
c. Ttionas, Jr., 

Ovtrie?, 
* P.. K. Mi~l^d 

Introduction. Theoretical studies indicate 
that neutral beam injection heating can also 
be used to control impurities in tofcamafc 
plasmas. These theories depend either on 
momentum or plasma rotation introduced6>7 

by the beams or en the use of beams to drive 
the Pfirsch-Schliiter ion current.6 In either 
case, conditions ire predicted under which 
impurities may be expelled from the plasma, 
i.e., impurity flow rever si. On ISX-B, 
experimental support for tean-induced impurity 
flow reversal is provided by radiometric and 
spectroscopic data for a group of independent 
though consistent experiments. The radio
metric measurements of impurity radiation were 
made using uncoil-mated pyroelectric detectors 
and an array of 12 coll ima ted detectors.5 The 
experiments include ohmically heated discharges, 
coinjection- and counterinjection-heated dis
charges, and discharges with and without 
deliberate but controlled impurity contami
nation. 

Experiments. Controlled amounts of con
tamination were introduced into ISX-B plasmas 
either by gas puffing (argon, neon, nitrogen) 
or by vaporization of metallic impurities 
(such as titanium, aluminum, and iron) using a 
laser blowoff system. With ohmic heating 
alone, there is a relatively slow but steady 
increase in radiated power with time into the 
discharge; this is suggestive of a gradual 
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accumulation of intrinsic impurities. Mien 
titanium is injected at ^100 as into the 
ohaically heated discharge, radiative losses 
increase fro* 201 just before impurity injection 
to -v.40. of the total ohmic input, P^, just 
before current rundown (%190 ms). Based on 
data from the radiometer array, a large 
fraction of the increased radiation is from 
the core plasma. Except for a short burst of 
impurity radiation just after titanium injection, 
the radiative loss from the outer regions of 
the plasma, i . e . , the outer i7 cm, returned to 
and remained at the level i t was before 
titanium injection. At the same time, the 
volume emission in the 8- to 10-cm-diam core 
plasma continues to increase up to the time of 
current rundown. When titanium is injected. 
about 20 ms prior to neutral beam injection 
X?b ->• 1 MM), there is an initial increase in 
impurity radiation up to the time of beam 
tumon; this is followed by a moderately fast 
decrease (̂ 50 ms) after Cumcn, which apparently 
indicates the expulsion of accumulated impuri
ties from the ore plasma. 

A dramatic difference in time evolution of 
the profiles of impurity radiation from in
trinsic impurities is observed for coinjection 
and counterinjection. Counterinjection appears 
to enhance the rate of increase, and coinjection 
apparently retards and actually reduces the 
impurity radiation from the core plasma. 
These effects appear to be obvious when radi
ometer data, such as those in Figs. 2.4 
through 2.7, are used as the basis for com
paring coinjection and counterinjection. 
Figures 2.4 and 2,5 show the time evolution of 
chordal intensity profiles for counterinjection 
and coinjection, respectively. In both cases 
-vi m of beam power is injected. The intensity 
profile for the counterinjection case evolves 
rapidly, becoming highly peaked at the center, 
t -v 185 ms. At <vl90 ms the plasma goes 
unstable, resulting in a sharp perturbation 
in total energy flux to the walls. Also 
indicative of a disruption are a spike on the 
loop voltage sign-1, a sharp drop in the soft 
x-ray monitor signal, and a sharp rise in MHD 

0MR.-MSIZ-234S FfD 

Fig. 2.4. Time evolution of chordaI 
intensity profile for counterinjection with 
P. = 1 KM of Hc beam into a deuterium plasma. 
Time-resolved profile data from the array of 
12 collimated radiometers are available for 
each discharge; however, here the data have 
been averaged over several discharges. Beam 
tumon is at t = 120 ms. 

OMHL-OWC *z-zs4« no 

Fig. 2.5. Time evolution of chordal inten
sity profile of impurity radiation emission for 
coinjection-heated discharge; Pfc « 1 MM of H° 
beam into a deuterium plasma. Beam turnon is 
at t • 80 ms. 
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Fig. 2.6. Chordal intensity profile data 
for t = 160 ns and t = 178 ms in the counter-
injection case and t = 260 ms in the co-
injection case of Figs. 2.4 and 2.5. The 
machine center, R = 93 cm, is at r = 0. 
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Fig. 2.7. Volume impurity emission profiles 
for the counterinjection case at t - 178 rs and 
for the coinjection case at t = 260 ms. Inten
sity data are inverted using flux surface dis
tributions provided by the ZORHOC code (which 
makes use of data from an array of magnetic 
pickup coils). The machine center, R - 93 cm, 
is at r = 0. The shift of the inner flux sur
face for both cases is -4.5 cm toward the 
outside. 

activity, which remains until the discharge 
terminates catastrophically at t * 280 ms 
These examples are relatively typical of 
coinjection and counterinjection in the sense 
that something of an equilibrium in the 
radiation profile is established for the 
coinjected case, while profiles for counter-
injection continue to evolve at a significant 
rate until an inevitable disruption. 

Figure 2.6 shows chordal intensity profiles 
for discrete times into the two discharges, 
times well after beam turnon but before any 
significant perturbations. Inverted profiles, 
i.e., the radial dependences cf volume impurity 
radiation emission, are given in Fig. 2,7 for 
the coinjectton case at t a 260 ms and for the 
counterinjectfon case at t -< 178 ms. For the 

coinjection ci.se, the volume emission is 
peaked close to the edge of the plasma, with 
<70% of the total radiation loss, P r a d , 
emitted from a ̂ -cm-thick shell at the plasma 
edge and an insignificant amount from within 
the inner half-radius of the plasma. On the 
other hand, for the counterinjection case the 
emission is peaked at the center of the dis
charge, with ^25* cf Vfli coming from the 
inner half-radius of the plasma. Though there 
is already significant peaking of the emission 
profile for counterinjectfon at t • 160 ms, 
the total radiated power, P f . t 240 kW, is 
the same as for the coinjection case- Also, 
the central electron densities were the same. 

http://ci.se


"»e(0) •<. 7 x 10 1 3 o r 3 , and the central electron 
temperatures, T̂ CO), Mere 600 eV and 800 eV 
for counterinjectfon and coinjection, respec
tively. However, the raiial T and n profiles 
Mere significantly different for the two 
cases, with fairly broad, flat profiles for 
coinjection and significantly peeked profiles 
for counterinjection. 

Finally, with controlled injection of 
impurities the tilings of increases or decreases 
of radiative losses are clearly bssociatjd 
with the introduction of the impurity into the 
plasma and the turnon of the nutral beans. 
On the other hand, even though intrinsic 
impurities are continually introduced into the 
plasma by interactions with walls and limiters 
during the course of the discharge, the 
effects of coinjection and counterinjection on 
the resulting radiativ? losses appear to be 
similar to those observed for deliberate 
contamination. In both cases, however, 
electron density and temperature profiles and 
spectroscopic measurements of line radiation 
must be considered in detail before conclusions 
are drawn about the extent to which the obser
vations based on the radiometric date are due 
t"> Deam-induced impurity accumulation or to 
impurity flow reversal. 

Impurity transport and plasma rotation 
P.. C. Isler, L. E. Hurray 

Studies of impurity transport started in 
1980 have continued, with the addition of 
observations on impurities that are introduced 
rapidly by the laser blowoff technique. Also, 
plasma rotation measurements, which come into 
play in the theories of neutral-beam-driven 
processes, have been started. 

We Summarize a Wje part of the work with 
abstracts of published results. A description 
of some of the most recent data follows. 

Abstract of Impurity Sources and Accumulation 
in Ohmically Heated ISX-B Discharges10 (R. c. 
Isler, S, Kasai, L. E. Murray, M. J. Saltrnarsh, 
Y„ Murakami). Spectroscopic observations on 
the ISX-B tokamak indicate that nost of the 

metallic impurities ccme from the wall in 
ohmically heated discharges in which the 
plasma is kept centered in the vacuum chamber. 
These impurities appear to accumulate during 
the quasi-steady-state part of the discharge 
if the working gas is deuterium but not if i t 
is hydrogen. 

Abstract of Influence of Neutral Beam 
Injection on Impurity Transport in the ISX-B 
Tokamaku (P.. C. Isler, L. E. Hurray, S. Eased, 
D. E. Amurius, S. C. Bates, E- C. Crime, 
J. 1. Dunlap, P. E. Edaords, E. A. Lazarus, 
K. Siirdkani, V. K. Par', K. J. Saltaarsh, 
D. V. Saair, C. E. Thjaasi. Observations of 
radiation from iron and from argon used as a 
test gas indicate that coinjection inhibits 
impurity accumulation in the interior of the 
ISX-B tokamak discharges, but counterinjection 
enhances accumulation. These results agree 
qualitatively with recent theoretical calcu
lations. 

Abstract of Crarge Exchange Excitation and 
Recombination of Oxygen in the ISX-B Tokamak-" 
(R. C. Isler, L. E. Murray, S. Eaaai, *'. L. 
Dunlav, 2. C. Bates, .". H. Edmonds, E. A. 
Lazarus, C. H. Ha, X. MUrakairC). Several 
spectral lines produced by charge transfer of 
neutral beam hydrogen atoms with completely 
ionized oxygen have been detected in the 
ISX-B tofcamak and have been used to compute 
the absolute concentrations of 0 8 + . Charge 
exchange recombination is found to have a 
minor effect on the total radiative losses, 
but enhanced transport du. inq neutral beam 
injection appears to raise the oxygen radiatim 
from the interior of the discharges by factors 
of 3 to 5. This result may reflect an increase 
of anomalous transport rates that could account 
for the density "clamping" often observed <-.ith 
injection. 

Recent results 

Impurity transport studies have been 
extended this year by using the laser blowoff 
technique to inject titanium rapidly into 
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tokaraak discharges so that the subsequent 
temporal evolution can be monitored. cigure 2.8 
shows several stages in the tine behavior of 
titanium introduced into an ohmically heated 
plasna. The initial rapid increase in the 
signals following injection is produced as the 
titaniura is transported inward and ionized to 
successively higher stages. If the titanium -
were subsequently being transported out of the 
plasma in a period much shorter than the 
length of the discharge, the radiation from 
all of the ionization stages would decay 
simultaneously. It is seen, however, that 
although the emissions from Ti XVIII and 
Ti XIX do begin to decrease after about 
180 ms. the signals from the lower stages, 
Ti XIV and Ti XV, are actually rising during 
this period. It is tempting to ascribe this 
behavior solely to recombination as the plasma 
cools owing to the rise of deuteriur. concen
tration during the shot and not to transport 

of the impurities. Figure 2.9 shows both a 
temperature and a density profile at 150 ms 
during the snot, as well as the evolution of 
the central values of these quantities through
out the discharge. It is seen that the piasua 
is, indeed, cooling, at least.from 100 ms 
onward. At ISO ms, when the electron tempera
ture and density profiles were recorded, a 
total titanium profile was inferred from a 
numerical modeling calculation that matched 
calculated and experimental line-integrated 
spectral signals [Fig. 2.9(b)]. In order to 
test the hypothesis that little of the titanium 
actually disappears from the plasma during the 
discharge, we have calculated the signals 
expected if this distribution .were to remain 
fixed after 150 ms. The comparison between 
the experiment and w calculation assuming 
corona equilibrium is shown in Fig. 2.10. The 
agreement is close enough to Substantiate the 
supposition that almost none of the titanium 
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Fig. 2.8. Emissions from several ionization stages of t'tar.ium 
injected into an ohmically heated discharge by the laser blowoff 
method. 
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Fig. 2.9. Plasma parameters for an onmi-
cally heated discharge with titanium injection, 
(a} Electron temperatore and density profiles 
at 150 BIS. (b) Inferred titanium profiles at 
150 ms. (c) Time evolution of the central 
electron temperature and density. 

act"?.!ly leaves the pUsma. This long-term 
confinement in ohmically heated ICX-8 dis
charges substantiates previous results obtained 
using si l icon. 1 3 In contrast, i f the impurity 
is injected during neutral beam heating, i t is 
confined in the center for only about 12 ms, 
as shown in Fig. 2.11. This confinement time 
is most likely the same as the confinement 
time of th* deuterium ions and indicates that 
anomalous processes may well dominate the 
coinjected discharges. 

E*PERl«CKT 
T H C O K T : CONSTANT 
TITANIUM PROFILE 

IN CORONAt. 
EOUILII 
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Fig. 2.10. Comparison of experimental and 
theoretical line emissions in a cooling plasma 

Recent theories indicate that both the 
momentum transferred to the plasma particles6 

and the induced plasma rotation1*' can affect 
the transport of impu. ties. Me have begun to 
make measurements of the plasma rotation in 
order to correlate these theories and the 
experiments. The investigations are still in 
a preliminary stage, but initial toroidal 
rotation studies have been performed. The 
experimental arrangement is shown in Fig. 2.12. 
A visible spectrometer and a set of mirrors 
are positioned so that observations can be 
made either normal to the -*gnetic field lines 
or at an angle of about 30° to the field lines 
in either the upstream or the downstream 
direction. A vibrating mirror is positioned 
in front of the exit slit of the spectrometer. 
This mirror permits about 10 A of the spectrum 
to be scanned in approximately 10 ms. The 
plasma rotation is measured by detecting the 
Doppler shift of impurity lines in the near-
ultraviolet region, usually in the third- or 
fourth-order spectrum. The C V line at 2271 A 
is intrinsically bright in the discharge and 
can be used to measure the rotation tt a 
plasma radius of about 22 cm. In order to 
observe the rotation nearer the center, we 
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Fig. 2.11. Spectral emissions observed if titanium is intro
duced into a plasma heated Mith coinjected neutral beans. 

ha.e tried to employ forbidden transitions of 
Ti XV and Ti XVII, but the intrinsic signals 
are not bright enough. It is necessary to 
use the laser blowoff device to seed the 
plasma with enough titanium to produce signals 
of adequate strength. Even so, it is quite 
difficult to make the measurements because of 
the short confinement time in coinjection 
discharges. It is necessary to introduce the 
titanium before the neutral beams are turned 
on s,- that its conrentration can build up to a 
usefu. levei. In general, this type of oper
ation permits the rotation to be explored for 
about 30 ms after the beams are turned on; the 
signal becomes very small after this time as 
the titanium disappears from the plasma. 
Rotation results ire shown in Figs. 2.13 and 
2.14, and Table 2.2 summarizes all of the 
results obtained to date. 

Major endeavors for the coming year are to 
extend the scope of the rotation experiments 
to a wide variety of plasma conditions and to 
attempt correlations with both experimental 

and theoretical results related to neutral 
beam modifications of heat and impurity 
transport. 

2.1.3 Particle Control 

Pumped limiter studies 
?. '/.. aicduzzcV2>.i, p. H. Zdr&rdsi 

Continuous removal of both heat and particles 
will be a vital necessity in future steady-
state fusion devices. The pumped limiter/ 
mechanical divertor seems to be an attractive 
concept to combine these two tasks. Various 
schemes of pumped limiters are being explored 
on ISX, with a final goal of furnishing the 
ATF with a pumped limiter to handle heat 
removal and particle control in quasi'Steady 
state. The ORNL pumped limiter development is 
planned in three stages: scoping studies on 
ISX-B, operation of a full-size pumped limiter 
for particle control on ISX-B, and operation 
of i quasi-steady-state pumped limiter on ATF. 
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Fig. 2.12. Experimental arrangement for plasma rotation mea
surements . 

"The primary objective of the pumped linnter 
scoping studies on ISX-B is to explore the 
importance of bal l ist ic effects on the panic le 
collection efficiency. 1 '- To test the basic 
concept, a probe-type l imiter has been inserted 
into ISX. The experimental setup is shown 
schematically in Fig. 2.15. The probe consists 
of two separate, electr ical ly isolated blades 
that intercept the scrapeoff plasma perpen
dicularly. 

A certain fraction of the plasma particles 
reflected from one of the blades is collected 
by a tube at the outer end, and the pressure 

rise in this tube is measured. When the ion 
saturation current to the limiter blade is 
measured simultaneously, a correlation can be 
found befween the incident particle flux and 
the pressure buildup in the tube. Both 
l imiter blades are equipped with thermocouples, 
so that the total energy deposited during the 
discharge can be measured. 

The particle collection efficiency of this 
arrangement is calculated to be 10» of the 
incident f lux. The pressure rise in the 
collection tube, the ion saturation current to 
the Hmfter blade, and the average energy flux 
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Fig. 2.13. Spectral shifts of the 2271-A, 
C V line for three different angles of observa
tion. 

Fig. 2.14. Rotation velocities of carbon 
and titanium ions as a function of tine after 
the neutral beams are turned on. 

Table 2.2. Summary of plasma rotation measurements 

P b S c T c(0) T.(0) v. (w/s) : 
L (MW) (cm' 3) (eV) (eV) Ti XV Ti XVII C V 
Coinjection 1.0 3.2 x 10' : 

0.95' 1.9 x 10'-5 

0.7^ 2.6 * 1 0 -
0.7 3.1 x 1 0 -
0.7 3.9 x 1 0 -
0.6 2.9 x 10 ; ; 

Counterinjection 1.0 4.5 >. 10-
*8 kG, 18 Tf coils. 

P8 kG, 9 TF coils. 
"Neutron. 

650 
650 
620 

550 

960 
862 
392 

633 
463 

5.35 x 10': 

9.4 y. 10' 
1.48 x 10' 
3.72 x 10' 
2.11 x 10' 
5.86 y 10 ; 

12.4 v 10' 14.2 x 10 ; 

1.6 x 10 4 

l.l x 10-
0.33 10f-

1.75 x 10* 

density were measured as functions of the 
distance from the main limiter into the 
scrapeoff layer. Figure 2.16 shows the 
measured profiles. Ail data have been taken 
on the electron drift side of the timiter. At 
i line-averaged plasma density n * 2 * 1 0 n cm" 1, 
the ion saturation current to the lirriter 
blade was 12.5 A. This corresponds to an 
average flux incident on the limiter of 
3 / lO'*"- cm" ?'S" 1. The density buildup n in 

the tube has been estimated for equilibrium 
between the incident particle flux r. and 

in 
the escaping thermal flux, 

( n v / 4 ) m o 1 " ( 2 rin>atom (2.1) 

where v is the velocity of the thermalized 
particles and the factor 2 accounts for the 
recombination into molecules. Assuming a 10" 
collection efficiency, the maximum density 



Fig. 2.15. Experimental arrangement for 
pumped liniter scoping studies on ISX-B. 

O 

according to Eq. (2.1) is 4.8 x 1 0 1 3 cm" 1 

and the corresponding pressure p is 1.4 mtorr. 
Comparison with the measured 1.8 mtorr indicates 
that the actual collection efficiency must 
have been 13%, i.e., slightly higher than 
computed. 

The energy deposition to the limiter blades 
Mas measured with thermocouples to give an 
average power deposition per shot, and the 
electron temperature at the plasma edge was 
measured by Thomson scattering to be 40 eV. 
It is then possible to evaluate density and 
temperature profiles in the scrapeoff layer by 
means of the equations 

4t " n e / s T < in Va#> (2-2) 

and 

q » v(Js a t/e)kT e (in W/cm*) , (2.3) 

where TB • 40 keV (at r • a) and y <* the heat 

ORNL-OWG 8«-17060 FEO 
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Fig. 2.16. Pressure rise in the collection 
tube, ion saturation current to the limiter 
blade, and average energy flux density as 
functions of distance from the main limiter 
into the scrapeoff layer. All data are taken 
on the electron drift side of the limiter. 

transmission coefficient, which is assumed to 
be 7-17 for normal deuterium discharges. 

For the present case of ohmically heated 
discharges, with n~e » 4 x I 0 n cm"3, these 
equations give v » 14, and the electron den
sity at the plasma edge ne(a) • 2.5 x 10 1 2 cm*1. 
The calculated density and temperature profiles 
have an approximately exponential falloff, 
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with e-folding lengths of > = 2.3 cm and T = 
4.8 an, respectively. 

For the second stage of the pumped limiter 
development, a pumped mushroom limiter has 
been designed that can take the full power 
load ind can serve as the primary plasma 
limiter. Assuming a recycling coefficient of 
0.9 and a p. >ing efficiency of £5, the total 
particle exhaust should be sufficient to 
demonstrate particle control in ISJt. First 
results are expected in the second half of 
1982. 

Surface pumping with getters 
cF. E. Sinqpkim, P. S. Edmonds, ?. Micduszeuski 

Titanium gettering has b Q n used success
fully in ISX, as in other tokamaks, to control 
impurities and reduce recycling of hydrogenic 
species. 1 6 In a standard getter cycle, 
titanium is sublimated from two Varian Ti-balls 
for 0.5 h at a rave of 0.1 g/h. This leaves 
about 70- of the wall with \ titanium coverage 
of >1 monolayer and abo-.t. "" of the wall w ch 
a coverage of >10 monolayers. The resulting 
initial pumping sj:e£ds observe?", for hydrogen 
were: a static pumping speed of 3 •/ 10 3 liter/s 
av p = 4 •< 10" s torr and an average dynamic 
puiiying speed of 4 x 10" liter/s for a 0.25-s 
gar wise. After 30 shots, the dynamic 
pumpi'n speed dropped by an order of magnitude. 

Wh.l» the titanium film following one 
getter .ycle should be saturated with hydrogen 
after at out ten discharges, oxygen pumping 
should l»st longer, because hydrogen can be 
displace! by the more teactive oxygen. 

Whet ler the direct control of the oxyt,c. by 
the t'-anium getter or the control of hydrogen 
recy.ling plays the dominant part in the 
g*>ctering "Jfect n**/ be determined by comparing 
titaniu.n getterfng ^ith chrominum gettering. 
While sufficient'/ thick titanium layers pump 
large amounts rf hydrogen via diffusion, the 
hydrogen pumpim capacity of chromium is only 
about one mono!v/er adsorbed on the surface. 
For future Heuterium-tritium (D-T) devices, 
the use of chromium for surface pumping can 

help tc avoid the accumulation of large 
quantities of tritium in the gettered walls. 

Initial laboratory experiment:; were conducted 
to compare titanium and chromium gettering for 
some of the gases of interest in fusion 
research. 1 7 An ultra high vacuum (UHV) 
chamber with about 1000 cm 2 of active getter 
surface was used to compare the pumping of 
chromium and titanium films. After the getter 
film was deposited, the working gas (hydrogen, 
oxygen, or nitrogen) was admitted to the 
system through calibrated leaks, and the 
corresponding partial pressure was monitored 
with a quadrupole mass filter as a function of 
time. The resulting pressure versus time 
curves reveal the initial pumping speed as 
well as the capacity of the getter film. 
Initial results show that oxygen is pumped at 
least as well by chromium as by titanium. In 
contrast, hyurogen was pwped by titanium in 
quantities of aionv r«onolayers due to diffusion 
into the deposited film, whereas U M amount of 
hydrogen pumped by the chromium corresponded 
to approximately one monolayer. This behavior 
is shown in Fig. 2.17. 

Effects of -itanium gettering on plasma 
confinement 
A. J. Uootum. 

Two metimas of particle control have been 
discussed: the pumped limiter and gettering. 
However, the limiter experiments performed on 
ISX-B to date were not expp*ted to influence 
the gross plasma behavior because of the 
small nmiter area and the lack of pumping. 
Therefore, this section is devoted to the 
effects of titanium gettering on plasma 
parameters. 

Recycling of the working gas is nr .itored 
by noting the external gas feed required to 
produce a given density. Results show that, 
following a standard getter cycle, hydrogen 
(or deuterium) recycling is reduced for about 
ten discharges. This corresponds to the time 
required to convert all the deposited titanium 
to a hydride. 
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Fig. 2.17. Comparison of titanium and chromium gettering for 
hydrogen gas in ISX-B. 

Impurity levels are monitored by the total 
radiated power and by impurity ine emission 
rates. These show a reduced radiated power 
(from oxygen), lasting for '-100 discharges 
after a getter cycle. This correspond* to the 
time requi.-ed for the hydrogen in the saturated 
film to be replaced by the more active oxygen. 
In ohmically heated discharges, the radiation 
from iron is reduced and that from titanium is 
increased, in agreement with a model in which 
charge exchange neutral sputtering at the 
vessel walls is the dom.nant source for metal 
impurities. 

One of the objectives of gett^rfng was to 
fncrease the operational space (I/Q,,, \K/B ) 
available. Figure 2.18 snows this space, with 
each pofnt representing the maximum density 
and f ' .c corresponding q achieved during a 
given discharge. Ohmically heated and beant-
i jated plasmas with circular and elongated 

cross sections are distinguished. For circular 
discharges, n" R/B < 25 x 1 0 u q"1 (mks 

e v v 
units), but for elongated cross sections, 
n~eR/B < 10 x 10 1 - m" 2T" J seems more appro
priate. In both cases, densities significantly 
higher than those expected from extrapolating 
results on other machine- have been attained. 

An analysis of data ta<en both before and 
after gettering was initiated indicates that 
the gross energy confinement time, T£ [(total 
energy in p1asm£)/(total input power)], has 
been affected. As is well known, gettering 
and the consequent reduction of low Z impurities 
increase T£ for ohmically heated plasmas. To 
investigate effects in beam-heated discharges; 
a phenomenological expression t|(PH) • kP/2p-z/3 
must be used for normalization. This expression, 
in which P T ii the input power, has been 
derived since gattering was initiated. A 
graph of I|/TJ-(PH) versus shot number then 
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Fig. 2.18. Extension of operational space tat&e possible threugh gettering. 

shows the surprising result that the "constant" 
k was reduced by 30* when gettering was 
initiated. This suggests that the reduction 
of the 'ow Z impurity concentration is respon
sible for the reduced confinement. Experi
ments undertaken since gettering began, with 
nitrogen added as an irwpurity, support this 
suggestion. Figure 2.19 shows J versus 
£(PH) for - 350 discharges. Those produced 

with additional impurity levels have J -401 
higher than those without; that is, it returns 
to the value obtained before gettering. 

The ISX-B bundle divertor experiment 
7. C. Jcrnigan, b. K. Gray, J. A. O'Toolc, 
/?. B. Wyzor 

The ISX-B Bundle Oivertor Project has been 
under way since FY 1979. A major design 
review was held in November 1979, and the 
panel recommendations were incorporated in the 
design, which was completed in the first 
quarter of FY 1981. Fabrication of hardware 
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Fig. 2.19. Effects of gettering on gross 
energy confinement time. 

was completed during the third quarter of 
FY 1981. The divertor itself, which was 
designed and fabricated by the staff at the 
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• Massachusetts Institute of Technology (MIT), 
was tested and delivered in the fourth quarter 
of FT 1981. Most modifications to the tokaoak 
have been completed, but installation of the 
divertor coil and pumping chamber has been 
delayed due to programmatic considerations. 
Additional tasks remaining include TF coil 
Modifications for the force restraint system, 
programing of the programmed controller, and 
installation of instrumentation. 

2.1.4 Ripple Studies 
r 

Periodic ripple studies on ISX-B 
S, D. Scott, J. F. Lyon, 5 . L. Balsted, 
E. A. Lazarus, R. B. Fouler, L. E. Hurray, 
C. E. ihoinas, R. H. Wieland 

The experimental program for periodic 
ripple studies Mas described in last year's 
annual report. The effect of periodic ripple 
on fast ion losses, ion thermal transport, 
plasma rotation, and other plasma parameters 
is determined by comparing similar beam-heated 
plasmas with either 9 or 18 TF coils energized. 
During 1981, the deterioration of plasma 
confinement due to ripple was studied over a 
range of plasma parameters, using improved 
diagnostic capabilities for measurements of 
ion temperature and plasma rotation. 

Fast ion losses. Changes in the fast ion 
population were inferred from changes in the 
charge exchange neutral flux, measured by a 
pair of toroidally scanning, mass discriminating 
neutral particle analyzers (see Fig. 2,20). 
As with al l charge exchange measurements, the 
results ^re difficult to interpret, due to the 
chord-integrated nature of the measurement and 
the steepness of the neutral density radial 
profile. A complication of the analysis 
unique to the 9-TF-coil experiment arises from 
the shift of an ion's pitch angle by ripple 
during a single transit between energized TF 
coils Mv^/v) * UB/B) 1 / 2 ^ (2«)»/2, where t 
is the peak-to-average ripple]. This shift 
generates a discontinuity in the neutral flux 
as a function of viewing position between 
measurements obtained by a neutral particle 

analyzer viewing the bottom of a ripple well 
and those obtained by a neutral particle 
analyzer viewing the top. The 9-coil charge 
exchange spectra shown in Fig. 2.20 have been 
corrected for this shift. There is severe 
depletion of the ripple-trapped ions, particu
larly at low energy, but at most a very small 
effect is seen on passing ions, as expected. 
Because most tangential ly injected (passing) 
ions slow down considerably before pitch angle 
scattering into banana-trapped or ripple-
trapped orbits, these results indicate that 
ripple should cause only a modest reduction in 
beam power delivered to ions and electrons in 
the ISX-B 9-coil experiment, Monte Carlo 
orbit calculations18 of neutral injection and 
subsequent fast ion thermalization, using the 
plasma parameters achieved in the transport 
study discussed below, suggest that ripple 
reduced the power delivered to the ions by 35* 
and the power delivered to the electrons by 
17X. 

Ripple-induced thermal transport. The 
deterioration of ion energy confinement due to 
ripple was evaluated by comparing the ion 
temperature performance in similar beam-heated 
discharges ("-1-MW H° - o*) with 9 and 18 TF 
coils. Ion temperature was measured by the 
charge exchange analyzers, using a diagnostic 
neutral beam to localize the source of charge 
exchange neutrals to the plasma center. The 
charge exchange ion temperature decreased 
significantly in the 9-coil discharges relative 
to the 18-coil discharges, as shown in Table 2,3, 
However, neutron emission decreased only 205 
in the 9-coil discharges, indicating a negli
gible decrease in ion temperature. Thi-; 
discrepancy has ..sen resolved by the discovery 
that the neutron emission is not representative 
of ion temperature in bean-heated plasmas with 
central ion temperatures less than 600 eV (see 
Sect. 2,1,6), Therefore, i t is concluded that 
ripple does cause a serious degradation of ion 
energy confinement in the 9-coil configuration. 

A one-dimensional, steady-state simulation 
of the ion power balance for the 9-coil and 
IS-coil discharges, using the Z0RN0C19'" 



54 

TO'O r -

< 
It 
t-
U 
z 

0RNL-MG8l -234t6 FED 

i—i i r~ 

18 T F - ^ « ^ 

tf 20fceV 

(*) 
J 1 L 

O 20 40 60 80 .-^00 
n'T Car) 

O 20 40 60 80 100 

Fig. 2.20. Comparison of fast neotral flux for discharges with 
9 and IS TF coUs as a function of viewing position at 10, 20, and 
30 keV. Rf is the tangency radius of the sightline, defined as the 
minimum distance from the sightline to the torus center. It is 
related to tne parallel velocity of the viewed neutral particles by 
v /v = R-f/R, where R is the major raiius of the birth point of the 
charge exchange neutral. For this figure, Ri has been corrected to 
account for the variation in pitch angle due to ripple over a sin.jle 
transit through a ripple well. Ripple-trapped particles are viewed 
for Rj < 35 cm. These measurements were obtained in discharges with 
I„ * 120 kA, n" * 3.0 y 1 0 1 : cm"', P h * l.l HW, and E h » 32 keV. p e D D 
Measurements in other discharges indicate that the depletion of the 
fast neutral flux from the ripple-trapped region becomes more severe 
at lower energy (5 keV). 
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Table 2.3. Range of plasma parameters studied in the ISX-B periodic ripple 
experiments with 9 TF coils and luminal plasna parameters achieved 

during neutral bean injection with 9 and 18 TF coils 
Range studied 

9 TF coi l s 

Koarinal values Range studied 

9 TF coi l s 18 TF coi l s 9 TF coi l s 

n c {cm"3) 2.3-4.9 x 1 0 1 5 4.3 x 1 0 1 2 3.5 x 1 0 1 3 

\ t*A> 110-160 134 135 

P b (MM) 0.0-1.9 1.0 1.0 

T f(0) (eV) 260-420 620 325 

T e(0} (eVJ 580-800 720 645 

T E i ( r < . 7 cm) ( « ) 5.0-7.8 13.6 5.6 

x ^ (r < V on) (ms) 5.0-10.0 7.0 6.2 

theoretical predictions, with an uncertainty 
of the sane order (factor of --3). Further 
experiments are planned on the iSX-3 tokanak, 
with emphasis on (1) understanding the causes 
of the discrepancy between the 1980 and the 
1981 results and (2) increasing the neutral 
beam power so as to increase the ion tempera
ture and the magnitude of ripple transport 
relative to neoclassical transport. , 

Plasma rotation. The toroidal rotation 
velocity during neutral beam injection in 
9-coil plasmas was lower than the velocity 
achieved in 18-coil plasmas. The rotation 
velocities were inferred from the Ooppler 
shift of Ti XV line radiation, which originated 
near the plasma center. Figure 2.21 shows the 
time history of pli^ma rotation velocity for a 
9-coil and an 18-coil discharge, as a function 
of time after turnon of the neutral beam. The 
rotation velocity is reduced from approximately 
9 * 10 6 cm/S (18 coils) to 1.5 y 10 6 cm/s 
(9 coils), with an uncertainty of il.5 * 
10'- cm/s. 

The experimental momentum confinement time 
can be determined by dividing the momentum in 
the plasma core (r < a/2) by the rate of beam 
momentum input to the plasma core. The latter 
quantity is calculated by ZORNOC, using a 

tokanak data analysis code, indicates that the 
theoretical ripple thermal transport coeffi
cients (ripple trapping, with the boundary 
layer correction, and ripple plateau) must be 
multiplied by a factor greater than 1, typi
cally 2 to 3, to reproduce the measured 
central ion temperatures. However, *.he 
uncertainty in ion temperature and (to a 
lesser extent) the uncertainty in neoclassical 
transport yield approximately a factor of 3 
uncertainty in the ripple transport inferred 
from experiment. Consequently, these experi
ments do not demonstrate conclusively that 
ripple transport is greater than predicted 
theoretically. Furthermore, a recent reanaly-
sis of the 1980 ripple experiments indicates 
that the ripple multiplier was nearly equal to 
unity for those experiments, despite a correc
tion to the ion temperature to account for 
charge exchange measurements obtained without 
a diagnostic neutral beam. 

Taken together, the 1980 and 7981 9-coil 
ripple experiments corroborate ripple trans
port theory to the extent that theory predicts 
a serious degradation of ion energy confine
ment in the 9-coil configuration and such a 
degradation was observed. The ripple trans
port appears to be within a factor of 1-3 of 
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Fig. 2.21. Tine history of the beam-
induced toroidal plav*» rotatio" in the 
9-coil and 18-coil configuration as measure! 
by the Doppler shift of the Ti XV line radia
tion. 

Hbnte Carlo bean: neutrals deposition code tni 
a fokker-^lancfc slowir.g-down code. The 
treasured rotation velocity in' the 18-coil 
discharge implies a monentum confinement time 
of 5-7 ms. As prevrously observed on the 
Princeton Large Torus (PLT), ; : this confine
ment time is at least an order of magnitude 
shorter than would be expected from charge 
exchange damping or from classical or neo
classical nwmentum diffusivity. The corre
sponding momentum damping time for the 9-coil 
discharge is 1.1 ms. Theory predicts that 
ripple will enhance the damping of toroidal 
momentum through the ripple-induced nonamiji polar 
particle flux, leading to a momentun confine-
ment time : '*l\ ' where c is the poloidal 
gyroradius and 0^ is the ripple particle 
diffusion coefficient.-'-'' The measured damping 
time agrees reasonably well w im a simple 
calculation of the theoretical damping time, 
which includes diffusion from the ripple 
trapping mechanism (with the boundary layer 
correction) and from the ripple plateau 

Mechanism. The itcertainty in the theory-
experiment comparison is approximately a 
factor of 3, arising primarily from uncertainty 
in the measurement of plasma rotation velocity. 

Experimental test of ripple injection 
The rtpple-enhanced neutral bean injection 

technique proposed by Jassby and Golds ton2:" 
•ay permit the effective heating of large, 
denr-e plasmas with beans of moderate energy 
(H o 100 keV). Sriefly, the method consists 
of iijecting the heating beam vertically into 
a magnetic ripple well with a strong vertical 
gradient. Neutrals ionized at the plasaa edge 
B >. "B -Irf.'t vertically to the plasma center 
because they have insufficient parallel 
velcity tc escape from the Nell. Beyond the 
plasaa center, the ripple becomes sufficiently 
weak that rotational t insform eliminates the 
well entirely, caus.ng all ripple-injected 
ions to assuae banana or passing orbits. 
During 1981 the first experiaental tests of 
the ripple injection" principle were performed. 
The experiments investigated three key physics 
issues that will determine the feasibility of 
ripple-assisted neutral beam injection: 
(I) enhancement by ripple of the penetration 
of the ions to the plasaa center, (2) subse
quent confinement of the fast ions as they 
slaw down, and (3) the effect of the ripple 
perturbation on the background plasma. 

For these experiments, a pair of eyeglass-
shaped coils capable of producing a ripple 
well (or "hill") of K on axis at B T = 12 kG, 
toroidally localized to :40", was attached to 
the TF coils, approximately 60 cm below the 
plasma 'lidplane (see Fig. 2.22). A 15.9-keV, 
I.4-A 'leuterium diagnostic neutral beam 
located at a major radius of 104 cm was 
injected vertically into the center of the 
ripple well. The population of fast injected 
ions was monitored by two scanning charge 
exchange analyzers, during similar ohmically 
heated discharges with and without a ripple 
well generated by the auxiliary coils. Hippie 
contours for this experiment and contours of 
the ripple parameter •*, which measures the 
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Fig. 2,22, Plan view of the 1SX-B ripple injection experiment, 
showing the locations of the two neutral particle analyzers, the diag
nostic neutral bean, and the ripple coils. The perpendicular charge 
exchange analyztr fiCEA) also scans vertically from Z - -6 cm to 
Z = +35 cm. 

ratio of magnetic field strength /ariation 
along a field line due to rottt onal transform 
to the variation arising from ripple, are 
shown in Fig. 2.23. The ripple well is 
eliminated in the region a* > 1. As required 
for effective ripp'» 'njection, there was a 
symmetric trapping region (a* > 1) a few 
centimeters above the horizontal midplane, but 
no sywmFtrii, trapping region below the hori
zontal mit.ilanf. Htry similar plasma conditions 
were obtained in discharges with and without 
ripple (n e • 4,7 * 1 0 l } cm*», lp - 150 kA, 
B T • 11.3 kG). 

Enhanced oenetration of ripple-injected 
fast ions to the plasma center was clearly 
evident in the charre exchange spectrum 
measurei along a sightline in the horizontal 
midplane that passed through the ripple well, 
as shown in Fig, 2.24. The neutral flux was a 
factor of 3 to 10 times larger in discharges 
with ripple than in discharges with no ripple. 
As predicted by theory, there was no enhanced 
penetration when the direction of the ripple 
was reversed, producing a magnetic "hill," or 
when the magnitude of the ripple well was 
decreased to the point where a second symmetric 
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trapping region (a* > 1) formed below the 
horizontal andpUne in the path of the diag
nostic beam. The results of a toroidal and 
vertical scan of the fast neutral flux were 
also consistent *ith enhanced penetration of 
the ripple-injected ions. 

The feasibility of ripple injection is also 
contingent upon <jood confinement of the fast 
ions once they penetrate to the plasma center. 
Analytical theory and Monte Carlo simulations,23 

which indicate that 100- to 150-keV ions would 
be well confined in a large tokamak, predict a 
rapid loss of the full energy (15.9-keV) 
deuterons or protons in ISX-B due to a ripple 
induced radial drift. The reasons for this 
expected loss are excessive neutral beam 
energy, relative to the plasma density and 
radius, and nonoptimal location of the diag
nostic neutral beam for this experiment 
( R 0 D t » 93 cm). Both the charge exchange 
spectra and measurements of the 0-0 neutron 
yield (which is dominated by collisions 
between the fast beam-injected deuterons and 
the thermal deuterons) were consistent with 
poor confinement of the full energy fast ions. 
Along the sightline for Fig. 2.24, tne neutral 



flux decreased by an order of magnitude, from 
14.5 keV to 11.6 keV. Neutron production 
increased by 205 in discharges with ripple, 
whereas an increase of approximately a factor 
of 2 would have been observed if all of the 
15-9-keV fast deuterons were confined down to 
an energy of 13.5 keV. Monte Carlo simulations 
of the fast ion orbits, summarized in Table 2.4, 
show that with ripple on, 761 of the injected 
power at 15.9 keV is deposited on the limiter. 
Of 150 bean neutrals injected by the code, not 
one thenulized. 

The ripple injection theory and Monte Carlo 
calculations predict improved confinement of 
the lower energy beam components (8.0 keV and 
5.3 keV). Experimentally, the neutral flux 
increased smoothly with decreasing energy 
below 10 keV, consistent with reasonably good 
confinement of the ions. However, direct 
comparison with theory is difficult due to the 
chord-integrated nature of the charoe exchange 
measurement and the steepness of the nejtral 
density radial profile. 

Additional experiments Pleasured the effect 
of a single ripple well on the confinement of 
ions produced by the primary tangential 
heating bean.:. Along a nearly perpendicular 
sightline lying inside the ripple well that 
viewed the ripple-trapped and deeply banana-
trapped populations, a strong depletion of the 

Table 2.4. fraction of diagnostic beam power 
deposited on the limiter P.. as a function 

I Ml 
of energy during the ripple injection experi

ment, calculated by a Konte Carlo orbit 
simulation, with plasma parameters of 

n e = 4.7 r. 10- : cm" \ I = ISO kA, 
elongation = 1 . 5 . and T (0) = 420 eV 

Deuteron energy 
(keV) Ripple P l im 

15.0 On 0.76 
15.0 Off 0.58 
7.5 On 0.48 
7.5 Off 0.44 
5.0 On 0.23 
5.0 Off 0.38 

fast neutral flux was observed when the ripple 
coils were turned on, and the depletion 
increased with ripple strength.2* This 
depletion is consistent with the theoretical 
expectation of a ripple-induced loss of 
energetic banana-trapped ions. In e separate 
experiment, the fast neutral flux along more 
tangential sightlines (corresponding to 
vB/v - 0.77 and v ( /v = 0.53 at the plasma 
center) was nearly unaffected by a 0.65 on-
axis ripple well. In this experiment, there 
was only a small decrease (<55) in the ion 
temperature as indicated by the charge exchange 
and neutron diagnostics. This favorable 
result provides encouraging evidence that a 
small ripple well does not cause a loss of 
fast passing ions or a serious enhancement of 
thermal transport; however, i t must be confirmed 
at the higher ripple required for successful 
ripple injection. 

2.1.5 Electron Cyclotron Heating 

During 1981, both ECH experiments and ECH 
preionization (ECH/PI) experiments were 
performed in ISX-B- These experiments are 
reported below. The experiments used a Varian 
t r ip le miter bend gyrotron (V6A-80OO), operating 
at a frequency of 28 GHz with a window output 
power of <100 kW for pulses up to 100 ms. 
Another 28-GKz axisymmetric Varian gyrotron 
(VGA-8050) with higher power (-200 kU) and a 
shorter poise length (40 ms) was to have been 
installed. However, this gyrotron suffered a 
vacuum fai lure and was not used. Plans for a 
future experiment using a NRL 35-GHz gyrotron 

# 
Princeton Plasma Physics Laboratory, 
Princeton, New Jersey. 

^EBT-P Project. 
Management Services Section. 
'EBT Experimental Section. 



60 

with a power of -200 kW and a pulse length of 
20-40 ms are discussed at the end of this 
section. 

Heating experiments 
The 28-6ltt gyrotron was ô-jnd to have an 

output power at the window of <100 IcU. 
Subsequent measurements indicated that <70 kU 
of power was delivered to a calorimeter at the 
far end of the waveguide, roughly at the 
plasma position. This loss was found to be 
correlated with a bad waveguide node mixture. 
Node patterns were observed by inserting 
ordinary paper or themofax paper across a 
waveguide under operation. The regions of 
high electric field strengths caused color 
changes and charring of the paper. Examples 
of these patterns a** shown in Fig. ?..25. 

Kith this sort of node pattern, the 
Wengenwroth" polarizer would clearly be 
ineffective, and we could only assume that a 
mixture of $0% ordinary and -505 extraordinary 
radiation was broadcast into the plasna. As 
discussed in Ref. 26, the antenna was on the 
high field side on the midplane and was set to 
introduce the radiation at an angle of 60 s to 
the magnetic field, an optimum angle for 
absorption and bulk heating. A number of 
attempts were made at bulk heating, as reported 
in last year's annual report.-4 During 1981, 
a measurable temperature rise was observed. 
The operating window was found to be very 
narrow. The magnetic field was set for reso
nance very close to the axis (10.2 kG). The 
plasma current had to be kept low enough 
(80 kA) to avoid masking the ECH effect, but 

O B N L W O T O 8Q7-82 

PAPER THERMOFAX 

Fig. 2.25. Photographs of paper placed across waveguide at gyrotron. Dark areas show regions of 
high energy density. The yyrotron was pulsed for 10-50 ms, depending on the paper and the operating 
conditions. The patterns clearly indicate that the circular electric modes (e.g., IE-;, TE- , ...) 
ure not dominant and that the mode mixture is not optimum for long-distance transmission. 
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also high enough to provide an electron tem
perature, T , adequate for good single pass 
absorption. An initial value of T = 600 eV 
was sufficient, and the measured temperature 
rise was 37&110 eV. The plasma density had 
to be low (--6 x >0 1 2 o r 3 } to provide accessi
bility and to keep the total number of particles 
small. Due to the low density, only a central 
temperature could be measured by Thomson 
scattering. 

During this experiment the loop voltage was 
observed to drop t-302 (Fig. 2.26) in rough 
agreement with the temperature rise. The 
density also dropped as in the previous ISX-B 
experiment at 35 GHz 2 7 and in the JFT-2 
experiment at 28 GHz. 2 8 There is still -no 
satisfactory understanding of this density 
drop, which was observed on both the laser 
measurement and the 2-mm interferometer. 

Without profile data, only a rough energy 
balance could be made. However, if 70 kW 
entered the plasma, then between 352 and 70S 
of this power was deposited in the plasma. 

Ko heating effect was observed for off-axis 
(B t 10.2 kG) heating, and there was no 

evidence of profile aroadening or instability 
suppression. However, due to the low power, 
these effects would not be easily observed. 

The electrun cyclotron emission (ECE) 
showed stronn effects. Detectors at the 
first, second, and third harmonic all showed 
signals much stronger than those expected from 
the laser measurement, and it appears that the 
ECH is enhancing 2 ruperthermal tail. In some 
cases (Fig. 2.27), the ECE increased after the 
ECH pulse was over. Jhere are two possible 
explanations for this: (1) the parallel 
energy of the supertherma* tail is converted 
into perpendicular energy by some mechanism 
(not yet identified) «.r (2) the heating 
location is off-resonant (and not in the 
detection band of the ECE devices) and drifts 
spatially into resonance after tine ECH pulse 
ends. The heating of supertheraal electrons 
is discussed in Ref. 29. 

The process causing this radiation peak has 
an apparent threshold. There is a critical 
dependence on the length of the ECH pulse. 
Theoretical work is continuing on the expla
nation of the measurements. 
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Fig. 2.26. The upper trace shows the loop 
voltage as a function of time for shots with 
(dotted) and without (solid) ECH. The trace 
has been smoothed by a Gaussian filter to 
remove spikes due to power supply noise and 
feedback. The lower trace shows the rf power 
monitor. The monitor signal is inverted, and 
the voltage reduction is ̂ 305. 

Ffg. 2.27, The upper trace shows the 
second harmonic electron cyclotron emission 
with (dotted) and without (solid) ECH as a 
function of tfme. The trace with ECH shows a 
strong signal during the ECH pulse and also a 
larger signal building up after the rf pulse. 
The lower trace shows the rf power "jni' --, 
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It was interesting to note that the funda
mental ECE detector occasionally displayed 
other anomalous behavior. It was set to look 
at frequencies just above the 28-GHz gyrotron 
frequency with a high pass waveguide filter. 
Subsequent measurements showed that the 
gyrotron occasionally put out significant 
power at 29 GHz, 30 GHz, and 31 GHz, thus 
completely swamping the fundamental emission. 

Preionization experiments 
The ECH/PI studies continued, with the 

Van"an gyrotron supplying approximately 70 kW 
of 28-GHz microwave power to the plasma. The 
capacitor bank voltages used for breakdown and 
ohmic heating, the toroidal magnetic field, 
and the times of the radio frequency (rf) 
pulse were varied. Many of the experiments 
confirmed previous work at 35 GHz30 and 
extended these measurements.*1 The volt-
second savings and the rate of rise of the 
current depend on the magnetic field in a 
nonlinear way. The maximum vclt-second 
savings occurred when the field was adjusted 
for resonance near the outside of the tokamak 
(Fig. 2.28). 

The length of the rf pulse before the 
capacitor banks fired was varied. Figure 2.29 
shows that the volt-second savings increased 
monotonically with pulse width. However, the 
percentage of reduction in the loop voltage 
saturated after -5 ms. 

The rate of rise of current, d!/dt, *r»><»ars 
to saturate with pulse length and field. The 
length of the rf pulse after the capacitor 
bank fires has no effect on the plasma, as was 
previously observed.'"- Curiously, rf pulses 
that ended 20 ms before the capacitor banks 
fired produced a noticeable reduction in loop 
voltage, indicating that the ECH/PI produced a 
long-lived plasma component. 

The upper and lower limiter currents were 
also studied. The current between the limiter 
and the liner was measured by a commercial 
current probe. The dependence of the limiter 
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Fig. 2.28. The reduction in the loop 
voltage integral vs the main magnetic field. 
Note that the maximum is displaced from the 
position where the resonance would be on axis 
(10 kG) to a higher field of -11.5 kG, indi
cating that the optimum condition is with the 
resonance at a larger major r.idius. 

current on the error fields was observed. 
Specifically, for large error fields (produced 
by current in the inner and outer poloidal 
field windings without plasma current) there 
is a large limiter current. The current flows 
vertically in the sense calculated for the 
curvature drift (8 x v8). The current changes 
sign when the toroidal . *.„ reversed, but 
the magnitude changes dramatically, an effect 
probably due to differences in the error 
fields. Although visible light increases 
rapidly with the application of ECH/PI power, 
the limiter current rises with a time constant 
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Fig. 2.29. The reduction in the loop 
voltage integral with pulse width. Note the 
rapid rise for the first few milliseconds. 

of "̂ 5 ms. The current decreases with increasing 
gas pressure. Comparisons between these 
measurements and theory^1 are in progress. 

Some preliminary measurements of edge 
plasma temperatures were made with a Langmuir 
probe. These show a very cold (-1- to 3-eV), 
low density (--1 x 10u-cm"*') plasma near the 
wall of ISX, in disagreement with previous 
measurements on ISK-B with 35-GHz preioni-
zatio , 3 0 Spectroscopic measurements of 
electron temperature were inconclusive due to 
^reproducibility of the data. This is 
probably evidence of turbulence or gross 
plasma motion. A Runge-Kutta program, similar 
to a program already written by Sprott, 3 3 is 
now being prepared to model these processes. 

Future experiments 
During 1982, another gyrotron from NRL will 

be brought to ORNL for further ECH experiments. 
The new gyrotron will be a considerable 
improvement over the one brought here in 1979. 
The frequency is the same, 35 GHz, but the new 
tube will have an output of --300 hU for pulse 
lengths of 20-40 ms. The output will be in 
the TEj,, mode, and this will be converted to 
Ttgx for transmission to the tokamak. 3 i A 
rotating antenna is now being designed to 
launch the power from the high field side a' 
the midplane. The radiation will be polarized-
The first priority experiments will be current 
drive, with lower priorities including bulk 
heating, profile modification, MHO suppression, 
preionization, second harmonic heating, etc. 
Experiments are expected to start in the fall c 

of 1982. 

2.1.6 Diagnostics 

Neutron measurements on ISX-B 
S. D. Siozz, <>~ T. Xihalozs 

A systematic discrepancy between the central 
ion temperature deduced from charge exchange 
(T ) and the ion temperature obtained from 
measurements of the thermonuclear neutron 
production rate (T n) during H- injection into 
0 plasmas has been observed on ISX-B. 2 5 

Typically T c x > T n > but at low ion temp*, ture 
(T^ < 600 eV) the reverse condition holds, 
Tfl T . Recent analysis has established 
that the ion temperature inferred from the 
neutron production rate is relatively insensi
tive (:.T < 10%) to uncertainties in the 
radial profiles of plasma density and ion 
tempercture and to uncertainties in the 
depletion of deuterium density near the plasma 
center that results from fueling by the 
hydrogen beam. Charge exchange measurements 
of the deuterfum concentration R ̂  C nn/( nn * 
n H)] at r '- 8 cm during H° injection (1.7 MW) 
indicate that R -• 0.8. 

However, one mechanism has been identified 
theoretically that causes the ion temperature 
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in fer red ' i v i ".he neutron emiss i c raifc to be 
higher than the actual ion temperai.:ire during 
neutral in jec t ion in to low temperature plasmas 
(T-. < 60J e V } . 3 € Under these condit ions-
neutron production is dominated by co l l i s i ons 
between thermal ( fnterons and a very sna i l 
population of fast deuterons created by 
{ ' ) the minute i so topic f rac t ion (1.5 x 10"1") 
of deuterons in the nominal H3 heating Seam 

i {2} infrequent large angle co l l i s i ons 
between the K fas t (beam) io.is and thermal 
deuterons. This mechanism w i l l be studied 
experimental !;• durina 1982 by in jec t ing a h'° 
r.'-Mit-al beam containing l i deuterium ir.to a 0 
plasma. 

Charge exchange measurements on ISX-B 

Di jgnost ic_status. The ISX-FJ cr.-rge 
exchange diagnostics consist of two scar f ing , 
mass- and energy-selecting neutral pa r t i c l e 
analyzers and _ v e r t i c a l l y directed diagnost : 
neutral beair {DNB). The momentum energy 
analyzer (MEA) views ci.ords in the horizontal 
midplane with tingency major rad i i R_ (smallest 
major radius of t>.? viewing chord) ranging 
from 49 to 93 cm. Tht " ° ' u c i t y f i l t e r analyzer 
(VFA) scans both to ro ida l l y (R, = 6-45 cm) and 
v e r t i c a l l y [Z(R - 93 cm) = -6.6 to +35 cm]. 
The DflB allows local charge exchange measure
ments of the central ion temperature 10 be 
obtained. 

p£P!PAr.'.?on_ °/ . central_ i pntemjierature 
measurements. Before the QNR wa^ ava i lab le , 
the central ion temoeratu'e was calculated by 
a "model f i t " numerical code : 7 that accounts 
fo r r my effects assoc'ated with t re chord-
inte^.ated nature of .ne charge exchange 
neasur nent, such ,s the steep radial p r o f i l e 
of the neutra' density and the re ionizat ion of 
the charje exchange neutrals along the l i ne of 
s igh t . To obn in a localized measurement of 
the central ion temperature, the charje 
exchange f lux is mfci ureti in s imi lar discharges 
with and without a DNt to enhance the central 

neutral dens i ty . The ion temperature is then 

calculated d i r e c t l y from the di f ference 

spectrum.. «(E) =• ;iONB on) - «(DNB o f f ) , a f t e r 

a st ra ight forward cor rec t ion fo r re ion izat ion 

i s appl ied. In F ig . , 2 .30 , the ion temperatire 
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Fig. 2.30. (a) Comparison o- the central 
ion tempeuture calculated by (he model f i t 
code to that measured wi th the ^JB by the MEA. 
The dashed l ine represents t!.< locus of equal 
temperatures, an<j the dotted l ine represents 
the best f i t to the data, (b) Comparison of 
calculated central ion temperature wi th that 
obtained from the VFA. (c) Comparison of the 
ion temperature as measured by the I'FA and MEA 
charge exchange diagnostics using the DNB to 
enhanco the central neutral density. 
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obtained with the DNB is compared to that 
calculated by the modeling code for both 
neutral particle analyzers. The model fit 
calculation of central ion temperature is 
considered to be the less credible measure
ment, because it is sensitive to assumptions 
about the shape of the ion temperature radial 
profile, the neutral density radial profile, 
and the energy range over which the code fits 
the measured neutral particle flux. Typically, 
the modeling code overestimates the central 
leu temperature by 25%, although the discrepancy 
may be considerably greater (<7W) in some 
high density discharges. A regression analysis 
indicates that the discrepancy increases with 
plasma density. 

The ion temperature measured with the DNB 
by the HEA diagnostic along a predominantly 
tangential sightline (R t = 72 cm) and that 
measured by the VFA diagnostic along a nearly 
perpendicular sightline (R ( = 8 cm) are 
compared in Fig. 2.30(c). The apparent ion 
temperature ii considerably lower along the 
more perpendicular (VFA) sightline. Approxi
mately 15-20% of the discrepancy can be 
attributed to instrument-specific errors. 
There is evidence, not yet conclusive, that 
the remainder is caused by beam-induced 
toroidal plasma rotation, which Doppler shifts 
the charge exchange energy spectrum. The 
evidence consists of the observations that 
(1) both neutral particle analyzers tend to 
record a higher ion temperature in beam-heated 
discharges when they are rotated from a more 
perpendicular to a more tan.. ntial viewing 
orientation; (2) tne central ion temperature 
measured by th<* VFA diagnostic along a per
pendicular sightline using the DNB agrees 
reasonably well with the temperature inferred 
froti neutron production, T , at high ion 
temperature, while the temperature measured by 
the MEA diagnostic (R t - 72 cm) is substantially 
higher than T n; and (3) scaling of prelininary 
spectroscopic measurements of the toroidal 
rotation veloc.,,/ to oi»c..,, ">s with high 
power injection indicate* fhat rotation 
velocities on the order of 1.4 x 10 7 cm/- r,ay 
be attained. These studies will be continued 

in 1982 by reversing the nositions of the 
neutral particle analyzers. 

Two-dimensional imaging of x-ray emission 
density in ISX-B 
V. K. Pare, A. P. Navarro, J. L. Dunlap, 
J. D. Bell, S. C. Bates, C. «. Nestor, Jr. 

Three arrays with a total of 80 siit-
col lima ted, semiconductor, soft x-ray detectors 
were installed so as to view the ISX-B plasm 
in a poloidal plane. The detector currents, 
each proportional to a line integral of 
emitted x-ray power density, are amplified, 
recorded by a computer data acquivtion 
system, and processed by a generalized Abel 
inversion method 3 8 to yield maps of the 
emission density in the plane. Since contours 
of constant emission density are assumed to be 
on magnetic surfaces, the internal magnetic 
geometry can be seen. Figure 2.31 shows the 
arrangement of the arrays and the lines of 
sight of tne individual detectors. 

The reconstruction of the emission density 
from its line integrals is very sensitive to 
errors in the detector signals; thus, great 
care is required in calibration of the system 
and in removal of dc offsets and electro
magnetic interference. During the year we 
were able u> do reconstructions using data 
fiom the side and top (180" and 270°) arrays. 

Figure 2.32(a) shows the reconstructed 
emission distribution fror a beam-heated shot. 
An m ' 1 mode is present but is not readily 
apparent in the plot. To make it visible, we 
did a second reconstruction [Fig. 2.32(b)] 
from detector signals averaged over one cycle 
of the mode rotation and subtracted 1* from 
the fir .. The result, representing .he 
contribution of the mode, is shown in three-
dimensional (3-D) form in Fig. 2.32(c) *-<d as 
a contour plot in Fig. 2.33. 

We expect that further improvement in 
calibration techniques, precise measurement of 
the col11mat1on geometry, and shielding of the 
detectors against ultraviolet light will 
enable us to employ all three arrays In 
imaging and analysis of Internal MHO modes. 
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Fig . 2 .31 . Arrangement of x-ray arrays on ISX-B 

2,1.7 Tokamak Operations and Technology 

Tokamak operations 
0. R. Dyer, P. II. Edmonds, W. A. Gabbaed, 
K. K. Ketterer, D. R. Overbey, C. E. Parker,* 
T. F. Rayburn, J. R. Reagan, U. J. Redmond, 
R. ',:. Roue 11,* M. J. Caltmarsh., J. L. Yarbcr 

Comparison of statistics with 1979 and 1980 
shows that the continuing projection of four 

Y-12 Maintenance Division, Research Services 
Department. 

experimental days per week is very close to 
the achieved number (Table 2,5). The total 
number of shots f ired was 11,806, an average 
of 76 shots vtr oa,-. The distribution of 
shots among the various program elements Is 
shown in Table 2,6. There Is a signif icant 
increase in the percentage for setting up an 
operation when compared to the previous years. 
This mostly reflects the d i f f i cu l ty of ascribing 
a particular shot to any one category but 
also indicates a significant change in the 
experiment, in tnst nvich more time was spent 
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Fig. 2.32, (a) Emission density at a 
single time point, reconstructed using data 
from two arrays, (b) Reconstruction from data 
averaged over a cycle of m * 1 MHD mode rota
tion, (c) Difference between (a) and (b). 
X and V are horizontal and vettical coordi
nates, respectively, in centimeters from 
nominal plasma center. 

in attempting to expand the operating envelope 
and in exploring the operating envelope than 
was spent in detailed documentation of dis
charges. The operating history Tor 1981 is 
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Fig. 2.33. Contour plot of emission density 
for the mode reconstruction of Fig. 2.32(c). 
Dashed contours represent negative values. 

shown in Fig. 2.34. Surprisingly, no downtime 
included an entire working week. 

Relatively few major problems were experi
enced during the year. A large amount of time 
was devoted to improving the reliability of 
the feedback system. An ongoing problem for 
most of the year was caused by the high 
voltages induced around the torus by a dis
ruption. The latcrt -ix was to install a 
spark gap across t.'e back bias windings, and 
this seems to have solved the problem. 

During the last three months of the year, 
the tokamak was shut down for the installation 
of (1) the new multipoint Thomson scattering 
system, (2) the bundle divertor, and (3) a 
reinforcement system for the TF coils. On 

Table 2,5. fSX-B operational days for 1981 
Projected days available (4 days/week) 202 
Days lost to scheduled shutdowns 

(October-December) 46 
Days available for operation 156 
Days of actual operation 1_56 

Net days lost o 
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Table 2.6. Distribution of tofcamafc shots by program objectives for J981 

Program Number of shots' Percent of total 
General plasm experiments (setup, 
baseline, and exploration) 

High beta program' 
Circular plasm. 
Noncircular plasma , 

ECK studies 
Ripple studies . 
Impurity transport (includes 
rotation experiment". 1 

Pellet injection 
Surface physics ~ 
Machine tests 

46/3 

2118 
979 
423 
814 

1351 
118 
343 
982 

40 

18 
8 
4 
7 

11 
1 
3 
8 
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Fig. 2.34. Operating history of ISX-B for 1981. 
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^ Beam line description. 

: completion of the modifications to the poloidal 
afield coil systefc, tne bundle divertor instal-
•oJstiCR K»S-halted, leaving the wry large 
" access port available fov other diagnostics. 

. -". Neutral hydrogen 
beamy provide the piasn* heating for tfcie beta 
S&idies JChat are being done cir ISX-B. Nearly 
3 Nil of power his been injected -rito the, -
plasma by two separate beam I-nes.operated" 
simultaneously. Injection of tive beams is 
tangential and slightly inside the plasma axis 
for maximum absorption. The 100-A, 30-cm-diam 
ion sources and associated beam line hardware 
were developed by the Plasma Technology 
Section at ORNL1*0 and have been slightly 
modified to meet tokaroak operating requirements, 
m e other major parts of the ISX-B bean, 
systems are a helium liquefaction and supply 
system and two 6-MW, pulsed, dc power supplies, 
described in previous annual reports.I'!"''5 

Beam line operation. Neutral beam injection 
experiments were performed thrjughcut the year 
until ISX-B was shut down- for modification in 
October. Failures inJcomponents of the 6-MW 
power supplies and the beam conditioning 
calorimeter mechanisms caused Hmtfcs on the 
available beam power, but only short shutdowns 
occurred. Minor manufacturing defects in the 
power supplies resulted in faults tnat w*re 
repaired as partof a continuing major in-house 
effort to improve the l^g-term performance of 
these supplies. Part of this work consists of 
maintaining switchgear that has now signifi
cantly exceeded its design lifetime. 

Neutral beam operation has reached the 
stage at which availability of the beams is 
not a factor in tokamak program planning. The 
beams are used on a routine basis at injected 
power levels up to 2 HW. Higher power operation 
of approximately 2.5 MW has been achieved with 
greater difficulty and less reliability; total 
power of up to almost 3 MW was achieved in 

isolated instances. This situation should 
improve further as the more slowly developing 
problems and minor deficiencies are corrected. 

Beam line computerization program, A wilti-
faceted beam line computerization effort con
tinued during the year."" This work includes 
data acquisition, analysis, and storage and 
equipment control. A microprocessor-controlled 
CAMAC system continued to monitor and display 
beam line calorimetric measurements. Experi
ments also demonstrated the feasibility of a 
CAHAC station floating at high voltage and 
communicating by fiber optic links. New 
equipment, including a PDP11/34. and additional 
CAHAC hardware, was acquired for further work. 

In June it was decided to ful.y automate 
conditioning and injection of the beams in 
order to minimize the need for beam line 
operating personnel. The system was installed 
while manual operation was in progress. The 
computer-operated controls were made to be 
parallel to the manual controls; each one 
could be selectively activated. Computer 
operation and individual control were phased 
in gradually as the programs and hardware 
proved workable. Operation was uninterrupted 
during this process. The POPll/34 provided 
control over standard CAHAC hardware and 
simple controls modification. By the October 
shutdown, the system1*51 •1,f; was performing 
conditioning a.td injection of both beam lines 
for total power levels up to 2 HW entirely 
automatically on a routine basis. 

Liquid helium system. The helium lique
faction system supplied all the needs of the 
beam lines throughout the operating year. 
Final correction of manufacturing defects, 
coupled with an improved vacuum system and a 
1000-liter liquid reserve dewar, allowed 
problems to be solved without affecting beam 
operation. Gas recovery had to be temporarily 
abandoned pendinq installation of new piping 
because of impurity fouling of the system. 
The system works satisfactorily but will be 
further improved. 
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work in progress. In response to plasm 

physics questions concerning the effects of 

beam-induced plasma rotation on confinement, 

work is in progress on a third bea* l i n e , 

equivalent to the existing beats lines but 

injecting in an opposite direction. The three 

bear. lines w i l l share the use of the present 

high voltage power supplies. The thiro bean 

l ine is expected to become available late in 

t i e summer of 1982. 

ISX-6 data system 

*. .-.. * - > ; 

Data system highlights from 1981 include 
the following: 
• installation of a new immediate display 

system in the control room, 

ccr.trol system for the ISX-8 neutral 
injectors, 

- operatior. of the 3-array x-ray detector 
systex and reconstruction of the first 
tomographic images cf the ISX-B plasma, 
implementation of a new extended ISX data 
access subroutine, XISX, which returns data 
in physics units or as analyzed results, 
and 

- completion of an internal analysis of the 
future needs and directions of the data 
system and a review by OOE of the conclu
sions of this analysis. 
The year was primarily one of evolutionary 

rather than revolutionary change; as implied 
by these highlights, there were developments 
in all areas of the data system. A few of the 
most interesting tre discussed in depth. 

One of the most visible changes in the data 
system during 1981 was the replacement of the 
P0P12 as an immediate display with a system 
based or. a dual processor (PDP11/34), a shared 
disk, and a stroke ver.tor, refreshed CRT 

I;CC-F*D Cympu'.er Sciences. 

display system. The ISX data system [and its 
predecessor, the Oak Ridge Tofcaaak (ORWU) 
data system] has always included an immediate 
(oscilloscope-like) display as a guide to 
operations. This display was formerly provided 
by a PDP12, using its built-in CRT. However, 
as the number of diagnostic data channels and 
the level of diagnostic sophistication grew, 
the capability of the P0P12 was outgrown. It 
was capable of recording, for display, 24 
channels of data on each shot and of storing 
the current and two preceding shots. It thus 
stored a total of 72 channels, of which any 
two could be displayed simultaneously. The 
display was fully interactive but could only 
provide numerical values as raw data, with no 
conversion to physics units. 

By contrast, the replacement system provides 
access to 160 channels on each shot. Twenty-
four channels can be displayed simultaneously 
and any two of these can be inspected at m g n 
(and variable, via a zoom capability) resolution. 
The 24 simultaneously displayed channels are 
divided into three groups. Any group can be 
associated with any of the five most recent 
shots or with one of two reference shots. A 
reference shot may be any shot available on 
the spooling disk, which typically means any 
of the last 600 to 1200 shots. Finally, the 
d'ea curve's readout is provided as converted 
physics units. 

Supporting this display requires most of 
the resources of a P0P11/34, which represents 
the second processor of the duel -processor, 
shared-disk system described in the 1980 
annual report. The first CPU serves purely as 
a data acquisition processor; it sets up and 
then reads transient reorders, receives data 
files from two front-end Tt>P8/e computers, 
creates spool files of all these data on an 
RP06 (200-megabyte) disk drive, and finally 
transmits all the data to the POP10. The 
second processor has read-only access to the 
shared disk. After each shot it waits for the 
new data files to be written on this disk; 
then it reads them and updates the display. 
The standard RSX-llM operating system does 
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not support such shared access, so a local 
Modification was oade to the disk driver 
software so that it no longer regarded a busy 
status as an error condition. 

ihe second major development of 1981 was 
the successful automation of the process of 
controlling the ISX-B neutral injectors. This 
task first required the provision of a computer 
interface to all the beam line diagnostic 
readouts and operator control inputs. Second, 
i t required unusually sympathetic cocpe-ation 
between the programmer in charge and the beam 
line operation crew. Finally, it required 
careft. thought and study on both sides to 
elucidate the thought processes uied by a beam 
operator to arrive at a fully conditioned, 
operating oeam ready for injection into the 
tokamafc. This program is st i l l undergoing 
development and improvement. However, even at 
its present st*ge of development it is capable 
o f initiating beaw line operation, conditioning 
a source and beam up to a l-HW power level, 
and providing two such beams to the tokamak 
without operator intervention. Ti.e program 
constantly monitors its own past behavior 
(averaging over the ten previous conditions) 
and attempts to improve the delivered beam 
power. 

The 1980 annual report described the use of 
vhe Perkin-Elmer 3-32 computer system to 
a quire data from MHD loop detectors surround-
in i the plasma. During the pa t̂ year this 
system has been expanded to a<.")uire data from 
thr e sets of collimated x-ray detectors (see 
Sect 2.1.6). These arrays have overlapping, 
fan-s laped detector lines that allow a parfal 
tomogi tphic reconstruction of the x-ra>/ 
emissiti from the plasma cross section. Since 
data f a •* each detector are sampled and 
recorded « time-series data (typically 8000 
samples a a KO-kHi rate), each samplino 
frame can ,ter,tially yield an x-ny image. 
The evolution cf these images will provide one 
of he few tools available for studying the 
internal behavior of the plasma as it -rproaches 
a disruption or is pushed toward higher beta. 
The system can acquire over 1.5 megabytes of 

data on each shot; this quantity doubles if a 
background shot is taken. Enough preprocessing 
is done between shots to determine whether the 
data a>~ acceptable and worth further study. 
If the answer is yes, a permanent data fi le is 
created that also stores all necessa-y cali
bration and configuration data. 

In the past, the files stored on the PDP10 
have always been simply files of raw data. 
Calibration constants have been-heeded to 
interpret these data, and the calibrations 
have been circulated to persons interested in 
interpreting the data. In 1981, the System 
was upgraded by including the necessary 
calibration coefficients with the data. Data 
are sti l l stored as raw integers, but now each 
channel has an associated descriptor that 
converts the data into physics units. To 
allow users to take advantage of this, en 
extended version of the ISX data acress 
subroutine was added to ISXLIB on the PDP10. 
This subroutine, called XISX, returns channels 
of data in the appropriately scaled physics 
units (e.g., ve'.ts, kiloamperes, or particles 
per cubic centimeter). In addition, it is 
aware of the existence of pstudo-channels 
(with negative channel numbers) that contain 
analyzed or reduced dat*. 

Oeye\op^nt^jr^e}ecj.rj.njc in^ri^nUtjw_ 
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During 1981, t!ie ISX electronics g oup 
entered into ar>-eements with the ORNL Instru
mentation and Controls (I4C) Division and the 
General Engineering sta ff of UCC-ND to allow 
personnel from these groups to work in the 
fusion Energy Division with Tokanak Experi
mental Lection (TES) personnel on instru
mentation problems. Under this arrangement, 
J. E. Phelps from IAC and .', A. Moore from 
General Engineering were added to our group. 
General Engineering also agreed to provide 
drafting and circuit layout support for TES, 
These arrangements are part of a continuing 
effort to use the technical expertise of the 
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entire Kuclear Division in solving fusion 
problems. 

Advances in switching transistor technology 
during tlie past year made it possible to 
design a switching power regulator that can 
replace the present transistor array in the 
ISX outer oower supply. The new regulator 
circuit is designed to operate at twice the 
terminal voltage of the present system and 
thus will allow better control of plasma 
position and current than is now possible. A 
small-scale prototype o. the proposed circuit 

// was built and tested during 1981, and potential 
i'•_.. difficulties with the full-scale system were 

...jj<<^'-~- identified and corrected. Work is underway 
/-' on the complete system. 

An optically isolated analog-signal link 
design was completed in collaboration with 
General Engineering personnel. This design 
can be built in versions with bandwidths to 
500 kHz and with either fiber optic coupling 
up to 5 z long or with an integrated circuit 
optical coupler for ground loop or low voltage 
isolation. Tne several versions available 
fill needs for shunt amplif:er/isolators, high 
voltage isolation of diagnostic signals from 
beam line electronics, and general ground loop 
isolation of diagnostic signals on the present 
ISX machine. In addition, the conceot is 
ready for implementation on future fusion 
experiments, where essentially all signals 
frv. t*e machine enclosure must be isolated 
fror. the exper in«enr.al area. A paper covering 
pcirt of tnx: work was prf-sented at the Ninth 
Symposium on Engineering Problems of Fusion 
Research. •'•' 

Several new instruments were designed for 
the ISX operating system during 1981. A group 
of analog modules, including a triggered ramp 
generator, an analog signal gating modile with 
both logic an«i amplitude threshold control 
Circuits, swifting amplifiers, and signal 
conditioning (filtering, polarity control, and 
gair. adjustment) nodule;, was completed for the 
plasma positioning control system. A digitally 
delayed pulse generator with CAMAC-readable 
delay settings was designed; plans are to use 
tnis instrument as a1 replacement for the 
present experiment rbritrol timer, as well as 

for general experimental and diagnost-c 
applications. A high frequency filwsent 
supply was aided to the fast ionization gage 
to allow its use in high ambient magnetic 
'ields. Design work on a digitally loaded, 
CAHAC-controlled analog function generator was 
completed this past year, and a prototype is 
being tested. This module will be used in the 
gas puff and plasma position control systems. 

In the area of general diagnostic instru
mentation, development included improvements 
on the calorimeter for the Thomson scattering 
laser and a light pulse generator for cali
bration of the pnotomultiplier array in the 
new Thomson scattering diagnostic. A new high 
voltage (il50-V output) opeiational amplifier 
was designed for a scanning ion microscope 
used in surface physics studies. An analog 
function generator was added to the collection 
of qeneral-puroose instrumentation available 
to the experimental staff. 

In addition to developing new designs, the 
electronics staff provided the usual consultation 
and specialized diagnostics and repair services 
necessary for the continuation of the experi
mental program in the tokamak group. A union 
strike during the sunnier made it necessary for 
the professional staff to provide maintenance 
service' essential for operation of ISX. In 
spite of several electrical and electronic 
problems, the staff was able to keep the 
machine operational for the djration of the 
strike. 

2.2 THE ATF-1 PROGRAM 
7. ". v'jrr.ijsr., J. .-. t,jon, B. A. Correrac, 
.':. ':':. Harris t b. '.. Viels.or., -J, A. Rms., 

:•'.. ;';. U^-cf, /?. A. bcr\i, P.. ii. router, 

I.. rric".:.a* 3. I: Johison, V. E. UjKa'r,, 
r. .-. :'J2?A.-,K, • ' . ."':.;f!'-'..j 1,11 T. C. Tucker 

The ATF-1 device is expected to further the 
toroidal confinement concept by testing beta 
l imits and collisionless transport in a 

• 
University of Madrid, Spain. 
UCC-HO Computer Sciences. 
Associate Division Direrto. -, fusion Energy 
Division. 
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current-free stellar, tor configuration, with 
_- possible later extension to a tokamafc/stellarator 

hybrid. The general device parameters under 
consideration are major radius R -- 1-75-2 m, 

,:_..{> coil radius i 0.5 m, and Magnetic field 
- • J. B < 2 T. The Moderate aspect ratio (A = R/a = 

T 0=6-12) is intermediate betueen that of con-
~'r >.»eRtional tokamafcs (A = 3-4) and that of 
; ; ^ : stellarator-torsatron configurations (A = 10-20) 

•_~-~-}_'"-to complement the existing toroidal confine-
-\;.;fKnt program, to provide adequate well depth 

; and shear, and to provide relevance for 
, -?;V"J taokamak/stellarator hybridization. I t is 
' ? # > expected that high power auxiliary heating 

•~: .[neutral beams and perhaps ion cyclotron 
'.';rl-i-'"iresonant heating (ICRH)] will provide high 
' ^ v beta capability and that low collisionality 

V.. (v* * 1-0.1) will test plateau and ripple 
- transport in an ISX-B-scale device. ATF-1 

will be capable of steady-state operation and 
could therefore test steady-state technology, 

' including particle and impurity control 
' systems, heating systems, and fueling systems.... 

Superconducting coils are being evaluated for 
ATF-1. 

2.2.1 ATF-1 Design Approach 

The ATF-1 studies are in the final stage of 
feasibility studies; selection of the coil ^ 
configuration parameters is expected to take 
place in the summer of 1982. To select the 
best configuration, a wide range of stellarator-
torsatron configurations is being evaluated 
and compared using several physics and engineer
ing criteria. These criteria include (1) vacuum 
field flux surface topology and rotational 
transform (< * 1/q) profiles, (2) guiding 
center orbit containment, (3) existence of 
stable, 3-D, finite beta HHD equilibria, 
(4) stability to ideal and resistive HHD 
interchange and ballooning modes, and (S) results 
from engineering studies assessing forces, 
cooling, ino access for proposed configurations. 

These criteria are applied in an iterative 
and interactive manner to optimize each 
configuration. The optimization procedure is 
as follows. 

0) 
(2) 

(3) 

(4) 

(5) 

(6) 

in 

(3) 

(9) 

Select configuration parameters. 
Calculate vacuum magnetic surfaces, the 
radius a of the last closed surface, 
t(r), / dl/B variation on each surface, 
etc. 
Iterate on configuration parameters 
until a desired vacuum configuration is 
obtained. 
Calculate guiding center orbits or this 
configuration and evaluate fast on con
finement for neutral beam heating 
efficiency and thermal ion step sizes in 
V (flux) for transport estimates. 
Revise configuration parameters for 
better orbit confinement and return to 
step 2. 
Calculate 3-D MND equilibrium/stability 
properties for maximum attainable <a>. 
Revise configuration parameters for 
better hiijh <8> behavior and return to 
step 2. 
Perform an engineering study of mechanical 
configuration and calculate forces (on 
support structure), access (for diagnostics 
and heating), and coil size (to determine 
minimum ..end radii, cooling, and choice 
of material). 
Revise configuration parameters for 
better engineering properties and return 
to step 2. 

The development of some of the tools used in 
this optimization procedure is described in 
Sect. 4.3 of this report. Their application 
to the ATF-1 design study is discussed below. 

2.2.2 Kagnetic Configuration Studies 

The configurations studied for ATF-1 have 
magnetic surfaces with moderate aspect ratios 
(R/a" - 6-12), large mean radii (a * 25-30 cm) 
of the last closed flux surface, substantial 
rotational transform (< > 0.5), and magnetic 
shear and/or well. Some configurations also 
feature small variations of / dl/B on flux 
surfaces and a helical magnetic axis. All 
coil systems have outward radial forces and 
good access for diagnostics end quasi-tangential 
neutral beam injection. 

I 
I'SH 

•4 
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The types of conf atians studied include 
* (1) a = 2 continuous i-satrons with Modulated 
''winding laws, (2) nodular stellarators with 

.identical, rotated, toroidal ly deformed coils, 
_{3) modular torsatrons with identical, non-

, .rotated, helically deformed coils of the type 
.shown in Fig. 2.35, both with and without a 
;/helical axis, (4) the "snake" geometry,48 and 
r. ;-{5) the existing Heliotron-E and Wendelstein 
- VII-A configurations. The constraints on 
;-: .'forces and access precluded consideration of a 
; classical stellarator. The Heliotron-E and 
-wendelstein VII-A studies are used to compare,. 
"Sour calculations on these configurations with 
•:-";those of other groups. 

Although filamentary coils are used to 
studv these configurations and their variants, 
all systems have coil separations and bend 

~~ .radii that are practical from an engineering 
.viewpoint. The continuous-coil torsatron 

configurations under study arc cnaracier-^ea 
by a helical coil winding law of the form 
9 = (i/n)(e - a sin 6), where * is the toroidal 
angle, 6 is the poloidal angle, i is the 
number of windings, m is the number of toroidal 
periods, and a is the poloidal modulation of 
the helical winding. The initial reference 
configuration for this type, with i - 2, 
m » 10, a = 0.2, and coil aspect ratio A = 3.5, 
had ^(0) - 0.1, <(a) - 0.6, a w a n radius 
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a~ - 0.32 m, and a 3.5X magnetic well. An 
improved (higher <E> limit) continuous-coil 
torsatron configuration, with £ = 2, • = 10, 
a = 0, and A = 4.5, has s(0) = 0.3, *(a) = 0.9, 
a = 0.26 •, and a IS magnetic well. These two 
configurations are compared in Fig. 2.36. The 
addition of an external toroidal field, an 
imbalance of the two helical winding currents, 
or a variation of the vertical field permits 
variations of a~ and «(r). 

The modular stellarator configurations 
under study have N identical, rotated TF 
coils, where the jth coil is deformed toroidally 
by1*9 M e ) = d sin[si(er- e.)J. where 6. = 

J J W7 

(2n/i){m/H)j and the harmonic enhancement 
factor s > 1 in the region near the coil 
deflection nodal points in order to increase, 
the rotational transform. The reference 
configuration, with m = 4, H = 24, A = 4.5, 
s = 2 at the positive node, and s = 1 at the 
negative node, nas <IG) - O.S, <(a") - 0.2, 
a~ = 0.30 m, and a IX magnetic well. With a 
weak (122) antiparallel toroida'. field added, 
the rotational transform increases to r(0) = 
0.7 and *(a) = 0.5, while F decreases. 

Modularization of the torsatron configuration 
presents a problem, because there is a net 
toroidally directed current in the helical 
windings of a torsatron that does not occur in 
the stellarator. He have developed a new 
configuration, the symmotron (for symmetric 
modular torsatron), which uses identical, 
nonrotated modular coils, one per field period. 
Figure 2.35 shows an m • 10 symnotron with 
circular coils on the top and bottom of the 
torus interior to cancel the toroldally 
directed winribacks of the modular coils. A 
variety of magnetic surface configurations can 
be produced by modulating the helical winding 
pitch (as in the continuous-coil torsatron), 
by winding the helix on a noncircular cross 
section, and by varying the radial locaMon of 
the compensating circular windings. 

s 
% 

fig. 2.35. Reference modular torJatron 
configuration with i. « 2, m « 10, R n » 1.75 m. and B, 2 T. 

2.2.3 Guiding Center Orbit Studies 

Each configuration is analyzed for fast Ion 
confinement (heating) and thermal ion step 
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Fig. 2.36. Magnetic surfaces at ; = 0 (left) and ; = =/m (right) for continuous torsatrons with m = 10, »{0) = 0.1, and <?,- * V. (top) and with m = 12, *'S>i = 0.3, and <s> * 4S (bottom). 

size tit (transport). Up to 1000 monoenergetic 
ions randomly distributed \u v./v and space, 
which fall within the last closed 3-D flux 
surface, are followed for ̂ 20 toroidal transits, 
using vacuum fields generated from a large 
number of linear current filaments that 
approximate the coil configuration. Calcu
lations are made both in spatial coordinates 
and in field line coordinates * (flux), 
x (- / B dl), and a field line label e 0- A 
Fourier transform representation of the 
magnetic field 5 0 in e 0 is used for following 
both monoenergetic orbits and Monte Carlo 
calculations (which include electric fields, 
slowing down, and pitch angle scattering) and 
for analysis of the harmonic content of the 
magnetic field configuration. 

The orbit studies indicate that direct 
losses of 30-keV H* in 2-T fields are *-202 

for (Vjj/wj < 0.5 but are only -vl-4% for 
{Vg/vl > 0.5, as would occur with quasi-
tangential neutral beam injection. Three-
dimensional Monte Carlo calculations of the 
birth distribution of injected fast particles 
have also been made to obtain better loss 
estimates. For particles below 5 keV, a 1-kV 
potential generally has wore effect on losses 
than do the configuration parameters. In 
these cases, vlx of all 1-keV protons i r e 
lost, and the average step size 4* is 
•^/15(<f-w9lj - * ) , In all cases, helically 
trapped particles make up the major loss 
population. The harmonic spectrum of modular 
systems is much fuller than that of continuous* 
coil torsatrons, which may enhance helical 
trapping and thus account for the generally 
poorer orbit confinement in these systems. 
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2.2.4 Equilibrium and Stability Studies 

Since <e> Units are More sensitive to 
configuration parameters than is particle 
^confinement, equilibrium and stability assess
ment is emphasized in the configuration 
optimization studies. TMO parallel approaches 
are followed: (1) averaged W O equations 
base*' on the stellarator expansion and C2)T-the . 
full 3-0 calculations. In the first apcroach, 
equilibria are obta ned.by solving a two-
dimensional. (2-D) Grad-Shafranov equation, 
which results, fro* spatial averaging over a 

~ helical field period. 5 1 A reduced set of HHD 
equations is used for the stability studies 
.for low n nodes. In the averaged reduced 
equations, the nagnetic field contains the 
contributions from both the external helical 
current and the plassa current. In addition, 
the curvature term is also modified by the 
c.erdycvj Ci,iv.jt;.:c of tne externa! ^Siicol 
field. For intermediate mode numbers (1 <•< 
n •-.- m ) , a ballooning node equation along the 
effective averaged magnetic field is obtained 
that takes into account the averaged helical 
curvature term arising from the external 
windings. 

For the full 3-D calculations, a awdified 
version of the Chodura-Scbliiter code 5 2 has 
been used. Starting with the vacuum magnetic 
field and a specified plasma pressure profile 
as initial conditions, the code minimizes the 
plasma potential energy U * /[E'72 + ?/{v - DjdV, 
subject to the constraints of div B ! D , mass 
conservation, and magnetic flux conservation. 
Particular featfes of the Chodura-Schliiter 
code are Cartesian coordinates, Eilerian 
formulation, and boundary conditions specified 
on a square box (now generalized to exclude 
conductors and more closely follow the plasma " 
boundary). Depending on <{,) and the pressure 
profile, -•<•' limits arise from equilibrium 
failure or large-scale instabilities. The 
equilibrium limitations are due to a large 
shift of the magnetic axis, which can cause an 
internal separatrix, or to magnetic island 
formation, which can lead to destruction of 

nagnetic surfaces, or both. For cuainuous-
coil torsatrons, bifurcation of the magnetic 
axis occurs for low <(0) even for <S> < IS, as 
shown in Fig. 2.36 (top). For *{<>) > 0.3, 
bifurcation does not occur, and equilibria 
with good Magnetic surfaces are found with 
<£> values above 4". An example, with <(0) = 
0.3, <(¥) = 0.9, and m - 12, is shown in 
Fig. 2.36 (bottom). If <(0) > 0.5, a £> 
limit below 4* results, caused by instabilities 
rather than equilibriun limitations. 

Simple 1 = 2 nodular stellarators with a -
moderate number of TF coils (N -- .15-30, with .; 
A =3-4.5 3-6 periods) have a relatively 
high rotational transform per period {r/m * O i l ) . 
Equilibria with good nagnetic surfaces are not. 
found for <£> > IS unless */n is reduced, and 
then these equilibria are unstable due to the 
low shear of these configurations. For snake 
configurations, equilibria with (K/a = - are 
found for all <£> values considered (1-51). 
However, for RcS" = 6, equilibria are not found 
even at low <s> values unless a fixed conducting 
boundary is assumed near the plasma edge. 

2.2.5 Engineering Design Studies 

Engineering design studies are in progress 
to develop design concepts .for the ATF-1 
device. Areas being explored in detail 
include (1) magnetic fields and forces with 
finite cross-section coils and (2) conductor 
designs; cooling, winding, and structural 
concepts; and stress levels. The engineering 
studies have identified a number of critical 
areas that may have a significant impact on 
ATF-1 considerations, including (1) minimum 
bend radius for the coils, (2) maximum force 
levels, (3) coil winding complexity, (4) cooling 
requirements for water-cooled coils, and 
(5) water-cooled versus superconducting coils. 
Of these, the minimum bend radius, which 
requires a small conductor cross section, and 
the requirement for continuous cooling, which 
favors lar^e cooling passages and short 
lengths for increared flow, are the require
ments most in conflict. In addition, the 
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iS : . -? f ^ e c t s o f ragnetic field errors and required 
iM*"^°)eratice& during construction will be exaoined 
: :?."?v\* these studies. 
f-4?~M,&'* T^ basic design assumptions are that the 

"oils can be operated in a steady state at-2-T 
H a t access will be designed to accomodate 

ntul neutral beta heating and to allow 
* » W e iiagnostic anrange»ents. Initial 
eration will be pulsed, using existing power, 
plies; neutral beat, systems, and cooling 
ere at (Mil Upgrades of these syitonsi '• 
.eventually allow steady-rstate operation. : 
-Twith f ^ t | « e 9 » » ^ ^ » ^ € i n i ^ * ' ? X l i ; ' 

iiiWtreV.if shows -the design developed joVv 

V**&&*£1*r «ii,^caserare i r - . 2, ;*r=3j£,' 
__ ^ " ^ i . V - Q i . S ^'anTey* 2 T.:E*± -*' "" 

^ s p o f l has 16 turns, dissipates 23 Mf, and . .. 
'^requires 160 liter/s of cooling water. The 

;r~self-aagnetic forces of helical coils are 
primarily taken by the stainless steel coil 
cases with additional periodic support rings. 

Self-centering forces of the TF coils are -
taken by a bucking cylinder. Forces between * 
the TF coils and the helical coils are taken 
by the vacuo* vessel. A reference design for . _;^r-;is^„ 
a Modular torsatron {shown in FigV 2.35) i s '-t^jfyjh-M 
being developed. _ -The- parameters fW"thTfs?ease^--^t-iife^^ 

considered for this case Becaus^o*3frT sfc»7f*££OT«<35ai 
bends i^q^iredlin ^e~ cnilsl 

A^jEefnmeJdesigv for a nodular coif 

<^*«B'*jiter;. In this design the vacua ._ P"- ''- Sj^Y-
vessel and four of the coils fom V removable 
•pc ile. Forces- are again primarily taken'in 
the coil cases. However, in this design the 
vacuua vessel takes both the overturning 
forces and the centering forces. 

- ^ : 
•„ - - ' • * -•*» 

».-r* -»-». .- -> . • : 5 s * 
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SIDE PORT HO) 
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'-TF COIL (10) 

w , , ! 9 ' ? ; 3 7 ' T h e A T F " ' '*'« r«"« torsatron. Shown am the two 
helical coils inside the vacuum vessel. A set of TF coils for con
figuration modification is also shown, together with a possible 
neutral beam Injection path. Not shown are the vertical field colls 
and the ohmlc heating system. The system parameters are ». * 2. 
m • 10, Rfl « 1,75 m, and BT « 2 T. 
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Fig. 2.38. A modulator stellarator system for ATF-l, showing 
the modular stellarator coils, the TF coils, and the vertical field 
coils. The ohmic heating system is not shown. The parameters for 
this design are s. = 2, m•* 6, R„ * 2.25 a, U « 24 coils, and ft. = 
2 T. ° ' 
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3. ATOMIC PHYSICS AND PLASMA DIAGNOSTIC DEVELOPMENT 

ABSTRACT. The atoaic physics and plasma diagnostic developnent activities are pursued within the 
Physics Division in support of the ORNL Fusion Program. 

The diagnostic developnent work-is closely associated with the Impurity-Study Experiment (ISX-B) 
and with the ELMO Bumpy Torus-Scale (EBT-S). The atonic physics activities are pursued independently , 

- of fusion plasna devices but rely on low energy beans of ions, atoms, and electrons, as well as on 
significant computing facilities. 

Current diagnostic developnent activities have concentrated on Measuring the Faraday rotation of 
the polarization of far-infrared (FIR) laser radiation by plasaa Magnetic fields (and thus by plasna 

-" current*. It is essential to Measure the electron density along the sane plasna chords simultaneously 
with •'•» Faraday rotation observations. A 5-chaunel density ihterferoneter/Faraday rotation diagnostic -
is being inplenented on ISX-B, based on lasers, 1 W i t transport, and light detection devices developed^ •*-

- •' ii within this activity. 
.'I-,?-;''•* Other oiagnostic activities include developnent of FIR lasers that can study-electron density ..--'.. 
; ^fluctuations at low frequencies in EBT-S and ISX-B. Also, the activity ..has had a longassociation -with- ''/.'• 
V - neutral particle analyzers. A recently constructed analyzer has been used to study the low energy 

(50- to 500-eV) K» flux to ISX-B walls -with and without neutral beans. 
The experinental atonic physics activity relies on.beans of multicharged ions (imparities); of H°, 

H , and K ; and of electrons that are enployed in crossed-beam configurations and in beans passing 
through gas targets (including themal H° ovens). Recent electron-ion beam experinents have demon
strated that ionization of inpurity ions can be dominated by excitation-autoionization, which is not 
included in standard models of ionization. For example, measurements show that for Ti + the ionization 
cross section (and rate) is increased 10-fold by inner-shell excitation-autoionization near the ioniza
tion threshold. The theoretical studies within this activity are developing numerical, quantum calcula-

• tions that predict these effects and can be employed to generate the large nuober of cross sections 
needed for ionization balance considerations in high temperature plasmas. 

Another area of significant progress within the atomic physics activity is the study of collisional 
electron transfer from H° to impurity ions. Current experinents employing a laser-based ion source 
have extended measurements for C**1 and 0*** (q * 3-6) colliding with H° down to energies below 100 eV/amu 
and have found that the low energy cross sections do not follow any simple scaling rules. Again, the 
theoretical activity is developing numerical, quantum calculations that can predict most cf the 
observed results. The experimental and theoretical results for carbon and oxygen ions are being 
employed within the Fusion Energy Division for modeling ion distribution and radiation in the plasma 
scrapeoff region where the low energy electron transfer has a dramatic influence. 

The Controlled Fusion Atomic Data Center collects and recommends atomic data for fusion 
applications .The center publishes a bimonthly newsletter, maintains and publishes an extensive, 
categorized bibliography of atomic collisions, and produces tables of recommended atomic collision' 
cross sections. A current compilation on electron impact excitation of iron ions recommends cross 
sections for about 1000 ind vidual transitions that are Important in plasma modeling and diagnostic 
observations. The recommended cross sections are selected from detailed quantum calculations, which are 
believed to be significantly more reliable than the Gaunt factor fomi\» predictions generally used in 
plasma studies. --
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3.1 EXPERIMENTAL ATOMIC PHYSICS 

3.1.1 Electron-Ion Collisions 
D. C. jfe^or'j, D. ~. CrarJall, 3. .4. Fhzxeuf, 

C. CiaKsros, G. H. Di&r., a. A. Falk, D. S. Selia 

Significant new results have been obtained 
at ORNL for both electron iispact excitation anJ 
electron impact ionization cross sections 
during this report period through the collabora
t ive efforts of ORNL and the Joint Institute 
for Laboratory Astrophysics (JILA), Boulder, 
Colorado. 

The cross section for emission of 186-nm 
{3p ->• 3s) radiation from Al z after electron 
l-npact has been measu.-ed from threshold to 
400 eV. These measurements include direct 
excitation of the 3p level and cascade from 
nigher levels. In Fig. 3.1 the measured 
emission cross sections are compared with 

>8 
CR1U.-OWG 8J-?5>» ftO 

A ! * 2 I 3 . l » e — ft'*2(«r) * J 

(86-nm 
SAOiATlON-

z 
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fO 2 0 SO 100 200 5 0 0 tCOO 
EXEC.-ON E N E R G Y (eVI 

Fig. 3 . 1 . Electron impact excitation of 
AI producing 3p-3s radiation at 1S6 nm. Data 
ooints are present experimental measurements 
with 1 standard deviation of relative uncer
tainty. Solid curve is distorted-wave theory 
by Mann1 *r!th cascade population of 3p level 
included. 

distorted-wave calculations by Kann,1 which add 
direct and cascade excitations of the 3p level . 
The overall agreement between theory and 
experiment is quite good tot is highly encour
aging for application of this theory. The 
experimental data suggest an unresolved (*E * • 
2 eV experimental) resonance structure near 
10-14 eV, which is not predicted by the theory 
in this case but has been predicted for the 
isoelectronic Hg case in coupled state theory. 2 

Experiments o~e oijot . s at JILA for the Hg 
case specifically to investigate the predicted 
resonances. 

Measured cross section? for electron impact 
ionization have beer, obtained for eight d i f 
ferent ions of +3 i n i t i a l charge. The a l k a l i 
l ike ions Ti , Zr , Kf , and Ta " a l l nave 
ionization cross sections that are dominated 
(roughly by a factor of 10) by excitation of 
autoionizing leve ls . 3 This indirect ionization 
process is not included in oost models of 
ionization but obviously cannot be neglected. 
Tne Ir ' case •> discussed in Sect. 3.2.1 and 
is typi al of these metallic ions. 

The cross sections for ionization of the 
rare gas ions Ne J , Ar + , Kr ', and Xe J were 
also measured. These cases a l l have .*s 2np 3 

outer electrons and were not expected to 
exhibit dominant indirect ionization effects 
such as excitation-antoionization. Indeed, for 
Ne ' the Lotz formula f i t s the experimental 
data very we l l , but for Xe* 3 i t Is in error by 
ever a factor of i (Ref. 4) - presumably due to 
indirect ionization processes, figure 3.2 
shows the measured cross section for Kr and 
compares the Lotr formula for this case. Near 
threshold t ie indirect processes contribute 
substantially beyond the direct ionization, 
while at higher energies Lotz overestimates the 
cross section ( in spite of the fact that only 
one-half of the Lotz contribution by the 3 d 1 0 

electrons is included). Table 3.1 gives the 
ionization rates obtained from the experiments 
and from the Lotz formula for various Maxwelliin 
temperatures. 
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Fig. 3.2. Electron impact ionization of 
Kr 3 . Data points are present experimental 
Measurements with 1-standard-deviation relative 
error birs (total absolute uncertainty is 
roughly ±8S). Dashed curve is Lotz formula 
with 4p34s2 and 3d 1 0 subsbell contributions 
added, but with only one-half of the d-shell 
contribution included. 

Table 3.1. Kr ionization rates 

Temperature 
Rate (ca 3/s) 

W (eV) 
Experimental 

data 
Lotz 

formula 
0.1 x 10* 8.6 0.03 x 10"9 0.03 x 10"9 

0.2 >. 10* 17.2 1.61 x 10"9 0.74 x 10"9 

0.4 x 10* 34.5 6.85 x 10"9 4.23 x 10"9 

0.6 x 106 51.7 10.88 x 10"9 7.88 x 10"9 

1.0 x 10* 86.2 15.40 x 10"9 13.42 x 10' 9 

2.0 x 106 172 18.89 x 10"9 20.41 x 10"9 

4.0 x 106 345 19.09 x 10"9 24.78 x 10"9 

6.0 x 106 517 18.64 x 10"9 25.87 x 10' 9 

i . : x ?o 7 862 17.40 x 10"5 25.92 x 10' 9 

2.0 y 107 1723 15.40 x 10*9 24.28 x 10"9 

4.0 x 107 3447 13.30 x 10"s 21.51 x tO' 9 

These measurements were performed to test 
the feasibility of optical study in the vacuum 
ultraviolet (VUV) region of electronic transi
tions in typical multicharged ions produced by 
the ORNL-PIG ion source and, at the same time, 
to check predictions made by existing theoretical 
calculations5 of the (C + He) quasi-molecular 
system. The apparatus used in this experiment 
included an f/A.5 HcPherson 234 VUV monochromator 
together with an EKR 5416 ptotomultlpl ier to 
select and detect photons of the desired wave
length. The relative cross section for emission 
from the C (?p)zP product ion, shown in 
Fig. 3.3, was found to have approximately the 
same energy dependence as the total electron 
transfer cross section, roughly doubling in 
magnitude over the measured interval as the 
energy increases. At 64 keV/amu the relative 
emission cross s ction was investigated for H 2 

and X-> targets as well as helium. Emission 
from t.ie 2P states was found to increase by 
factors of v4 and ̂ 6 when the C "" collision 
partner was changed from He to H 2 and Xe, 
respectively, while the measured total electron 
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3.1.2 Capture to Excited States 
F. y. Mayer, P. H. Griffin 

We have measured the relative cross section 
for light emission at 1548 t 8 A from the 
unresolved (2p) 2 P I / j i 3/ 2 states of the C+" Ion 
formed during electron capture collisions of 
t"' with helium 1n the energy range 24-80 keV/amu. 

Fig. 3.3. The relative croti section for 
light emission from C*3 (2p)2P populated by 
electron transfer from He target atoms to C*1* 
projectiles as a function of projectile 
energy. Shown also for comparison 1s the 
relative emission crn«s section for the 
direct excitation reaction C*3 + He •* 
C + 5(2p) J>. 
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capture cros:. sections increased by factors of 
%5 and "-8. The higher earission cross sections 
obtained for H\ and Xe targets permitted a 

' higher resolution study in which the C ' 
(2o) : P ; ; - - / 2 doublet could be oartially 

C resolved. For both H2 and Xe targets i t was 
found that the 5P;-/; and 2P;^2 states were 
populated roughly in the ratio of their sta
tistical weights. 

Preliarinary calibration of the VUV spectrom
eter by normalization tgjjreviously Measured 

.absolute cross sections for photon emission at 
1075, 1100, 1216. 1493, and 1743 A indicates 

IKAAX., in the measured energy range, the total 
^ electnn capture cross section is-dominated by 
-capture to the C*3(2p) state, c<jnfin»ing 

" " ... ' f 
; couple. : ate theoretical calculations for 
XX * tic. A aore definitive calibration in 
. the wavelength range 1100-1800 A, using the 

Lyman bands of H:, excited by Arl resonance 
lioht at 1066 A, is currently under way. 

3.1.3 Low Energy Electron Capture 
P. .4. PhzKeuf, I. Ai-jcvez 

Unlike the.situation at higher collision 
energies, electron capture cross sections for 
highly stripped ions colliding with hydrogen 
atoms at energies below a few kilo electron 
volts per atomic mass unit neither scale 
simply with ionic charge nor exhibit uniform 
velocity dependences/ Ouring such collisions, 
the electrons in the system have sufficient 
time to adjust to the slow'y varying inter
atomic f ield, and a quasi-molecul-v .heoretical 
description of the collision becomes necessary. 
In order to evaluate developing theoretical 
methods, experimental data are needed on 
simple, few-electron systems involving highly 
charged ions. 

The ORNL pulsed laser ion source w& tiroe-
of- f i ight collision apparatus*7 have been 
used to measure total cross sections for 
electron capture for 0*^ * H and O*** + H, 
collisions (q » 3-6) at energies ranging from 
42 to 726 eV/amu. The ions were prcducei 
by bombarding a ThO; target in vacuum with 

intense pulses of CO- laser radiation. Ions 
of selected energy and charge were directed 
through a calibrated atomic or nolecular 
hydrogen gas target. 

Figure 3.4 compares the present r^»^«-e-
•ents with other data£ and with Ueory-> I & for 
0* 5 + H and O*5 + H collisions. Tbi cross sec
tions are of comparable Magnitude and are inde
pendent of velocity in the range 300 eV/aau < 
E < 5000 eV/asif. At decreasing energy, however, 
the 0* 'cross section rises .abruptly, while 
the 0** cross section decreases s i d y . The 
theoretical curves are consistent with the 
qualitative behavior of the cross sections but 
do not agree in quantitative detail. 

Sinilar Measurements are planned for 
Fe*1 + K and Fe*1 + H2 collisions. Also 
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Fig. 3.4. Total electron capture cross 
sections for 0* + H (solid points and solid 
curve) and 0* 6 + H (open points and dashed 
curve). Circles are present data using laser 
source, and squares and triangles art published 
and unpublished data of Crendall, Phap.«uf, and 
Meyer8 using the ORNl-PIG ion source. Soli'I 
curve is calculation of Shipsey, Browne, and 
Olson,9 and dashed curve is preliminary 
calculation of Bottcher and Hell. 1 0 Error 
flags on data represent reproducibility at 
1 standard deviation and art indicative of 
relative uncertainty. Total systematic uncer
tainties at good confidence level are estimated 
to be t22%. 
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currently under development i s an ion7atom 
•erged-beams experiment, which will f ac i l i 
tate a onre precise study of such electron 
capture coll ision processes down to energies 
as low as 1 eV/anu. At these energies, 
orbiting of the reactants i s predicted theo
retical »y in some systems 1 0 end can result 
in extremely large electron capture cross 
sections. 

3.2 ATOKIC THEORY FOR FUSION 

The atomic theory act iv i ty i s directed at 
providing cross sections for coll isions- ; , 
involving impurity-ions with electrons and 

• hydrogen- atoms at co l l i s ion velocit ies typical 
of fusion pVsma systems. Current emphasis i s " 
•m identifying the most reliable theoretical 
techniques thai can s t i l l be reasonaoly applied 
t o calculate the many results needed in plasma 
modeling and di:jnost - interpretation. 
Electron impact excitation^, and particularly 
excitetion-autoion-'zatior., has been studied 
during this report period, wit'i a number of 
test calculations being compare 1 with experi
ment. Electron transfer (change exchange) 
between(C and 0 ions and He has also been 
studied with emphasis on energies below 
1 keV/amu, characteristic of the plasma scrape-
off region where thermal ions nf light impuri
t i es and atomic hydrogen may coexist. 

3.2.1 Electron Impact Excitation and 
Ionization of Ions 

C. Bctto'ner, D. C. G- if fin, U. S. Pindzala 

Innet-shell excitation followed by aoto-
_^ionization has been established as an important 

mechanism influencing total ionization (see 
Refs, 3 , 11, and 12 and citations therein). 
Experiments, which have been sparse for direct 
excitation, can study excitation via the 
excitation-autoionlzation process. We are 
developing theoretical approaches for quanta 1 
calculations of the relevant excitation cross 
sections to provide improved Ionization cross 
sections (and rates) and to test excitation 

35 - 4 0 
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Fig. 3.5. Electron impact ionization of 
Zr*3 near threshold. Dashed curve is lotz 
prediction of direct ionization; solid curve 
includes indirect ionization via excitation-
autoionization predicted by distorted-wave 
thecry divided bjr 2.5; dot-dashed curve i s the 
solid curve convoluted with 2-eV energy spread, 
typical of the experimental results; sol*d 
points are experimental measurements (see 
Sect. 3 .1 .1) . 

theory against experimental measurements. He 
have been studying transitions of the form 
np'nrf™ • noSd** 1 , which are typically strong 
dipole allowed transitions with &n * 0 but 
nevertheless often occur at energies just 
above the ionization threshold. Figure 3.5 
shows theoretical and experimental ionization 
coss sections near threshold for Zr ,*i The 
results are nearly 20 times the u.ual Lotz 
prediction at 42 eV due to the exc i td ion 
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cootriuU-ion from 4pe4d -<- 4ps4d2 transitions. 
The theoretical excitation predictions te>ve 
been divided by 2.5 to noraalize to the exper
imental results. Thus, white the agreement in 
shape of the cross section and energy positions 
of excitation confibutions is excellent, the 
Magnitude of the predictions is not satis
factory. A distorted-wave treatment employing 

-dipole-only transition terns and without 
inclusion of excnange was used for these 
theoretical results-(also for l i * " and Hf , 
with similar comparison *o experiment). 

O&tfL-fMG 8t-f3«iS 

..«£'>?£>'-Inclusion of exchange, unitarization, and 
. - ^-tzegzit'-.nondipote terns will decrease the excitation 
.;. SljjieBS&e^.cross sections (as i t did for sodiumlike ; 

V'-'Z^&M^'''**!*1'1) b u t 9"** te tested for'these cases ' 
— j " - - represents a significant increase in the 

and. 

complexity of the calculations 
A further example from the present studies 

illustrates subtle atonic physics effects that" 
can arise through mechanisms such.as excitation* 
autoionization (see Fig. 3.6). For Fe the 
ground configuration is 3p"3dI* with a number of 
fine-structure, metastable levels of the sane 
configuration within a few electron volts of 
the lowest 5D level. If. the internal tempera
ture of the F» ions is sufficiently low 
(obout 0.1 e») only the grouno state will be 
populated, but for higher internal temperatures 
a number of the metastable levels of the ground 
3p63d!' configuration are also populated. Of 
the 2U levels of 3ps3d5 that can be accessed 
by in = 0, p ~ d excitation transitions, only 
22 levels have enough energy to autoionizt anrf 
none of these has strong transitions coupling 
i t to the (lowest) ground state. However, i f 
the metastable levels of ground configuration 
are populated, then strong transitions to some 
of the 22 levels of 3p53ds ?re possible. 
Figure 3.6 shows the predicted ionization 
cross section within the dipole-only, distorted' 
wave theory for three internal ion temperatures. 
For temperatures above 5 eV the cross section 
does not change significantly. The excitation-
autoionization contribution is probably over
estimated by the theory, and inclusion of 
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Fig. 3.6. Electron impact ionization of 
Fe** near threshold for three different internal 
temperatures of the ion, which result in dif
fering populations of ground irevels. Dashed 
curves are Lotz prediction of direct ionization, 
while solid curves have indirect ionization, 
via excitation-avtoioniration calculated in 
distorted-wave theory, added to the Lotz predic
tion. 

nondipole terms would modify the temperature 
dependence somewhat, but i t is likely that 
internal ion temperature ( init ial quantum-state 
distributvon) does influence the Fe ioniza
tion cross section significantly. For a hear

th 
equilibrium plasma, the Fc ions would usually 
have more ttan 5 eV of internal energy, but 
this might not always be true. 

The intent of the present theoretical 
efforts is to proper]y include some of these 
subtle effects in the ca'culational approaches 
and then to generate the more reliable ioniza-
tion cross sections that are needed to moJel 
and interpret plasma effects. 
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Cross^sections are befno Cr.T:ulatsd for 
^Se£tro»'capture by c!*1 and O^1 ferns in 

and will be extended to re**1 fans, 
ese chaise e»rhange cross sections at low 

llocity for fapwrî v ions and^atoafc hydrogen - : 
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cnbed classically, but the fate of tjjs,-. ;; -
j§5^ectron dwing/a . co l l i s ions ' s t i l l controlled 
*^|by transitions between the adfabatic states of 

•-She quasi-molecule. - -
'.-" Calculations for +5 ions of B, C, and 0 are 
shown in Fig. 3.7. Striking features cf these 
.results are the orbiting behavior of the cross 
sections at very low energies and tfrrr extreme 
sensitivity to the electronic structure of the 
projectile He are able to study isotonic 
sequences with great facility, using our 
"screened potential Method," in which the wave 
function of the active electron is expanded in 
base nucleus wave functions and the effect of 
any inner electrons i s relegated to a "screened 
potential." The physics of Fig, 3.7 i s 
entirely explained by considering three molec
ular states, 5ga, 4fo, and 4dc: the 5go is 
the initial X*s + H (Is) channel, while 4fo 
and 4do a.-e final X*' (n - 4) • H* channels. 
The electronic energies of these states are 
plotted in Fig, 3.8: 5g<j crosses both 4fo and 
4d<f around R « 13a, However, the latter 
crossing is not associated with any significant 
coupling in the bare nucleus (BH*15) case. The 
4do channel only enters when the screened 
potential fs introduced: the couplings are 
shown to scale for CH*5 and OH*5. This subtle 
effect is the sole cause of the dramatic In
crease in the cross sections around 100 eV, 

m 
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Fig. 3.7. Charge exchange cross sections for 
ions of charge +5 colliding with H(ls). Key: 
solid lines, theoretical cross sections for ions 
of B, C, and 0; dasheo line, Langevin orbiting 
cross section; open circles, data of Phaneuf 
on 0; open squares, data of-Phareuf on C; closed 
circles, ORNL-PIG neasurements on 0. 

Work is in progress on a vectorized version 
of ->ur close-coupling program, which should 
open the way to calculations with many more 
channels. 

3.3 CONTROLLED FUSION ATOMIC DATA CENTER 
U. S. Ceandall, C. P. Bamett, S. B. Gilbody, 
0. C, Gregory, P, M.Hafford, H. I. Kirkpatriek, 
E. W. MoDaniel,':.. H. MoKr.ight, f. V. Meyer, 
T. J. Morgan, P. M. Ounby, R. A. Thaneuf, 
M. S. Vindzola, E. W. fhomaa 

The <l*t» center categorizes all publications 
on atomic collisions and compiles and evaluates 
atonic data for fusion. The most time-consuming 
part of the work has been the bibliographical 
categorization, in which about 3000 entries 
per year are selected from the total literature 
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•--«..' v . ile^the^sfcweneatotential 
.coMpJuw. between 5oo and 4do for carbo>i and 
oxygen (as-labeled). - -. 

and divided in'n one or wore of l!4 process 
categories within ten areas of collision 
studies. Author, t i t l e , reactants, energy, 
and category are specified in computer f i le 
entries, Mhicb can be sorted according to any 
of the Input data. 

In addition to their use in ORNL programs, 
these bibliographies are used by the Interna
tional Atomic Energy Agency (wEA) and Japanese 
data centers, as well as by individual scien
t i s t . Copies of the bibliography are published 
and disseminated throughout the United States 
and' abroad (avai Table through the Hati onal 
Tectoical Information Service). During this 
report period,'the I960 bibliography has been 
published1"* and 1961 entries have nearly been 
completed. 

In a cooperative effort with the Atomic 
Transition Probabilities Data Center of the 
National Pureau of Standards (NBS), we have 
continued publication of the bimonthly news
letter Atamfxs Data fcv'Puaion. The IAEA is 
also publishing a similar bulletin, which 

tvfTuate^fn^lie usual c r i t ica lJx •-
•sri*' r?cs<jse no'experimental data are avail
able. - A compilation of atomic daf^for bxygetr 
ions covering electron impact excitation anc* 
electron capture fro* hydrogen is in progress 
as a joint endeavor with the Japanese data 
center at the institute of Plasma Physics at 
Nagoya University. 

In DecerN»r 1981, data center staff p;rt i t -
ipaud in a U.S.-i'apan Surf?ce Data Review 
Workshop in Nagoya, Japan. The workshop-
reviewed the status of particle-surface data 
relevant to plasma-wall interactions in mag
netic fusion and reonmended specific studies 
for the data centers to pursue. A full report 
of the workshop will be published in 1982. 

3.4 PLASHA DIAGNOSTICS 

3.4,1 FIR Laser* and Faraday Rotation 
D. P. Hutchinson, C. H. Ha, K. I. Vender SUeU, 
P. A. Stmte, T. Rr PHoe 

During the past year, we have made several 
modifications to the ISX-B submillimeter (SMM) 
wave interferometer16 to improve the measure
ment capabilities of the diagnostic. These 
modifications include: (1) replacement of the 
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- '^^heliu»-c«»led Putley detectors with room 
. '-l^t^sSperature Scnottky diodes, (2) higher power 

.J:^&h P«p Users (P > 70 W), (3) a CAMC-based 
• . ij isl?** collection system, (*) the development of 
.^^pn'Aoel inversion routine to calculate the 
- ^ i S t ^ " ^ *"15*t-y profile, and (5) a higher 
'^^^requency faiaday •odulator. The Schottky 

_ . ^ | K ! 9 8 P * J B 'detectors, fabricated by the Hassachusetts 
: % S ^ f e i i t u t e of Technology (MIT) Lincoln liboratory-

ire GaAs diodeswith a 4X antema •bunted in a~ 
r cube reflector, to-concentrate, the SMN 

ve radiation onto the antenna, fln f/1 lens.. 
.vs^t6.fpcur;the radiation emerging from - r 

;*".;>„ ^ - - . ' . ' - i ' - ^ ' . • " • ; . " * ' ^ ' s - 1 '•--•'<• « , - - ; . : " • - • • - - ^ 
dielectKcim^BYdeVonto^the;de\ector. : 

minimize npise\*pickup d^TOhg<t6kalHk;dis-
|flr^>yi$hB%fora^ -;• 

Jcuftiand firsV&tectpr amplifier ark , 
ted in a single-shielded enclosure. 

'^BI^-^Thi power level of the C02 pump lasers has 
••--i-^Ven increased from 30-40 W to approximately 

9 1 

70-80 H by using a new, larger bore, longer, 
tspj.t electrode discharge tube. The increased 
.Volume i s respc^iole for the Kgher power; 
•->he split Electrode design >;as used to minimize 
"'the high voltage M5 kV) required to energize 
the tjbe*. The wjde structure of the C02 

lasers i s controlled by an-aperture consisting 
ot a opira 1 of 0.508-mm (20-mil) wire placed 
near one end of the laser tube. The spiral 
aperture prevents off-axis, higher order modes 
from oscillating. To improve the overall 
stability of the lasers, the entire system of 
two C02 lasers and two SHH wave lasers has 
been packaged into a single Invar-stabilized 
structure. 

With the expansion of the interferometer 
system t£ five simultaneous channels, a new 
dedicatee' data acquisition system has been 
developed. The data system uses two 8-channel 
transient recorders operating at a 10-kHz 
sampling rate. Kith the memory modules f (.eluded 
fn the transient recorders, 4096 samples for 
each channel of density and Faraday rotation 
Oiia may te receded. This memory capability 
is sufficient to record the plasma data for 
each shot and baselines for at least 50 ms 
befor* id after the discharge. 

4 \ 

A data analysis code has been developed-to 
reconstruct the asymmetric^istribution of t * 
plasma density. A modified Abel inversion 
technique17 i s employed in the numerical com
putation. The plasma is assumed to be s?*-. 
metrical in the z direction {the coordinate 
parallel to a line passing thmgn the center . 
of the major axis of the tbkamak) but may be \ 
radially asymmetrical, the spatial profile of ^ 
the line density-is el so assumes to be suf- -t. 
ficiently smooth to be represented,by a fourth-
degree polynomial._ The code lias, been employed',. 
to analyze the meawredlline^d^siiy Wiix-B. s 
I»=fig. jji', the ^sujt^^'ijfni^}.plasma>.-\z; 

' TThot '-is: j^^rt t i»^ |^; 'gE^^f^p^ | ' j l e - 4c /^ > "='.' 
c a l c u l a W b y j ^ _ :"•, 
developed by the. ISX-B tokamak group.' The '. -• 
code is. based on Thomson scattering measure- ,'''-, 

"mentsand is consistent "with magnetohydrodynamic 
(MHO) equilibrium.18 It can be seen that the 
two corves appear to be in surprisingly good 
agree*~nt. considering the approximate nature 
of t ic calruUtion. 

A high frequency magneto-optic modulator 
has been developed for the Faraday rotation 
experiment. The ferrite modulator originally 
developed for the Faraday experiment was 
limited to very low modulation frequencies 
(4-10 kHz) and was quite lossy (transmission * 
301) at the polarimeter wavelength of 0.393 mm. 
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Fig, 3,9. Comparison of the / ' -Inverted 
density profile and the result ca .ylatad by the 
ZORNOC code. 
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A novel design has led to the construction of 
a ferrite modulator that has been tested at 
125 kHz and exhibits a transmission greater 
than 50%. A photograph of t K modulator is 
shown in Fig. 3.10. Rather than construct a 
multiturn coil with high stray capacitance as 
in our f irst design, a single *urn coil was 
built to drive the ferrite. This turn was 
threaded through three Iron powder toroidal 

cores wound with 70 turns each. The cor»s are 
wired in series. A 4:1 impedance transformer 
connects the prinary windings to a power 
amplifier. The prinary windings are also in 
series with a 0.01-i>F capacitor to resonate 
the transformer at 125 kHz. With a r f power 
of 500 U, we have generated Magnetic fields of 
0.6-1 kG oscillating at approximately 125 kHz. 
All of these iaprovc* components should oe 
integrated into the ISX-B interferometer 
system in the spring of 198?. 
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fit). 3.JO. Ferritf modulator. 

3.4.2 Lo*» Energy Heutral Particle Spectrome-er 
b. X. Thomas 

's 

'- A spectrometer capable of observing low 
r* ^"' 

energy neut ~al particles has been designed and 
installed on ISX-B and has been used to examine 
the D : emission in the range 35-700 eV for a 
variety of discharge conditions. 

A schematic of the diagnostic.is shown in 
Fig. 3.11. After emerging from the tokamaSc, 
the neu->a? particle flux is col lima ted and 
enters a cesium vapor cel l . A certain fraction 
of the particles undergo electron capture 
collision'; with the cesium and arc converted 
to negative ions. The conversion efficiency 
in this tnergy range is much higner than that 
of a conventional stripping c e i l . J * To 
spatially con.'i p the cesium vapor and minimize 
ixmtami • cior., tt" charge exchange cell is 
designed a'.wg tnt lines of a heat pipe. 7 0 

The resulting o' flux is Chen energy-analyzed 
using a 4-chanr.el, nig.: resolution, parabolic 
electrostatic analyzer that ha< u?en optimized 
for ver> low energies. 

Before installation on ISX-B, the spe-.trom-
eter was absolutely calibrated in the cr.ergy 
range of interest by using a known monoenfcrgetfc 
Dc beam from a low ensrgy accelerator, yielding 
conversio efficiency curves for each channel. 
For the given viewing geometry and sampling 
rate (dA d.i « 2 •/, 10"7 em'-sry, one can use 
these curves to calculate t l" absolute dif
ferential flux, d,/dE, as a function o/ energy. 

The location of the spectrometer relative 
to the machine is *hown in Fi?j, 3.12, The 

4 
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t-ig. 3.11. Low energy neutral particle spectrometer as installed on ISX-B. 
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flux sampled i s emerging i n the ridplane at an 
angle of 35° from the none! . Tntoidal anglts 
from the l ini tet - , wsst beam l i n e , and east 
beat; l i r e are 8 0 s , 120°, and ISO", respectively. 

Although data reduction is s t i l l being 
performed, the qualitat ive behavior of '£•* 
sampled flux may be summarized as fellows. 

The effect of injectinq megawatt levels of 
neutral beans into typical ohmically heated 
plasnas is to enhance the part ic le emission in 
the range 50-700 eV by between two and five 
tines the existing levels prior to beam turoon. 
A trickle-down e f f t : t nay be seen in the rate 
cf increase for different energy settings, 
wit* 1 the higher energy channels showing a rare 
rapt4 increase. 'There is essentially no 
difference in the fluxes Measured for west 
bean injection as opposec to eart beam, despite 
the fact that from the viewing geometry the 

,west bean is injecting within ?° of the l ine 

of sight of the diagnostic. For staggered 
injection by both beajas, tr-?re is very l i t t l e 
enhancement of t i e lew energy flux when the 
second beam star ts , r. 

By averaging over several shots while 
varying the tuning energy, the f lux spectrum 
over the ent i re instrumental range nay be 
acquired and displayed as a function of t ine . 
Since we expect the lower energies to be -
characteristic of the edge plasma Region, as 
opposed to a chord-averaged sample typical of 
higher energy charge exchange measurements, we 
•ay interpret an effective edge temperature 
from the logarithmic derivative of the f l u . 
The. viewing angle complicates -the analysis but 
mi -igates the effects of trapped particles on 
the measured spectrum. Figure 3.13 shows 
absolute flux levels versus energy af ter 
neutral beam injection and for corresponding 
oimically heated discharges. 
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Fig, 3,13, Corrected absolute flux levels during density clamp experiment on ISX-D, with B T « 
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Tbe spectroaeter trill be recalibrated using 
an p r o v e d low energy neutral source to 
verify the calibration aid tc test the long-
tem usefulness of this type of diagnostic. 
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4. PLASMA THEORY 

ABSTRACT. The long-standing Theory Section areas, ELMO Bumpy Torus (EBT) Analysis, Tokamafc 
Analysis, and Computing Supoort, Mere augmented by the formation of a study group for assessing con
finement in stellarators and torsatrons. Highlights of the year's activities are as follows. 

EBT Theory. Following completion of the EBT Proof-of-Principle (EBT-P) proposal exercises, 
emphasis has returned to advancing the state of understanding of the EBT-Scale (E8T-S) plasma and 
improving the broad range of subsystem models. Examples include studies of ion cyclotron resonance 
heating (ICRH), the sensitivity of the operating point to the arabipolar potential model, the confinement 
of particles with large gyroradius, aluminum impurity transport, and a survey of the sensitivity of 
linear microstability theory to simplifying assumptions. Reliability remains an issue for the threshold 
predictions for ring, core, and mutual instabilities. Core beta values of 10-201 have been estimated, 
with credit not yet taken for finite Larmor radius effects and axial mode structure. Coupled with 
this, ring beta values of * 2 M are needed, and the ratio of core density to ring density must exceed a 
minimum value. For reactors, this value is uncomfortably high, but ax*al mode structure again is a 
mitigating factor not yet properly accounted for. The importance of these thresholds remains to be 
determined by the experiments. 

Tofcawafc Theory. Finding and evaluating possible explanations for reduced confinement at high 
power levels has been a major focus. Long wavelength resistive tearing modes are well correlated with 
observed fluctuations bur not with confinement degradation. Shorter wavelength modes and plasma 
rotation effects remain as good candidates. The drift wave turbulence explanation of anomalous electron 
thermal conductivity (x„) at low beta remains viable, and code calculations have verified and improved 
the spectral properties used. A variational moments method has supplanted time-consuming magnetohydro-
dynamic (MM)) equilibrium calculations in many applications. Spatially resolved transport analysis of 
fueling and beam heating dynamics has replaced the traditional zero-dimensional (0-0) Lawson criterion 
plots with plasma operation contour (P0PCOH) plots that summarize the operating characteristics of the 
International Tofcamak Reactor (INTOR), the Fusion Engineering Device (FED), and reactors. Low ripple 
bundle divertors have been found and pumped limiters modeled, itejor advances have been made in MHO 
modeling, with integrated families of codes to generate equilibria and provide ideal and resistive, 
linear 3nd nonlinear modeling for large and small values of mode numbers, curvature, and poloidal beta 
(*0). 

Stellarator Theory. The strong background of tokamak lore and models allowed rapid progress in 
exploring the relative merits of various continuous and modular stellarator and torsatron configu
rations. Field line (magnetic surface) and drift orbit analysis and application of an adapted version 
of the Chodura-Schltiter three-dimensional (3-D) finite element variational equilibrium code have 
permitted evaluation of particle confinement and beta limits. A new configuration developed at ORNL, 
the symmotron (symmetric modular torsatron), is being strongly pursued. 

Computing Support. The computing network and data acquisition systems continue to keep pace with 
the state of the art but not so closely as to be experimental or unreliable. 

4.1 EBT-THSW 

This ytar has been one of solid accomplish
ment and one In which a number of new ideas 
have emerged. These ideas bear directly on 
the principal physics issues (beta limitations. 

ion transport, ring physics, etc.) that must be 
addressed by the entire EBT physics program. 
The progress in understanding potential sta
bility limitations on core beta and other 
parameters has been aided by a large number of 
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contacts outside O R C (fostered by joint 
papers, workshops, etc.)- New ideas for theo
retic*! -wdels in the areas of transport, 
heating, 2nd ring physics have arisen in large 
measure froc. interaction with the EBT experi-

f- mental program [particularly the recent MgCer 
power electron cyclotron heating (ECK) and ion 
cyclotron resonant frequency (ICRF) experiments 
on EBT-S]. features coraaon to stability and 
heating theory have been identified, with 
potentially important i."pacts on the long-term 
program. Ine long-term implications of the 
theory ire crystallized by participation in the 
JEBT^P and EBT reactor design studies. 

The past ye&r has been one of transition 
• _ for EB'i theory at ORNL. The early part of the 

year saw the culmination of a long period of 
definition and design studies for EBT-P. In 
the latter part of the year several inportint 
insights were obtained and a number of new 
theoretical calculations were carried out or 
begun. Many of these calculations are gen
erally applicable to the EBT concept ar.d are 
aimed at improved models for present experi
ments (EBT-I/S) as well as for EBT-P and EBT 
reactors. A number of new ideas and wording 
hypotheses have been developed that provide 
guidance for the choice of theorecical research. 
Some of the theory based on these ideas and 
hypotheses is still very much in the formative 
stage. Because these new ideas have a large 
potential impact on the long-term questions 
confronting E8T physics, we have chosen to 
indicate some future plans in the material 
that introduces each of the following sub
sections. 

4.1.1 Stability 

A central and long-term issue that mu>t be 
addressed by the entire EBT physics program is 
the limitation imposed on core beta by sta
bility considerations. In the past year three 
potentially dangerous modes have been iden
tified: the core interchange, ring interchange, 
and compression*! Alfven modes. These modes 
were originally identified from simplified 

slab model calculations and provide restrictions 
on the ratios of core and ring densities and 
temperature', as well as on core beta. Because 
these modes were expected to be localized to 
the radial region occupied by the rings, 
several radially resolved calculations have 
been carried out. For low poloidal mode 
numbers, m, it was found that radial geometric 
effects (omitted in slab and z-pinch models) 
have a strong stabilizing effect. For high 
values of m, the slab and radial calculations 
agree rather well, but it should be noted that 
the radial analysis presently omits certain 
finite gyroradius effects, whict. preliminary 
slab calculations indicate are very important. 

Particularly for the high frequency modes 
(ring interchange and compressional fclfven), 
the calculations have not yet included the 
"Dumpiness" of an EBT in detail. In particular, 
calculations of the limits on core beta and of 
the ratio of core density to ring density 
presently neglect the fact that the rings do 
not extend into the mirror throats. Prelimi
nary indications are that this omission leads 
to overestimating the caurces of free energy 
avai table to drive these modes and hence gives 
pessimistic results. To make quantitative 
statenents about these effects will require 
including the bumpy character of an EBT in 
these stability calculations. This is a 
formidable task, because it is necessary to 
include the various kinetic effects already 
found to be important as well as additional 
couplings to sheer Alfven modes. 

Aittrrot of Review of Recent EBT Cou;led 
Ring-Core Stability Theory1 

D. A. Spong 

During the past several years, EBT stability 
calculations have evolved with respect to 
treatment of ring-core plasma coupling effects. 
This evolution began with recognition of the 
important role of ring compressibility and 
paramagnetic effects on core beta limits. 
Since then, models have continued to increase 
in sophistication, including ring-core frequency 



Iftl 

coupling, velocity-space and hot electron 
distribution function effects, and radially 
dependent Models. Sane of these features have 
resulted in wide variations in pi-edicted 
plasma performance limitations. A nuaber of 
* the Models will be reviewed and assumptions to 
which they are particularly sensitive will be 
discussed. 

Abstract of Brief Survey of Experimental 
Investigation of Instabilities in 
Kicrowave-heated Plasmas2 

V. it. Vcktat, G. S. Baste 

Nearly two decades of experimental investi
gations exist on instabilities in hot electron 
plasmas in open (simple and minimm-B mirrors) 
and closed (bumpy tori, EBT, and NET) geo
metries. A brief review is given for some, 
but not all, of the results from these experi
ment's. Also discussed, is the observed behavior 
of the plasma in C-T and T-H transitions in 
EBT. 

Abstract of Numerical Solutions of the EBT 
Radial Eigenmode Problem3 

D. A. Spong, J. U. VanDam,t H. I. Bark," 
X. B. Rosenbluth" 

The radial structure of eigenmodes in EBT 
is of interest since both modes which are 
localized within the annulus and modes which 
extend into the core plasma have been predicted 
to be unstable within appropriate parameter 
regimes. Radially resolved calculations have 
been done for a z-pfnch model which corresponds 
to a bumpiless, azimuthally symmetric version 
of EBT. A shooting method is employed which 
solves Z-point boundary value problems on the 
inside and outside of the ring and which 
matches derivatives at the center. Comparison 
of these results with those of a localized 
dispersion relation will be discussed. 

EBT Experimental Section. 
institute for Fusion Studies, Unfversfty 
Texas, Austin, Texas. 

A b s t r a c t o/Eigenmode Stability Analysis 
for a Bumpy Torus*'5 

•*• - f 
.". U. Van Cto., £. L. Berk/ X. S. Ibsenbluih* 
D. A. Spang r 

The analysis uf eigenmodes in a bumpy torus 
yields several stability boundaries that 
indicate the existence of a parameter regime 
for generally stable operation consistent with 
current experiments. However, ti ere is a 
relatively narrow band of parameters where 
instability persists. 

J 

Abstract of Stability of,Hot Electron Plasma 
in the EUP Bumpy Torus6 

K. T. TsaKg, C. Z. Chew* 

The stability of a hot electron plasma in 
EBT is investigated using two different models. 
In the first model, where the hot electron 
distribution function is assumed to be a delta 
function in the perpendicular velocity, we 
find a new stability boundary in addition to 
those discussed by Nelson arv. by Van Dam and 
Lee. In the second model, where the hot , 
electron distribution function is assumed to 
be a Maxwellian in the perpendicular velocity, 
we find stability boundaries significantly 
different from those of the first model. 
Coupling of the Nelson-Van Dam-Lee mode to the 
compressional Alfven mode is now possible. 
This leads to a higher permissible core plasma 
beta value for stable operation. 

A b s t r a c t of Analytical Theory of Interchange 
and Compressional Alfven Instabilities in EBT 7 

C. Z. Cheng? K. T. Tsang 

The local stability of the EBT plasma is 
analyzed for the long wavelength perturbations 
in the frequency regime, u s ftj fy i* ion 
cyclotron frequency). In addition to the low 
frequency interchange instability, the plasma 
can be unstable to the compressional Alfven 
wave. Contrary to the previously obtained 

of Princeton Plasma Physics Laboratory, Princeton, 
New Jersey. 



quadratic dispersion relation in u *">r the 
interchange mode, our dispersion relations for 
both types of instabilities are cubic in a. 
New stability boundaries are found, for the 
hot electron interchange node, to relate to 
the enhanced compressibility of the core 
plasma in the presence of hot electrons- The 
cypressional ATfven instability is driven due 
to tee coupling of hot electron magnetic 
drifts and dianagnetic drift with the com
press ional Alfven nave. The stability con
ditions of these two types of instabilities 
are opposite to each ether. 

Abstract of Radial Structure of Instability 
Modes in the EBT Hot Electron Annulus8 

D A. Spong, S. I. Berk, cT. V. Van Daa, 
St. S. Sesertblutk 

>n th- EBT device, a hot electron annulus 
' is present near the outside edge of a wans 
c^re plasma. Although this provides a localized 
einimura iii B an* stabilizes low beta inter
change inodes of the core plasma, a number of 
instabilities may still persist in *vc'n a 
configuration. These are: the hot electron 
interchange mode, the coupling of the ring 
with compressional Alfven waves of the core 
plasma, core plasma pressure-driven modes, and 
instabilities present 5n the cold surface 
placsa region outside the ring. The radial 
structure of such modes is of interest because 
both instabilities localized to the ring 
region and those extending into the core 
plasma can be present in the appropriate 
parameter regions. Also, studies of the 
radial structure are useful in assessing the 
importance of effects such as finite ^ p . and 
k. (j„ that are not included in the present 
tneory. Radially resolved calculations have 
been done for a z-pinch modei which corresponds 
to a bumpiless, azimuthally symmetric version 
of EBT. A shooting method is employed that 
matcnes derivatives of the eigenfunction near 

* ~~~ ~~ ~~~ 
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the -enter of the annulus. Relativistic 
effects are included, and a variety o*" boundary 
conditions and core and hot electron models 
have been considered. Results ere discussed 
for the various nodes that are present. 

Abstract of Curvaturf-Driven Instabilities 
in a Hot Electron Plasma- Radial Analysis 9' 1 0 

B. L. Berk* J. V. Van Dan* H. ff. Bosenbluth* 
D. A. Spang 

• The theory of unfavorable curvature-driven 
instabilities is developed for a plasaa inter
acting with a hot electron ring whose drift 
frequencies are larger than the growth rates 
predicted from conventional MHO theory. A 
z-pinch model is used to emonasize the radial 
structure of the problem. Stability criteria 
are obtained for the five possible modes of 
instability: the conventional hot electron 
interchange, a high frequency hot electron 
interchange (at frequencies larger than the 
ion cyclotron frequency}, a compressional 
instability, a background pressure-driven 
interchange, and an interacting pressure-
driven interchange. 

Abstract of On the Stability of Flute Modes 
in the ELMO Bumpy Torus 1 l 

A. V. El-Sadi 

A radial normal mode analysis is carried 
out to study the stability of fluid-lif'e flute 
modes in a simplified model of the EBT. The 
corresponding stability conditions are obtained. 

Abstract of EBT Stability Theory 1 2 

.7. A. Uckan 

-The first workshop on EBT stability theory 
was held at Oak Ridge, Tennessee, May 13-H, 
1981. It was attended by about 80 participants, 
most of whom are presently working on stability 
(theory and/or experiment) relevant to the EBT 
configuration. 

The purpose of the workshop was to provide 
a forum for (1) discussion and review of the 
status of EBT stability theory topics and 
(2) assessment of the various models used and 
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the importance of nodes predicted from these 
models for the operating regimes of present 
and future experiments. 

The first part of the workshop was devoted 
to presentations of 15 papers describing the 
status and various aspects (theory and/or 
experiment) of EBT stabilitv. The second part 
of the workshop was devoted to open-session-
discussions of (1) critical evaluation of 
existing models and (2) influence of beta 
limits on reactor performance. 

Abstract of The Radial E8T Stability Problem" 
A. K, El-Badij X. T. Tstzig '-

The local theory of electrooa^ietic modes 
excited by hot elections predicts that the 
stability of an EBT device r squires the density 
ratio of the ring to core electrons to fall in 
a certain range determined by the operating 
parameters. In this wo»* we formulate the 
radial problem which allows us to deal with 
realistic profiles and then use % shooting 
method to obtain the stability regimes. We 
assume that both the hot electron interchange 
and the ccmpr*sssional Alfven modes can be 
localized to the outside of the ring. This is 
consistent with the local solution in the high 
mode number limit and allows us to treat the 
low m case. The mode structure, stability 
thresholds, and comparison with the experimental results will be presented. 

Abstract of 3adial Eigenmode Stability 
for "Bumpiless" EBT X l > 

J. W. Van Ckm* H. C. Berk,* K. H. FogeikbUtth,* 

P. A. Spong ~~~ 
-

The radial eigenmode problem is of interest 
in the EBT device because there can be unstable 
modes localized wfthfn the thin hot electron 
annulus region. A model which facilitates 
analysis of the radial structure is the 
z-»>1nch, corresponding to a bumpfless, azi-
muthally symmetric version of EBT, With this 

Institute for Fusion Studies, University of 
Texas, Austin, Texas. 

mcdel, we are able to reduce the coupled set 
of linear partial integrodifferential mode 
equations (obtained from the momentum transfer 
equation with the anisotropic pressure calcu
lated kinetically) to an ordinary differential 
equation in the radial direction. 

By integrating across the annulus layer and 
matching inner and outer solutions, we analyti
cally generate a fourth-order dispersion 
relation. One of the modes is low frequency 
and corresponds to the core plasma inter
change, known to impose an upper limit on the 
allowed core pressure. The three higher 
frequency modes provide additional stability 
limits on the.core density and the annulus 
pressure. Taken together, these limits 
indicate that taking into account the radial 
mode structure leads to a more optimistfc 
outlook for EBT stability. 

Numerical solution of the radial differen
tial equation with a s^«oting code yields 
results that are consistent with the analytic 
layer solution. Results for the radial 
profiles of the eigenmodes and their stability 
will be presented. 

Abstract of Coupling of Hot Electron Interchange 
and Ion Bernstein Modes in EBT 1 5 

X. 7. leang, C. Z,"Cheng' 

Previous stability studies of hot electron 
rings and background plasmas in EBT have been 
pursued in low frequency (« « a . ) and inter-
med'-te frequency (u •v a ,) with a snail 
Larmor radius approximation U x P j « 1). 

Present experimental parameters indicate 
the importance of finite Larmor radius effects 
and therefore the importance of higher cyclotron 
harmonics. We derive and analyze the dispersion 
relation which includes both effects. Our 
result reduces to those of Nelson and Van Oam 
and Lee in the appropriate Mroit. Coupling of 
the hot elsctron interchange mode to the 
congressional Alfven wave as pointed out by 

+Pr1nceton Plasma Physics Laboratory, 
Princeton, Ne* Jersey. 
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El-Kadi is also recovered. However, when tht 
finite Larmor radius is included, further 
coupling of the compressional Alfven wave to 
'Jte cyclotron harmonic; is observed to excite 
a new ion Bernstein instability. This leads 
to instability channels in the stability 

-diagram. The stability boundary of Nelson, 
Van Dam, ami Lee is connected to the stability 

-boundary due to the ion cyclotron mode at 
Marge hot electron b-2ta. -

' AkgtraeS-of numerical Solutions of the EBT 
:~-:;fadial Eiqenmode Probler 1 6 

'•'•'Vff.- «. Scene, J. V. Van Dtm*'H. T.'Berk* 

'M 1"-vi*Y'c " " • • 
'ffe rf/~7oU--. .The radia .tructure of eigeraaodes in EBT 
'';.%,•%£,':°'-\'-As of interest since both modes which are 
/•_,' \^f -localized withir. the annul us and nudes extend

e r '"';'% ing into the core plasma have been predicted1 

"" ' " , ' to be unstable within appropriate parameter 
regimes. Radially resoV J calculations have 
been done for a z-pinch model which corresponds 
to a buopiless, azimutJially symnetric version 

,.*'' u£.EbT. A shooting method is employed whici. 
solves Z-point boundary value problems on the 

- ;nside and outside of the ring and matches 
derivatives a_t the center. Comparison of 
ĥese results w th those of a localized 

dispersion relation will be discussed. 
C 

Abstract of The Congressional Alfven Mode 
for Realistic EBT Plasmas17 

A. H. Bl-Hadi 

It has been shown that the destabilization 
effect of the hot electron ring on the com
pressional Alfven wave determines the maximum 
achievable core beta in EB T. This result was 
obtained by assuming a ̂ -function velocity 
distribution^ for the hot electrons. In this 
work we examine the realistic case of Maxwellian 
hot electrons with arbitrary par jllei and 

Institute for Fusion Studies, University of 
Texas, Austin, Texas, 

perpendicular temperatures and compare the 
obtained core beta limits with previous 
results. 

Abstract of Analysis of EBT Stability 1 8 

B. L. Berk* K. S. Rt>seHbluth* J. V. Van Dm, 
D. A. Spcng 

Several mooes c instability, driven by 
unfavorable cur.ature, are possible in a hot 
electron plasma system such as EBT. A hot 
electron interchange mode can be stabilized 
with a sufficient amount of background plasm. 
However, a compressinoal Alfven instability is 
triggered with too much background plasma. 
For most parameters a window of stability is 
possible, but it fs possible to choose wave 
numbers combineCwith other physical param
eters, for which instability still persists. 
In addition, the background plasma beta is 
limited to the Lee-Van Dam limit. However, 
the background beta can be lower due to 
various density parameters and finite electron 
Larmor Radius. 

4.1.2 Transport 

A second major issue for EBT physics is 
transport. Flectron transport is reasonably 
well understood theoretically, and because 
electron transport dominates in existing 
devices, it has been possible co give a 
reasonably good description of these experi
ments. The comparison between theory and 
experiment for ion transport has rested 
primarily on a somewhat indirect measurement: 
the arobipolar electric field. This allows a 
comparison of particle loss rates (ions and 
electrons must flow out at the sai-ie rate in 
steady state). Energy balance is extremely 
difficult everfmentally because for experi
ments heated with ECH alone, th* ion sources 
and sinks are typically less than IS of tb<i 
total power input to the device. In conse
quence, not only are the relevant quantities 
difficult to meaiure accurately, but aiso the 
power balance is susceptible to what might 
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otherwise be minor effects. The recent ICRF 
experiments are generally useful for gairing a 
."uller understanding of the ions. However. 
pow»r balance cumulations are still quite 
difficult became propagation in EBT-S (in 
contrast to tul-P, which will allow propagation 
at frequencies corresponding to low harmonics 
of the ion cyclotron frequency) requires 
fre lencies comparable to high harmonics of 
the ion cyclotron frequency, while heating at 
these high harmonics is not well understood. 
Consequently, the power balance for ions in 
EBT-S with irRF has uncertainties in both 
sources and sinks. 

For some tiMe the experimental scaling of 
- the ambipolar electrostatic potential has been 
observed to follow ea*/T e and to be approxi
mately constant (and of order unity). The 
recent higher potter ECH experiments provided 
part of the impetus for developing a second 
radially resolved transport code using this 
empirical scaling. Another reason for this 
development was that the original code [this 
y.̂ ar improved to include regions where vB (and 
va) .> reversed by the rings) typically 
yielded eiectric fields scaling with the ion 
temperature. While both codes yield approxi
mately the same predictions for future devices 
such as E8T-P, it «s clearly desirable to have 
a first-principles theory of the electric 
field that agrees with experiment. 

The recent higher power ECH experiments on 
EBT-S showed a substantial increase in A*. 
This leads to a considerable reduction in the 
ion resonant collisionality [^(A*)- 5/2]. 
Accordingly, we have begun to develop new and 
tractable expressions for the ion transport 
coefficients that are valid for the full range 
of resonant ion collisionality (banana to 
plateau inclusive). Considerable work remains 
to be carried out because of the dependence on 
additional parameters. A preliminary analysis 
has been carried out for these new expressions 
for resonant ion transport coefficients and 
appears quite promising. This analysis 
suggests that for existing experiments, the 
shape of • is primarily governed by the shape 

of the magnetic field, but tne magnitude (and: 
hence overall scaling) appears to be joverned 
by electrostatic trapping of electrons at the 
outer edges of the core plasma where vB (and 
v*) is reversed by the hot electron rings. 

These preliminary results are quite dif
ferent from those obtained earlier using the 
plateau (highest resonant collisionality) 
limit for the ior transport coefficients. The 
underlying reason is that at lower collision
ality. the details of ion orbits (e.g., banana 
width) are more important and cause the 
electric field to be describedin terms of a 
differential equation (nonlocal) rather than 
the algebraic equation (local) encountered 
previously. He reiterate that quantitative 
calculations require considerably more work: 
to develop the transoort coefficients over the 
necessary parameter ranges, to analyze the 
differential equation for the electric field, 
and finally to incorporate these effects into 
radially resolved transport calculations. 
Nonetheless,'the work to date is very encouraging 
because it appears to be a significant step 
toward a first-principles description of the 
ambipolar potential with improved agreement 
with experiment.c 

Abstract of A Kinetic Model for Neoclassical 
Trinsport in EBT with Enhanced Ion Tail 1 9 

-". S. Tolliver, E. P. Jaeger, C. I. Hedriok 

The best currently available transport 
coefficients for neoclassical transport of 
ions in EBT in the plateau regime are based on 
the assumption of a lowest-order ion velocity 
distribution function that is Maxwellian. 
Experimental evidence, however, suggests the 
presence of »n enhanced high energy tail on 
the ion distribution function, and a simple 
theoretical analysis indicates that an enhanced 
tail ,nay be a major contributor to neoclassical 
losses. For a study of these effects, a 
kinetic model for neoclassical transport is 
developed assuming isotropic velocity distri
butions. Three coupled nonlinear integro-
differential equations in one velocity dimension 
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are solved lumerically; this includes, for the 
f>'rst tim*-, a self-consistent solution for the 
lowest-order ion distribution function, which 
proves to be non-Maxwellian anc has an enhanced 
high energy tail due to electron-ion collisions. 
It i? shown that this non-Maxwellian lowest-
order solution leads to higher core "i jr. 
temperatures and to much larger io- diffusion 
rates than those obtained when a MaA*ellian 
distribution is assumed. 

Abstract of EBT Transport in 2-3 Mirror 
Geometry with Finite Electron Annulus 
Pressure 2 0 

E. B- Joegsr, L. L. loo, t . i'. Ouen, 
C. L. He^rick 

Transport equations for the EBT toroidal 
plasna are averaged along magnetic field lines 
computed from a two-dimensional (2-Pl magnetic 
equilibrium calculation in mirror geometry. A 
finite plasma pressure which is peaked off 
axis approximates the hot electron ring 
plasma. Previous radial transport calcu
lations have assumed cylindrical geometry with 
ad hoc magnetic field profiles. Results 
reported here depend on the value of plasma 
pressure assumed in the hot electron ring but 
are relatively insensitive to the degree of 
amsotropy assumed fn the ring pressure. The 
scaling of confinement parameters with neutral 
pressure is similar to that observed in the 
previous one-dimensional (1-D) work. 

Abstract of ELMO Bumpy Torus Transport with a 
Rigid Electron Annulus in Bumpy Cylinder 
Geometry2l 

E, P. Jaeger, L. I. too, I. V. Ouen, 
C. I. Hedritik 

Transport equations for the EBT toroidal 
plasma are averaged along magnetic field lines 
computed from a 2-D magnetic equilibrium 
calculation in bumpy cylinder geometry. An 
anisotropic plasma pressure peaked off axis 

approximates a rigid, high beta electron 
annulus which modifies the magnetic field but 
dous not interact with the toroidal plasma. 
Toroidal plasma pressure is neglected due to 
low toroidal beta. A local diffusion approxi
mation allows numeric*1 solution of the 
steady-state transport.equations for an 
isotropic toroidal plasma on a grid of magnetic 
surfaces, which include both normal and 
reversed magnetic gradient regions near the 
electron annulus. The non-Maxwellian ion 
velocity distribution is neglected. Results 
depend on the annulus width and pressure 
distribution. Scaling of energy confinement 
with neutral pressure is similar to that 
observed in 1-0 cylindvical geometry with ad 
hoc magnetic profiles. 

Abstract of Ambipolar Potential Formation 
and Control in Bumpy Tori and Mirrors 2 2 

If. A. 'Jakan, R. F. Pose* 

The Workshop on Ambipolar Potential Formation 
and Contiol in Bumpy Tori and Mirrors was held 
at Oak Ridge, Tennessee, May 11-12, 1981. 
Attending we-e approximately 100 scientists 
from both the U.S.A. and Japan. 

The purposes of the workshop were (1) to 
evaluate the current status of experimental 
and theoretical understanding of the role 
played by the ambipolar potentials and (2) to 
identify processes that influence the formation 
and control of the ambipolar potentials. 

The first part of the workshop was devoted 
to presentations of 24 papers (divided (dually 
between experiment and theory) along with 
four reviews. The second part of the workshop 
was devoted to open-forum discussions of 
critical topics selected by the workshop 
participants. 

# ~~ ~ Lawrence Livermore rational Laboratory, Livermore, California. 
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Abetmst of The Aatoi polar Potential in EBT, 
a Theoretical Summary23 

C. £. Bedrtek 

In EBT the ambipolar electric field has a 
.profound effect upon single particle orbits 
and hence upon loss rates. Based upon the 
^experimentally observed aabipolar potential, 
orbits and loss rates have been calculated. 
These in turn have been used in transport 
calculations to calculate density, tempera
ture, and self-consistent electric fields for 
comparison tfith experiment. 

The gross properties of the EBT-I/S plasmas 
can be understood in terns of purely hydro-
genic, neoclassical tracisport assuming 
Harwellian distributions. The basic elements 
of these calculations trill be reviewed. The 
.'greement with tte gross experimental properties 
using these simplified models is in large part 
<^ue to the fact that the electron particle and 
energy losses are both dominant and better 
understood than the ion losses. The ion 
losses in EBT-I/S plasmas are complicated by 
two factors. One is that, because of the 
relatively small plasma density and mirror 
radius, impurities (e.g., Al) may substantially 
modify the ambipolar potential even though 
their denfity is very low. The second factor 
is that Coulomb collisions are a very weak 
mechanism for heating ions. Thus tne ions are 
susceptible to what otherwise might be negli
gibly small nonclassical effects. 

Recent Fokker-Planck calculations suggest 
that very small amounts of heating (by fluc
tuations) can produce an enhanced tail on the 
ion distribution - a s observed experimentally. 
Single particle orbit calculations suggest a 
possible mechanism for heating both hydrogen 
(to produce an enhanced tail) and impurity 
ions. These calculations also suggest a 
mechanism for enhanced hydrogen and impurity 
loss rates. Radially resolved transport 
calculations indicate that such mechanisms can 

indeed lead to ambipolar potentials which are 
in better quantitative agreement with experi
ment. 

"*>ese complications in modeling EBT-I/S 
plasmas should be largely eliminated in EBT-P, 
where the larger mirror radius and plasma 
density will shield the plasma f; -JK impurities 
and permit efficient penetration of ana tfirpct 
ion heating by ICRF. ~ 

Abstract of Power Requirements for ion Tail 
Formation in EST21* 
J. S. tolliver, E. P. Jaeger, C. £. Bedriek 

Experimental evidence suggests the possible 
presence of an enhanced high energy tail on 
the ion distribution function, and a simple 
theoretical analysis indicates that an ion 
tail may be a major contributor to neoclassical 
losses, which in turn influence the ambipolar 
potential. In order to study these effects, a 
kinetic model for neoclassical transport is 
developed using a Fokker-Planck collision 
operator and assuming isotropic electron and 
ion velocity distributions. Three coupled 
nonlinear integrodifferential equations are 
solved numerically. The solution sht*s a non-
Kaxwellian lowest-order ion distribution 
function. Ihis non-Maxwellian solution leads 
to higher core ion temperatures and larger ion 
diffusion rates than those obtained when a 
Maxwellian distribution is assmud. If the 
ion tail is further enhanced by a small amount 
of ad hoc heating, even higher core tempera
tures and loss rates are obtained, 

Ab$tvaot of Effects of Fluctuating Electric 
Fields on Hydrogen and Impurity Ions in EBT 2 5 

I. V. Own 

The effects of fluctuating poloidal electric 
fields on the orbits and on the heating and 
loss rates of ions and impurities in EBT are 
examined. The equations of motion for particles 
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confined to a sector midpUne are numerically 
integrated to yield the temporal behavior of 
the velocity and position coordinates in the 
presence <>i the vacuum magnetic f ield, a 
realistic steady-state Tobipolar electric 
f ield, and the sinusoidally varying electric 
ftold of a wave propagating in the poloidal 
direction. I t is shonn that a wave i f modest 

\amplitude an-i frequency comparable to typical 
fluctuation t<-equenc.ies (10-150 kHz) Measured 
in EBT can lead to large excursions in the 
k :netic energy and radial position of the 
hyjrogen or impurity ion. The possible 
relevance of the results of these calculations 
to the behavior of impurity ions as a function 
of the mass, charge state, fluctuation level, -. 
steady-state potential, etc., is discussed. 

Abstract of EBT Transport and Ambipolar 
Potential Formation with Rapid Loss 
of High Energy Impurity Ions^s 

.7. .-. -Jaeger, ?.. K. Ric'-virds, C. L. Hedrick 

Density profiles for neutral impurity atoms 
and impurity ions of a single charge state are 
calculated as functions of radijs in a one-

v and-one-half dimensional (IVD) transport 
calculation for the EBT toroidal plasma. The 
ion tail is neglected along with the source of 
electrons due to ionization of neutral impurity 
atoms. Ad hoc energies and transport rates 
are assumed for the impurity ions consistent 
with spectroscopic measurement. Ambipolar 
transport rates are rederived to include 
impurity transport in the flux of positive 
particles, and the electric field is computed 
self-consistently. Steady-state solutions 
show potential well depths on the order of the 
impurity ion temperature divided by its 
charge. Also, due to the large gyroradius of 
the impurity ions, viscosity limits shear in 
the poloidal drift velocity. Thus, potential 
profiles tend to be more parabolic and the 
plasma rotates more near!, as a rigid body 

_ . . 
EBT Experimental Section. 

than would be expected from simple neoclassical 
theory with no impurities present. 

Abstract oT Aluminum Impurity Inns and the" 
Ambipolar Potential in EBT 2 7 

R. K. Richards,* E. P. Jaeger ~ 

There is experimental evidence of a corre
lation oetween the electric potential and 
aluminum impurities in EBT. This correlation 
is observed in the relation between the tempera 
ture of the highest aluminum charge state and 
the potential well depth. The aluminum 
temperature is determined for each charge 
state by measuring the Doppler broadening of a 
characceristic spectral line. Temperatures as 
large as 650 eV have been found for. A l + J . 
Aluminum densities are derived by measuring 
the brightness of spectral lines with an 
absolutely calibrated spectrometer. Typical 
central values indicate Hy/i>e -v 10~ 3. The 
particle confinement time tor the aluminum 
ions is determined by comparing the ratios of 
aluminum ion densitier. Values for the 
aluminum confinement times are smaller than 
the electron confinement time by several 
orders of magnitude ( T ^ < 100 us). This 
short lifetime suggests a large particle flux 
of aluminum and the formation of an ambipolar 
potential as a consequence. 

Abstract of Magnetic Field Error Effects 
on the Ambipolar Potential in EBT z a 

J. D. Callen 

Mirror-trapped particles are not signifi
cantly affected by field errors because their 
motion is restricted to a single mirror cell. 
Toroidally passing particles are shown to 

** drift on surfaces of constant J * f di • 
[v + (e/mc)A] = J + (e/mc)J, where the loop 
integral is over one toroidal transit and 
* <*1 ' k ' if <*i ' B " * Is the magnetic flux 
function associated with the error field. For 
small field errors (B/B « ,^/r -v 10"*) the 
drift surfaces are nearly the same as those in 
the ideal system, and the field error effects 
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are negligible. As the field error is increased 
inte an intermediate range (10"1* •<- c e/R -«. B/B v 

•~p /r t 10" 3) the passing particle drift 
surfaces become dominated by the field errors 
(i.e., t)> and the toroidally passing electrons 
cause, via a Spitzer-type kinetic equation, 
particle and concomitant current flow in the 
direction of the field error (I). However, in 
the intermediate regime this charge flow is 
small compared to the poloidat charge flow due 
to the mirror-trapped particles, and hence the 
field error causes only a slight distortion of 
equipotentials of the aabipoUr potential 

_ well - toward those of the field error flux 
surfaces. For large field errors (3/B > v j r ̂  
10~ 3) the field-error-induced charge flow 
dominates, there are an electric field and 
current in the direction of the error field 
(B), a potential well (T-mode operation) 
becomes impossible, and neoclassical transport 
is drastically modified. Since the field 
error is smal1, the current and charge flow 
are effectively in the toroidal direction but 
spiral slowly out of the confinement volume in 
the B direction. The toroidal current causes 
a poloidal magnetic field structure which can 
mojify the B in the plasma and hence the 
possibility of forming a potential well. A 
nutter of the characteristics predicted by 
this theoretical model are observed experi
mentally. 

Abstract of EBT Transport and Ambipolar 
Potential Formation with Rapid Loss 
of High Energy Impurity Ions 2 9 

E. P. Jaeger, fi. ¥.. Richards, C. L. ft". Iriak 

Density profiles for neutral impurity atoms 
and impurity ions of a single charge state are 
calculated as functions of radius in a 1S-D 
transport calculation for the EBT toroidal 
plasma. Ad hoc energies and transport rates 
are assumed for the impurity ions consistent 
with spectroscopic measurements. Steady-state 

EBT Experimental Section. 

solutions show potential wel? depths on tie 
order of the impurity ion temperature divided 
by its charge (e» > 100 eV). Also, classical 
viscosity due to the large gyroradius of the 
impurity ions limits shear in the poloidal 
drift velocity. Therefore, potential profiles 
tend to be more parabolic and the plasma 
rotates more nearly as a rigid body thin would 
be expected from rimple neoclassical theory 
with no impurities uresent. 

Abstract of 2-D Kinetic Transport Model 
forJBt 1 1 

J. S. Tollioer, E. ~P. Jaegar, C. L. EedrL'k 

work has begun on a 2-D kinetic transport 
model for ions in CtfT. This is an extension 
of earlier work with « I-D kinetic model. Re 
begin with the drift kinetic equation in ". 
general (a.S.c) coordinates allowing full 3-D 
magnetic geooetry. This equation is then 
bounce-averaged, and generalized moments in 
terras of an average over the infinitesimal 
volume between two alpha surfaces are taken in 
order to prove continuity. It is then con
venient to transform from (a,e) coordinates to 
the more useful (e,e) coordinates defined in 
the midplane and centt red at the plasma 
center. This bounce-averaged drift kinetic 
equation can then be simplified by Fourier 
expanding in the variable f- to yield a set of 
coupled equations in two velocity dimensions 
U,u) and one space dimension (c). The two 
quantities ft '- <?„ • ve> and V- z. <? D • 7p> 
are calculated from the longitudinal invariant 
J using a 3-D EBT vacuum magnetic field. The 
coupled equations can be solved numerically 
when a scale length relationship for the space 
dimension is assumed (i.e., point model in 
configuration space). 

Abotraot of Transport Projections from the 
Experimentally Observed Ambipolar Potential 
Scaling 1n EBT" 
B, F. Jaeger, C. I, Hedriok 

In the EBT, the electron-rich toroidal 
plasma exhibits an ambipolar potential well 



with a radially inward pointing electric 
field. Experiment snows a potential well 
depth on the order of the electron teupera-
ture, but neoclassical transport theory for 
Maxwellian ions predicts a well depth on the 
order of the ion temperature. While the 
classical theory scales favorably for larger 
machines, there is also interest in making 
projections based on the experimental scaling. 
Consequences of this scaling will be discussed 
in the context of a 1%-D transport model with 
ad hoc rather than self-consistent electric 
fields. Since electron and ion fluxes are not 
necessarily equal in such a model, ambipolar 

-transport rates are inappropriate and the 
calculation must be reformulated in terms of 
separate electron and ion transport coeffi
cients. In this case, terms linear in the 
.electric field appear explicitly in the trans
port equations. 

4.1.3 Magnetics and Orbits 

Anotter aspect of ion transport is that the 
high energy population (tail) is found experi
mentally to be larger than that given by a 
single pure Maxwellian. There is some evidence 
that the temperature of this tail (̂ .250 eV in 
EBT-S) follows the scaling law p/L a 0.05 
(where p is the gyroradius and L is the 
magnetic scale length) and that only the 
density of the tail is affected by either ICRH 
or internally generated fuc tuitions. This 
scaling law is similar to that obtained for 
the hot electron rings, but the experimental 
evidence for this ion tail is far less complete 

'~ than that for the rings. 
The value of 0,05 for p/L i> comparable to 

that at which the lore indicated that the 
magnetic moment, u, would begin tor fluctuate 
due to finite gyroradius effects. Numerical 
calculations using the full single particle 
equations of motion in finite ring beta 
magnetic fields and (In the case of ions) 
ambipolar electric fields have been carried 
out. These calculations indicate that u does 
begjn. to fluctuate appreciably at values of 

P/L comparable to 0.05, as expected from 
analytic approximations. However, for ^/L < I 
the particles are not immediately lost even if 
they become untrappea (ir. contrast to what 
happens in a single mirror cell). For p/L < I. 
the gross effect is similar to neoclassical 
diffusion with enhanced pitch angle scattering, 
rather than being a prompt or direct loss, 
because the particles tend to follow well-
confined drift surfaces. 

Utile it seems clear that the fluctuations 
in u due to finite gyroradius are important 
for understanding, the empirical scaling of 
both the ring and the ion tail* it is still 
debatable which of the collective processes 
(heating, transport, fluctuations, etc.) is 
most affected by these single particle effects. 
What is clear is that most theoretical models 
neglect "small" u fluctuations, which can be 
large compared to other 'small" effects that 
are currently included. One of the prime 
candidates for examination in the near future 
is heating of high energy electrons (with 
energies comparable to the ring temperature) 
by ECH including y fluctuations due to finite 
gyroradius effects. 

Abstract of 3-D Tensor Pressure Equilibria 
for EBT3> 
I. W. Ou^,., C. L. Hedriak 

Techniques for calculating magnetciiydrostatic 
equilibria with tensor pressure dre reviewed. 
Algorithms for computing 3-D hot electron ring 
equilibria for EBT with a separable model for 
the pressure tensor are discussed, as are the 
numerical methods used in the implementation 
of those algorithms in a computer code. Some 
typical results of 3-D equilibrium calculations 
for EBT-I/S and an EBT reactor conceptual 
design illustrate the efferts of the re'a-
tivistic electron annuli on the magnetic 
field. Two significant additions to the 3-D 
code »re planned for the near term and dis
cussed In this paper. The first concerns the 
addition of an isotropic pressure component to 
moie] the core plasma in EBT. The second is 
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the inclusion of the flow and electric field 
teras in the momentum balance equation. A 
straightforward method of including mass flow 

•+ -*• 

due to the E x B plasma rotation and a dis
cussion of its possible importance for 3-D 
equilibria in EBT are presented. 

A b s t r a c t of Nonadiabaticity and High Energy 
Particle Orbits in EBT 3 3 

L. V. Caen, C. I. Bedrick, I. E. Deleanu 

The scaling of hot electron ring tempera
tures in EBT and mirror experiments and the 
results of recent ICH experiments on EBT-S 
suggest the scaling law p/L * 0.05, where p is 
the gyroradius and L is the magnetic scale 
length. This is roughly the value at which 
conservation of the adiabatic invariant u 
begins to break down. The behavior of u(t) 
and the particle drift orbit? are obtained by 
numerical integration of the equations of 
motion. In the absence of electric fields it 
is shown that nonconservation of v- for p/L * 
0.05 is so weak as to have little effect on 
drift orbits and to affect particle losses 
only through enhanced pitch angte scattering. 
Only for particle energies of about five times 
the temperature do rapid direct losses due to 
magnetic moment jumps start to become impor
tant. The effects of a radial electric field 
on v conservation for high energy impurity and 
hydrogen ions will be reported. 

Abaci-get of Ring Temperature Scaling3" 
S. A. Vokcm 

During the last two decades the production 
of high beta, hot t.ectron plasmas with ECH 
has been amply demonstrated in open and closed 
geometries. A wide variety of conditions was 
present in these experiments, with a factor of 
2 change in device dimensions and more than an 
order of magnitude change in magnetic fields 
(•vl-10 kG), ECH frequencies (<v6-55 GHz), and 
hot electron temperatures (^50-1200 keV). An 
analysis of the data from all the experiments 
that used a single ECH frequency Indicates 
that the hot electron temperatures do Increase 

with maanetic field strength (or, equivalently, 
ECH frequency) and scale length. In particu
lar, they all obey P/L a constant (-<.5-6 x I0" 2) 
scaling, where p and L are the hot electron 
gyroradius (relativistic) and the magnetic 
field scale length, respectively. This is 
roughly the value at which conservation of the 
adiabatic invariant v- begins to break down and 
suggests that the hot electron temperatures 
are probably limited by nonadiabatic particle 
behavior. Kesults, primarily from hot electron 
ring experiments (ELMO, EBT, NBT, etc.), are 
discussed, and projections for future experi
ments are given. It is shown that although in 
all previous experiments the ring temperature 
is determined by the p/L criterion, EBT-P 
will be the first experiment unconstrained by 
this limit. 

A b s t r a c t of Adiabatic Energy Limit in ECH 
Hot Electron Plasmas 3 5 

S. A. Uakan 

During the last two decades the production 
of high beta, hot electron plasmas with ECH 
has been amply demonstrated in open (simple 
and min-B nirrors) and closed (bumpy tori, 
EBT, and NBT) geometries, an effort largely 
pioneered by R. A. Dandl. A wide variety of 
conditions was present in these experiments. 
While Don of these experiments (ELMO, PTF, 
7PM, CiRCE, EPA, EBT, NBT, etc.) have had a 
similar device size, with the exception of two 
(INTEREM, STM) that were twice as large, there 
was an order of magnitude change in magnetic 
fields (--1-10 kG), ECH frequencies (^6-55 GHz), 
and hot electron temperatures (^50-1200 keV). 
An analysis of data from all_ these experiments 
indicates that the hot electron energies do 
increase with magnetic field and frequency and 
are probably limited by nonadiabatic particle 
behavior, obeying p/L * constant (̂ 5-6 x 10" 2) 
scaling where p and L are the hot electron 
gyroradius (relativistic) and magnetic field 
scale length, respectively. Results, mostly 
from hot electron ring experiments (ELMO, EBT, 
etc.), will be discussed and projections v-ill 
be given. 
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Single particle confinement in bumpy tori 
with noncircular mirror coi ls 
Z. V. Oven 

Various methods have been proposed for 
improving single particle confinement in the 
vacuum magnetic field of a bumpy torus. These 
include the use of split-wedge mirror coils, 
axis-encircling aspect ratio enhancement (ARE) 
coils, and field synaetrization (SYH) coils. 
The Kagoya Bumpy Torus (NOT) group has recently 
investigated the effects of using semicircular 
(D-shaped) mirror coils. 

The purpose of the work now under way is to 
ascertain the effects of noncircular mirror 
coils on vacuum magnetic field geometry and 
single particle confinement. Configurations 
employing rectangular, trapezoidal, D-shaped, 
and triangular mirror coils are compared to 
the basic EBT-S configuration with circular 
coils. Flux lines and mod-B contours in the 
equatorial plane, mod-B contours in the mid-
plane, and drift orbits for trapped, tran
sitional, and passing particles are evaluated 
for each configuration. These qualitative 
comparisons indicate that single particle 
confinement with noncircular mirror coils is 
not significantly better than that with 
circular coils. 

4.1.4 Heating 

The theory of both ECH and ICRF heafing is 
critical to EBT physics understanding and has 
received increased emphasis this year. The 
major efforts this year have been the continuing 
development of theoretical tools to study ECRK 
in EBT and application of these tools. A 
number of improvements have been made in the 
RAYS ge^netrical optics code, -...eluding an 
equilibrium model that includes the electron 
rings, refined relativistic and nonrelativistic 
damping modules, multicomponent plasma models, 
and improved ray diagnostics. Considerable 
effort has been expended in documenting the 
code for wider use. iThe RAYS code is already 
being used at Princeton Plasma Physics labo
ratory (PPPL) for calculations on the Poloidal 

Divertor Experiment (POX), and techniques 
developed for RAYS are incorporated in the 
Lawrence Liveraore National Laboratory (LLNL) 
ray tracing code.] The 2-region power balance 
model has been refined and a technique developed 
for a priori estimating of the average annulus 
absorptivity. The RAYS code and the power 
b:lance model have been used together to make 
detailed calculations of microwave power 
deposition in EBT devices. 

He have begun a theoretical program to 
study ion cyclotron heating (IGH) in EBT 
devices. This includes a kinetic theory of 
the wave absorption and a numerical calculation 
of ICRF wave fields in bumpy cylinder geometry. 
The calculation o f the wave fields is compli
cated by the relatively long wavelengths of 
the fast and slow Alfven modes in EBT-S (as 
opposed to EBT-P), and a numerical approach 
based primarily on cold plasma theory is being 
pursued. Very recently the commonality of 
propagation features for both ICRF and stability 
theory has suggested supplementary theoretical 
approaches for other more nearly electrostatic 
and flutelike modes, which may be important 
for understanding the ICRF experiments on 
EBT-S. 

Abstract of A Simple Power Balance Model 
for Microwave Heating in EBT i e 

0, B. Batahelor 

ft simple model is presented for the * o-
duction and absorption of ordinary and extra
ordinary mode energy in various regions of the 
EBT plasma- The plasma is divided into two 
regions: (I) the low magnetic field sioe of 
the extraordinary mode cutoff and (II) the 
hiqh field side of the cutoff. Energy balance 
equations are written for the sources (injection, 
mode conversion, and tunneling) and sinks 
(mode conversion, absorption, and tunneling) 
in each region, and simplified models are 
introduced to account for each of these 
processes. Since a typical ray makes several 
reflections from cavity wall surfaces before 
being absorbed, additional simplifying assump
tions are made that the wave fields are an 
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isotropic incoherent superposition of plane 
waves and that the energy density of each node 
is unifora fn a given region. 

It is found that conversion between eigen-
modes upon nail reflection and absorption of 
the extraordinary node at the fundamental 
cyclotron resonance are the most rapid pro
cesses. The relative fractions of the injected 
power that is deposited in the various plasm 
components are typically 25* to the annulir*. 
22S to the core plasma, and 331 to the surface 
plasma.' The partitioning of energy between 
the three plasma components is determined 
largely by geometric characteristics of the 
walls, the plasma, and the fundamental cyclotron 
resonant surface. The results are comparatively 
insensitive to other parameters of the mode", 
and are in rough agreement with estimates of 
power deposition based on experimental data. 

Abstract of Theoretical Studies of Electron-
Cyclotron Heating in ELMO Bumpy Torus 3 7 

D. B. Batahator, S. C. Goldfingev 

The basic features of microwave propagation 
and electron cyclotron damping in EBT devices 
are investigated to provide an understanding 
of the heating of the toroidal core plasma 
component. Linear cyclotron damping calcu
lations are presented for plasmas having 
parameters typical of EBT-I and parameters 
projected for EBT-II. It is shown that the 
extraordinary mode is completely absorbed near 
the fundamental cyclotron resonance when 
propagating from the high magnetic field side 
(mirror throat). For EBT-I parameters, 
heating by the ordinary mode at the fundamental 
cyclotron resonance and by both modes at the 
second harmonic resonance is negligible. For 
projected EBT-P parameters, the ordinary mode 
is heavily damped at the fundamental and the 
extraordinary mode is heavily damped at the 
second harmonic. Since the right-hand cutoff 
prevents injected extraordinary mode energy 
from propagating to the cyclotron resonance, a 
mechanism must exist outside geometrical 

optics by which the extraordinary mode reaches 
resonances. It is argued that this mechanism 
is the conversion of ordinary mode energy to 
extraordinary mode in the high field region 
upon wall reflection. 

Studies of wave absorption processes near 
the second harmonic resonance (where the 
annulus is observed to form in EBT} are 
discussed. Calculations of single particle 
orbits at the second harmonic resonance in a 
magnetic mirror field and large amplitude wave 
characteristic of EBT-I are presented. It is 
shown that the heating is highly pitch angle 
dependent and that the motion of particles 
with large initial pitch angle is super-
adiabatic rather than stochastic, as is 
assumed by quasi-linear models. The calcu
lations suggest that coherent wave-particle 
interactions are important in producing the 
annulus from a population of particles having 
small initial perpendicular energies. 

Abszrzct of Ray Tracing Studies of Microwave 
Heating of the Annulus in EBT Devices 3 8 

2). B. Bate'f&icr, R. C. Goldfi ser, S. Weitzmr 

Electron cyclotron absorption of ordinary 
and extraordinary waves by the combined core 
plasma and relativistic annuli fc« been 
studied numerically. A fully relativistic 
damping package has been developed for the 
RAYS geometrical optics code, which allows ihe 
contribution from an arbitrary number of 
cyclotron harmonics to be included. The rays 
are traced in finite beta bumpy cylinder 
plasma equilibria which are obtained from the 
ORNL 2-D equilibrium code. These results for 
direct, single pas* absorption are combined 
with results from a statistical model for the 
deposition cf multiply reflected and mode-
converted waves to obtain estimates of the 
power deposited in the core, surface, and 
annulus plasrna components. Self-consistent 
estimates of the annulus power losses for 
EBT-I, EBT-S, and EBT-P are obtained using the 
same ring equilibrium model. 
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&istraai of Lower Hybrid Heating in EBT39 

- ~ - t - — , - - - ^ * 

K. i-. ooUirtKger, A. c. -~i*s : , 
D. 5. B^taheloi' 

The absorption of Toner hybrid waves by the 
electron and ion components of EBT plasna is 
examined. Parameters are chosen for the hot 
electron annulus and core region which are 
representative of EBT-S and EBT-P plasmas. 
The computations are carried out using the 
RAYS code that %zs developed to study ECRH in 
EBT. The electron Landau damping along the 
ray is computed with the dating calculated 
relativisticalty in the regions where the ray 
passes through the hot annuli. The lower 
hybrid ray trajectory is traced until mode 
conversion to an ion Bernstein node occurs. 
He find that the potential for heating depends 
on an appropriate choice of the wave frequency 
and incident parallel wave nunber spec true. 
In summary, lower hybrid wave power can be 
used to heat ions in EBT with a careful 
matching of wave and plasma parameters. 

Abstract of Ion Cyclotron Resonance Keating'*0 

.?. Ueitsnev, D. B. Betehelov 

In the parameter ranges of present experi
ments, geometrical optics provides a bad 
representation for the wave-plasma interaction 
near the ion cyclotron resonance. We provide 
a more appropriate modeling of the plasma-
electromagnetic wave interactions in the range 
of frequencies near the ion cyclotron frequency 
and its harmonics. Based on the linearized 
Vlasov equation, we give expressions for 
energy absorption of the fundamental and 
second or third harmonics. We also examine 
electromagnetic wave mode patterns in the 
cavity. 

Abstvaot of Microwave" Power Deposition 
in the Annulus and Core Plasma 
Components of EBT Devices'*1 

Ci B. Batahelor, /?. C. Goldfinger, H. Wcitzmr 

Electron cyclotron absorption of ordinary 
id extraordinary mode waves by the combined 

'h.r,\f.r College, Hew York, New York. 

core plasma and relativistic annuli has been 
studied numerically. A fully relativistic 
damping package has been developed for the 
RAYS geometrical optics code which allows the 
contribution from an arbitrary number of 
cyclotron harmonics to be included. The rays 
are traced in finite beta bumpy cylinder 
plasma equilibria obtained from the ORHL 2-0 
equilibrium code. These results for direct, 
single pass absorption are combined with 
results from a statistical model for the 
deposition of multiply reflected and mode-
converted waves to obtain estimates of the 
power deposited in the core, surface, and 
annulus plasma components. Self-consistent 
estimates of the power requirements for EBT-I, 
EBT-S, and EBT-P are obtained. 

Abstract of TOKAY - A Ray Tracing Code for the 
Analysis of Electron Cyclotron Heating 
in Toroidal Geometry''2 

A. B. Eritz, B. Esuan,' R. C. Goldfinger, 
D. S. Batahelor 

A ray tracing code (RAYS), developed to 
study wave propagation in EBT, has been 
modified (TORAY) to study radio frequency (rf) 
heating and current drive in toroidal geometry. 
The ray trajectories are obtained by solving 
the Hamiltonian form of the geometrical optics 
equations with either time or arc length as a 
parameter. Ray patterns are initiated similar 
to those of an actual antenna. A full graphics 
package has been developed for displaying the 
behavior of the rays. The ray paths and the 
dependence of energy deposition on plasma 
equilibria and microwave parameters are 
analyzed. In particular, parameter* appro
priate for the electron cyclotron heating 
experiments on PDX, ISX-B, Versator, and T-10 
are examined. TORAY is structured for con
venient linkage with transport HHD and Fokker-
Planck codes. This linkage will be utilized 
to investigate the effect of ECH on transport 
and tearing mode stability. 

Princeton Plasma Physics Laboratory, 
Princeton, New Jersey. 
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A b s t r a c t of Cyclotron Absorption by the 
Relativistic Electron Rings in EOT* 0 

D. B. BatehslcT, B. C. Goldfvtger, B. Veiisner 

A key eleaent of the EST concept is the 
high beta, relativistic electron annuli formed 
in each sector of the torus by a cyclotron 
resonant interaction with high power injected 
aicrowaves. The local Magnetic wells produced 
by these annuli stabilize the toroidally 
confined core plasma and enhance its confine
ment. In this paper we present initial 
results of a numerical study of electron 
cyclotron absorption of ordinary and extra
ordinary mode waves by the annuli in realistic 
EtT geometry. The calculations are based on 
the ORNL geometrical optics code RAYS and a 
recently developed, fully relativistic damping 
package that involves no expansion in Tg/"^ 2 

and allows an arbitrary number of cyclotron 
harmonics to be included. The rays are traced 
in numerically computed, finite beta, bumpy 
cylinder plasma equilibria obtained from the 
ORNL 2-0 equilibrium code. A self-consistent 
kinetic modeling of the formation and steady-
state properties of the annulus is a long-term 
research effort of which the present work is a 
part. Here, we have examined the wave absorp
tion characteristics of specified annuli 
representative of EST devices and in particular 
have studied the relative opacity of EBT-I 
and EBT-P annuli. 

4.1.5 EBT Reactors 

Finaliy we turn to the EBT reactor studies, 
which play an important role in focusing 
theory and experiment on the long-term goals 
of the program. The past year has seen 
renewed emphasis in this area at ORNL. Con* 
siderable progress has been made in the areas 
of magnetic optimization, synchrotron radiation, 
and ring scaling. The major and long-term 
questions for an EBT reactor revolve around 
the limitations placed on cort beta and ring 
dimensions by stability considerations. These 
considerations have begun to be incorporated 
as the theoretical models for stability have 
evolved. 

In the coming year, we plan to incorporate 
these considerations (especially stability). 
In recognition that the stability models are 
still evolving, a sensitivity study has been 
launched to determine the implications for EBT 
reactors of the possible limitations imposed 
by the various modes. A systems approach is 
being employed so that the relevant engineering 
and physics constraints are incorporated. 
This involves not only the critically important 
integration activity, but the development of 
modules to treat reactor-specific calculations. 
For example, in studying an EBT reacto.- it is 
necessary to incorporate some (but not all) of 
the geometric details of the magnetic field in 
order to treat stability and transport ade
quately. This development will, of course, 
draw heavily on the codes and analyses pre
viously developed. Conversely, some of the 
techniques being implemented for the EBT 
w * . o r studies appear to be more generally 
applicable, so that not only the results but 
also the techniques of the EBT reactor study 
-can influence the entire EBT program. 

of EST Reactor Magnetics 
and Particle Confinement'*'' 
I. »»'. Otxn, U. A. Vckan 

Optimization of the vacuum magnetic field 
of an EBT reactor is investigated. Several 
methods of improving reactor volume utilization 
and single particle confinement are analyzed. 
These include the use of (1) a large number of 
sectors and/or a large mirror ratio, (2) high 
field NbjSn or Nb3Sn/NbTi hybrid mirror coils, 
(3) split-wedge mirror coils, (4) axis-encircling 
aspect ratio enhancement (ARE) coils, and _ 
(5) recently developed field symmetrizing 
(SVM) co*ls. Of these, particle drift orbit 
and 3-0 tensor pressure equilibrium calcu
lations show that the use of SYH coils in 
conjunction with high field mirror magnets 
offers the most promise of good plasma per
formance in reactors that are smaller (by up 
to 5CS) than previous reference designs that 
did not employ supplementary coils. ARE coils 
also offer an attractive alternative for 



improved confinement, but they do not have 
Btany of tne advantages of SYK coils, par
ticularly for reactor applications. Split-
wedge mirror coils improve volume utilization 
and trapped particle confinement, but they do 
not enhance the confinement of transitional and 
passing part'-le? High field magpets improve 
confinement, by permitting a larger mirror 
ratio and a larger plasma radius by virtue of 
their smaller cross-sectional area and higher 
current density. The relati"". merits of each 
eagnetics configuration are liscussed, including 
the effects on single "article confinement, 
reactor volume utilization, ma: -ials require
ments, engineering design considerations, and 
reactor assembly, maintenance, anu accessibility. 

Msz-rasi of Beta Limits in EBT and Their 
Implications for a Reactor*' 
::. A. VckzK, t>. A. SZ-OKQ, P. 5. Silcor. 

Theoretical models indicate limits on core 
beta ranging from a few percent to 10-20% 
depending on the models and/or assumptions. 
So«e of the parameters that enter into these 
beta limits are the ratio of the ring radial 
scale length to the average radius of curvature, 
i - i/R ; the ratio of the cold to the hot 
plasma density, f„ = n

c oij/ nho tJ t h e ratios of 
the hot electron drift frequency to the ion 
cyclotron frequency, -^A.^-, and to the drift 
Alfven frsquency, «,ii/ wa ; t n e r a t i o o f t n e 

ring electron temperature to the core ion 
temperature, To/T^; the ring beta, s R; etc-

Because of uncertainties in extrapolating 
results of simplified models to a reactor 
plasma, the above parameters that influence 
the beta limits cannot be determined accurately 
at the present time. Also, reasonable changes 
within the models and/or assumptions are seen 
to affect the core beta limits by almost an 
order of magnitude. Hence, at the present, 
these limits cannot be used as a rigid (and 

Office of Fusion Energy, U.S. Department of 
Er.erjy, Washington, D.C. 

reliable) requirement for EBT reactor engi
neering considerations. However, sensitivity 
studies can be carried out tj deternine the 
boundaries of the operating regime and to 
demonstrate the effects of various Modes, 
assumptions, and Models on reactor performance 
(Q value). First the nodes believed to Unit 
the core beta and ring plasma performance are 
discussed, and the simplifications and/or 
assumptions involved^n deriving these limits 
are highlighted. Then the implications of 
these limits for a reactor ire given. 

Abstract of Physics Issues of an EBT Reactor*6 

S. A. Vekan, EBT theory Croup 

The EBT concept provides a unique basis for 
a steady-state fusion reactor in a favorable 
geometry, and it has the potential for a high 
powe« density with a significant Q value. The 
similarity of the dimensionless parameters of 
the present experiments to a reactor-grade 
plasma and observed confinement characteristics 
indicate plausible extrapolations and pro
jections for a reactor; however, there are a 
number of physics (as well as technology) 
issues to be resolved. There are difficulties 
in extrapolating results of simplified (and/or 
untested) theoretical models to an actual 
closely coupled, hybrid (toroidal core, hot 
electron ring, surface plasma, etc.) geometry. 
There are also uncertainties in extrapolating 
experimental results from low density, low 
temperature (low betaJ plasmas tc predict the 
behavior of a burning plasm?. 

Basically, the plasma physics areas that 
influence the operating characteristics of 
EBTs are the following: (I) particle orbits, 
equilibrium, and magnetics, (2) stdDility 
boundaries of both core and ring plasmas, 
(3) transport scaling, i4) heating, and 
(5) ring-core interaction and power ba\ar>ce. 
In addition to the "conventional" mede of EBT 
operation, innovative ideas that enhance the 
reactor performance include (1) the use or 
supplementary (and/or trim) coils to improve 
vonfinement (and/or stability), (2) control of 
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aabipolar potential (ana -lis sign, i . e . , 
positive electric field) to erJienc* confinement 
(and to be able to burn alternative fuels, 
i . e . , 0-n, etc . , in a reasonably sized reactor), 
and (3) the possibility of "fundamental ring" 
•ode heating to reduce microwave frequency 
requirements by a factor of 2. This paper 
reviews each of these areas briefly and 
discusses their projections to a reactor. 

Abstract of Prospects for EBT-R Potential 
Control1*7 

J. B. HcSalUj, Jr. 

R. A. Dandl proposed the injection of 
molecular hydrogen ions into an EBT to control 
the plasma potential by depositing an unbalanced 
(net positive) charge in the plasm. Jaeger 
and Hedrick have demonstrated that such a 
positive potential in the plasma leads to a 
stable plasma with an order of magnitude ' 
increase in confinement times compared to 

-negative plasmas. The EBT Reactor (EBT-R} 
will require very high energy H2 (or 0 2 or 
DT ) ions for injection with trapping primarily 
by the dissociation reaction H2 -«• (i ,e) * H° • 
H + ( i .e ) . Scaling from the results of Lee 
for a 40-coil EBT-P, one finds that .̂35-HeV 
H2 ions would be suitable for injection into 
an EBT-R. Ti.e \ rejected mean free path for 
90S H2 dissociation in such an EBT-P scaled up 
(photographic enlargement) to a 40-coil 
EBT-R-size device operating at 10 2 0 e/m3 

is 'bout 26 m, whereas the average H2 confine
ment path length exceeds 44 m without electron 
rings present and 74 m with electron rings 
present in a 5° x 5 8 injection window, thus 
giving more than 90% H2 dissociation in either 
case. This would provide abo»t 5 x 10 1 7 k*/s 
and about 1.6 MW of plasma heating power per 
injeccor. Detaileo H? orbit injection and !i 
confinement studies ire, necessary to ensure 
that an adequate injection window exists in 
the proposed 24-coil 'BT-R design. 

Abstract of Analysis of rield Error Criteria 
in an EBT Reactor*6 

S. A. Uakan* D. U. SHair.* D. K. Lee, 
T. Ifchxn, L. Sf. Oven, H. R. Gordixler 

A closed fieTd line device, such as an EBT, 
is very sensitive to small perturbations in 
the magnetic field. The estimates of the 
maximum tolerable field errors («B/B) for an 
EBT reactor are derived. Numerical calcu
lations of field errors due to single coil 
misalignments indicate that the field line 
closure is most sensitive to angular mis
alignment of the coils. Errors in absolute 
spatial positions are found to have very small 
effects (SB/B v lor l f t -Hr") provided that 
there is no corresponding angular misalign
ment. Statistical analysis of errors from N 
coils, assuming the errors in ?11 N coil 
alignments are randomly distributed in a 
Gaussian fashion, is found tc be in reasonable 
agreement with the ' werical calculations. A 
specific example fv K = 36 is given, which 
indicates that misalignments of 1 cm in one 
coil position yield an error 6B/8 < 10" l o r -
whereas misalignments of 1° in one coil 
orientation result in an error 6B/B ^ lO"1*. 
Induced field errors due to ARE and SYM coils 
are found to be small (within 15* of the 
mirror field coils).. 

Abstract of Synchrotron Emission 
from the Ping Electrons in EST1*9 

T. ISckan, H. A. Vekan 

The energy spectrum of the synchrotron 
radiation emitted by the relativistic ring 
electrons in EBT has been calculated for 
various classes of isotropic and anisotropic 
ring electron distribution functions. Calcu
lations have been carried out for present 
(EBT-I/S) and planned (EE"-P) experiments. 

EBT Experimental Section. 
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The ring temperatures in EBT-1 and E'.T-S are 
--ZOO and -̂ 500 keV> respectively. T'.a pro-
Jrcte-J ring tecperatute i"\ EBT-P i . i-ltJOO-
1500 keV. Tne calcul* ti<-ns indie te that the 
radiation is predentin wt y in higner hamonics 
(> > f 2 /2) and the r/diation spectrin aono-
tonically decreases and becomes almost f lat at 
hi<jh frequencies, as observed in the experi
ments. With increasing temperature and 
anisotropy, the total ^mission increases, the 
slope of the spectrum decreases, and the pea*, 
of the spectrun Moves to higher frequency. 
The ratio of the extraordinary Nave intensity 
to the ordinary wave intensity decreases with 
temperature but increases with anisotropy. 
Calculated spectra and relative intensity 
levels of EBT-I artf EBT-S are f=-.«»d to be in 
reasonable agreement with the experimental 
measurements. Both measurements and calcu- c 

lations show that synchrotron losses are low 
in E8T-I and tBT-S. However, i a future 
experiments (EBT-P, reactor, etc.) , radiat'on 
losses will play an iaportant role in deter
mining the ring powc- balance. Correlations 
f.f calculated intensity variations with 
temperature, density, beta, anisotropy, e',x., 
are given that ,an be used as a useful cool 
f«*r comparison of theory and experiment, as 
wel- s in the determination of rine properties 
and scaling of the radiation with ring param
eters. 

AiBtrggt of S>...hrotron Radiation from the 
Hr,t Electron Rin^s in EBT50 

H. A. J ikon, R. 0. Spencer, 'i'. Uokan 

T;ie spectrum of the synchrotron radiation 
emitted by the relativistic electron rings in 
EBT has been formulated. A computer code, 
CYCLli, has been developed for the numerical 
calculation* for the rangr. of frequencies 
(especially higher harmonics) and temperatures 

University of California at Berkeley, 
Berkeley, California. 
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HI.1-2 MeV) of interest. The analysis has 
been carried out for various classes of 
isotropic (not necessari / Haxwellian) and 
anisotropic ring electron distribution functions 
Calculations include the radial profiles of 
the ring electron density and temperature 
(approximated from f i ts to the experimental 
data) and include consistent magnetic field 
modifications (magnetic well due to high beta 
ring) deduced from the pressure balance. The 
calculated spectra ant, emission level? for the 
Kaxwal Han distribution are in reasonable 
agreement with those measured, though detailed 
comparisons of theory and experiment have not 
been made. Because of the relativistic 
temperatures, the radiation is predominantly 
in higher harmonics. Tjte spectrum of emission 
for each harmonic indicates broadening of c 

individual lines with large frequency widths 
that cause pronounced overlapping of harmonics 
and results in a monotonically decreasing 
spectrun, as observed in the experiments. 

Abstract of Physics of Hot Electron Rings 
in EBT; Theory and Experiment51 

8. A. Vckan, C. I. Hedrick, G. R. Baste, 
P. W. Baity, D. B. Batohelor, P. H. Bieniosek, 
t . Bighel, S. K. Boroueki, «/. A. Cobble, 
R. J. Colakin, R. 1. C.peland, V. A. Davis,' 
R._ A. Dory, H. 0. Bason, J. C. Gloaienka, 
D. I. Billis, E. P. Jaeger, A. Konari, 

+ t 
P. K. Richards, D, A. Spang, T. Uckan, 
T. L. Whi te / «T. B. y-llgen 

Confinement and scaling characteristics of 
the high beta, hot electron rings (annuli) in 
EBT are studied. The rings are produced by 
ECU ano form * t the location of the second 
har-nonic resonance. This study examines drift 
orbits, microwave heating, equilibrium and 
stobil.. , requirements of the hot electrons, 
and their inte"action with the toroidal core 
plasm*. Reasonable agreement is found to 

Rensselaet Polytechnic Institute, Troy, New 
York. 
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exist among theoretical predictions, observed 
ring behavior, measured ring parameters, and 
power losses. Also analyzed *s dimensionless 
parameter scaling of the rings, which implies 
favorable reactor performance. 

Abstract of Role of Beta Limits on Reactor Q 
Value iii EBT 5* 
B. A. Uakan, D. A. Spong 

In EBT, there are two principal plasma 
components: toroidal core plasma, where the 
fusion reactions occur, and hot electron 
rings, which are essential to the stability of 
the overall configuration. The economic 
viability of an EBT reactor improves signifi
cantly i f $ c o r e > 10%, and average "«rinimum-B" 
stabilization requires B rj > 10-15%. Defining 
a reactor Q value thi.°. is roughly the ratio of 
the fusion power produced (* 6| B'1) to the 
ring sustaining power [« & r i B^ffo), where y 
is a relativistic factor and f(y) has a broad 
minimum for Y * 2-4], one can see the relative 
importance of &%fsrJ*r$nq o n t h e reactor 
performance and economics. [Alternatively, 
Q " n c o r e 9 ( Y ' B ) / n r i n g - ] 

Theoretical models indicate limits on core 
beta ranging from a few percent (as a lower c 
limit) to 10-30$, depending on the assumpt is. 
Basically, one of the key parameters in 
determining limits on & „ _ is e * 6/R. 
(stable if B fi < oe with a ̂  2-4), which is 
roughly the ring radial scale length divided 
by "average" radius of curvature. Because of 
uncertainties in extrapolating results of 
simplified models to a reactor geometry, t 
(and a) cannot be determined accurately. 
Also, reasonable changes within the models 
and/or assumptions are seen to affect the 
8 „ limits by almost an order of magnitude. 
Henct, these limits, at the present, cannot be 
used as a rigid (and reliable) requirement for 
EBT reactor engineering considerations. 
1'owever, sensitivity studies can be carried 
out within a reasonable parameter range to 
oemonstrate the effects of various modes, 
assumptions, and models on a reactor per
formance. One such study has been carried out 

and the parametric dependence of Q on the 
stability boundaries has been obtained. 

Abstract of A Global Transport Package 
for EBT Reactor Design 5 3 

ft. /?. Gordinier, S. A. Vekan 

A global (0-D) transport pachage has been 
developed for the self-consistent analysis of 
proposed EBT reactor configuration*. The 
model is unconventional in that (?) it allows 
for arbitrary density and temperature profiles 
and (2) all relevant physics submodels, 
including previously legislated parameters 
(such as the radial ambi polar electric field 
and the neutral fueling source rate), are 
evaluated radially. The incorporation of this 
1-D information in an overall 0-D model 
creates a unique amalgam between computational 
speed and radial sophistication. Both the 
physics and the numerical aspects of the model 
will be presented. 

Abstract of Optimization of EBT Reactor 
Magnetics51* 
L. W. Oaen, N. A. Vckan 

Optimization of the vacuum magnetic field 
of an EBT reactor is investigated. Several 
methods of improving reactor volume utilization 
and single particle confinement are analyzed. 
These include the use of (1) a large number of 
sectors and/or a large mirror ratio, (2) high 
field Nb3Sn or Nb3Sn/HbT1 hybrid mirror coils, 
(3) split-wedge mirror coils, (4) axis-encircling 
ARE coils, and (5) recently developed field 
SVM coils. Of these, particle drift orbit and 
3-D tensor pressure equilibrium calculations 
show that the use of SYM coils in conjunction 
with high field mirror magnets offers the most 
promise of good plasma performance in reactors 
that are smaller (by up to 50*) than previous 
reference designs that did not employ supple
mentary coils. ARE coils also offer an 
attractive alternative for improved confins-
ment, but they do not have many of the advan
tages of SVM coils, particularly for reactor 
applications. Split-wedge mirror col is 
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improve volume utilization and fapped particle 
confinement, but they do not enhance the 
confinement of transitional and passing 
particles. High field magnets improve con
finement by permitting a larger mirror ratio 
and a larger plasma radius by virtue of their 
smaller cross-sectional area anC higher 
current density. The relative merits of each 
magnetics configuration are discussed, including 
the effects on single particle confinement, 
reactor volume utilization, materials require
ments, engineering design considerations, and 
reactor assembly, maintenance, and accessi
bility. 

Abstract of Status of the ELMO Bumpy 
Torus Research55 

;/. A. i/chzn 

Recent developments in the EBT program of 
experiment, theory, technology development, 
and reactor studies are reviewed. A 28-GHz 
gyrotron has been routinely operated at 200 kW 
(cw) on EBT-S. Op"«',ion through 200 kW" shows 
that the electron transport in EBT-S continues 
to scale neoclassically. The ring power 
losses scale classically, and in all ECH 
devices ring temperatures scale with * e o A 
(where p „ :s the ring electron gyroradius and 
L is the magnetic field scale length). 
Initial steady-state, fast wave ICH experi
ments have been successful and show a several-
fold increase in energetic ion population. 
Theoretical analysis of a large number of 
modes and ring core coupling in stability 
calculations indicates that a substantial, 
stable, finite beta operating window is 
available with s •« 10«. The coupling of 
the ring power balance to the core plasma beta 
limits, based on the present theories, is of 
concern for reactor optimization, and para
metric studies indicate possible operating 
windows. The technology development for the 
ro/tt device, EBT-P, is progressing well, 
mving achieved operation of the 60-GHz 
«ev..'opment gyrotron at 125 kW for 60 ms and 
osei«'.•'. of the two superconducting develop-
*«nt xagnets (7.4 T, 10,000 A/cm 2) at the 
"A'. iQn field. 

Abstract of The Status of EBT Physics 5 6 

The EB1 program is currently in transition 
from the original torus (EBT-I/S) to the next 
major step, EBT-P. He review the status of ^ 
physics understanding and indicate the major 
areas of uncertainty which mist be addressed 
by future research. 

The earliest EBT experiments convincingly 
demonstrated the validity of the idea which 
motivated the EBT concept: the hot electron 
rings observed in the earlier ELK) experiments 
could provide average minimum beta to stabilize 
the toroidal core plasma against instabilities 
which hao plagued earlier bumpy tori. In the 
ten years since the proposal of EBT-I, the 
stability of the coup'ed ring and core plasmas 
has been treated in increasing detail. 
Nevertheless, it is possible to explain the 
major features of the experiments in terms of 
a set of ideas which have remained invariant 
over the past five years. The present picture 
is that the core plasma provides the density 
to stabilize the core, while the rings provide 
the minimum in beta necessary to stabilize the 
core plasma, F.^sent theories suggest that 
stability can exist for core betas which lead 
to an attractive EBT reactor. The neoclascical 
theory of transport in EBT has developed to a 
point where it is in reasonable agreement with 
experiment. Because electron transport 
dominates the particie and energy losses in 
E8T, tnis is really a ctatement that electron 
transport is well understood. Ion transport 
(and heating! is less well understood, in part 
because it is subdominant and in part because 
the heating of iens by Coulomb collisions wi'J» 
electrons is a weak process. Correlations 
between theory and experiment for ion transport 
rest in large measure on the ambipola- electric 
field. Present theory yields radially resolved 
ambipolar potentials which are in qualitative 
agreement with experiment. Investigation of 
what might otherwise be subdominant processes 
is in progress to improve quantitative agree
ment, but transport studies would be greatly 
facilitated by direct ion heating. Standard 
EBT experiments were heated by a single 
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frequency of microwave power; the core plasma 
electrons were Seated at the fundamental of 
the electron cyclotron frequency, and the 
rings formed where the applied frequency 
equals the second harmonic of the electron 
cyclotron frequency. Theoretical calculations 
of the deposition of power in the core, ring, 
and cold edge plasmas are in reasonably good 
agreement with experiment, as is ring power 
balance. ̂ In addition to standard frequency 
configurations, other configurations have been 
examined experimentally. Those involving 
single frequency heating indicate a simple 
scaling relation for the ring temperature. 

While many of the features-of EBT physics 
can continue to be explored in the present 
torus, the path to a reactor requires a larger 
torus with higher magnetic field to further 
explore: c 

• stability at higher beta, 
• transport (particularly for ions), 
• ring and core plasma coupling. 
The EBT-P devfee should permit an effective 
examination of these issues. 

4.2 TOKAMAK TKORY 

The primary emphases of the CRKL Tokamak 
Theory Group are improving tokamak devices 
through confinement analysis of high beta 
tokamak plasmas and increasing beta through 
the use of beams, rf heating, pellet injection, 
and impurity control. Strong emphasis is 
placed on wall-plascJ interactions and edge 
control. Major efforts in vhe study of 
resistive t!H0 fluctuations and disruptions and 
in the inclusion of kirA'.ic effects on bal
looning modes have added to the knowledge of 
MHO behavior. Kinetic studies of nonlinear 
stochastic effects have led to new insights 
into anomalous heat transfer processes. 
Collaboration between theorist'/ and experi-
centalists, particularly in *Jie areas of WHD 

fluctuations and numerical transport simulation 
of tokamak discharges, has resulted in major 
advances in the understanding of high beta 
plasmas. 

This section is divided into six categories: 
• ideal and resistive magnetohydrodynamics 

(MHO stability), 
• kinetic-modificatiens of WO instabilities, 
• kinetic theory, anomalous transport, and 

neoclassical theory, 
- energetic particles, including ripple and 

divertor effects, 
• transport simulations and plasma-wall 

interactions, and 
- tokamak reectors. 

Work done by theorists in the Tokamak 
Theory Group in collaboraticn with tokamak 
experimentalists is also reported in Sect. 2 
of this report, especially MHO instability 
studies, tokamak modeling, i.id plasma edge 
effects. 

4.2.1 Ideal and Resistive Magnetohydrodynamics 

Equilibria that more closely match those 
observed experimentally than earlier calcu
lations are being used to determine the MHO 
stability of the highest <6> {"-2%) modes in 
ISX-B. Such equilibria are calculated to be 
close to marginal stability; they are unstable 
for toroidal mode number n « 1 and stable for 
poloidal mode number m = 2, 3, and 4. Inclusion 
of tensor pressure induced by neutral beam 
injection in ISX-B and use of equilibria 
obtained from Thomson scattering data lead to 
more accurate resistive MHO stabi.ity calcu
lations. Finite beta effects are included in 
nonlinear studies of resistive tearing modes, 
and excitation of higher n modes is compared 
with experiment. The abstracts of papers that 
follow discuss the individual calculations in 
more detail. 
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Abstract of HH) Stability of Moncircular 
ISX-B Plasmas57 

£. A. Chariton, P. A. Ooru, </. A. Holmes, 
G. B. HeilsoK, J. L. Ounlao, B. A. Lazarus, 
P.. X. WUiand, €. Z. Lee 

It has been previously reported58 that 
tokamak equilibria which have ISX-B-like 
parameters are ideal MKD unstable for circular 
plcsnas at the highest <s> seen in the ISX-B 
device. This study is being extended in three 
ways: (1) the recent high <6> {^K) noncircular 
discharges have been considered; (2) equilibria 
which more closely match the details of the 
discharge are being used; and (3) the resistive 
KHD formalism is being applied. The input 
profiles for the equilibria are consistent 
with Thomson scattering data, and a free 
boundary calculation is being done which 
allows direct input of the coil currents used 
on the device and omparison witn magnetic 
measurements. 

Although inconsistencies still exist 
between the equilibria and the data, the ideal 
growth rates calculated for low n are consistent 
with marginal stability for the highest e 
shots that were modeled. 

The use of lower J equilibria in the 
resistive HHD codes allowed the calculation of 
sawtoothing behavior, where such behavior was 
seen expet .-entally, and of a continuous m = I 
mode, where such a mode was consistent with 
the data. 

kbetraat, of Tensor Pressure Tokamak 
Equilibrium and Stability59 

W. A. Cooper 

We investigate the equilibrium and MHO 
stability of tokamaks with tensor pressure and 
examine, in particular, the effects of aniso
tropics induced by neutral beam injection. 
Perpendicular and parallel beam pressure 
components are evaluated by taking moments of 
a distribution function obtained from the 

Tokamak Experimental Section. 

solution of a Fokker-Planck equation that 
models the injection of high energy neutral 
beams into a tokamak. We numerically generate 
D-shaped, beam-induced, tensor pressure 
equilibria. From these equilibria, we find 
that the level perpendicular pressure contours 
can be quite distorted and shifted away from 
the outer boundary (relative to the flux 
surfaces), especially with perpendicular 
injection into broad pressure profile equi
libria, and that the level parallel pressure 
contours undergo a smaller shift that is 
concentrated in the central core of the 
plasma. On the other hand, in equilibria with 
peaked pressure profiles, the pressure contours 
nearly coincide with the flux surfaces. In 
addition, a force balance relation, a repre
sentation for the poloidal beta (Pp),Cand the 
expressions for the current densities are 
derived from the KM) equilibrium relations for 
an axisymnetric tensor pressure tcicamak. 

A double adiabatic energy principle is 
derived from a modified version of the guiding 
center plasma energy principle. The asymptotic 
expansion (in large toroidal mode number n) 
and subsequent minimization of this energy 
principle yield an Euler equation from which 
we obtain a necessary stability criterion for 
the guiding center plasma to oscillations of 
large toroidal mode number. If we neglect the 
terms peculiar to the double adiabatic theory, 
we obtain a sufficient stability condition for 
the guiding center plasma. The stabilizing 
term due to the bending of the field lines is 
almost equivalent tc the corresponding term in 
ideal HHD. The driving term is modified, 
however, because th> pressures are no longer 
constant on a flux surface and the additional 
double adiabatic term is stabilizing. We use 
a shooting method to examine the stability of 
tensor pressure equilibria to perturbations of 
large toroidal mode number. We find that 
because the double adiabatic term inhibits _ 
perturbations in high pressure regions, the 
difference between the necessary and the 
sufficient criteria is significant for plasmas 
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susceptible to flute nodes that naturally 
concentrate near the Magnetic axis. The 
difference between criteria Is small for 
ballooning stability because the pressures are 
weak near the edge of the plasm, where this 
type of aode concentrates. The critical beta 
values iBposed by stability to ballooning 
•odes are higher for perpendicular bean 
injection than for parallel bea« injection or 
for corresponding scalar pressure equilibria 
with comparable pressure profiles. Perpen
dicular injection causes an Inward displace
ment of the p x surfaces with respect to the 
flux contours, and this displacement improves 
the stability conditions. The difference 
between the stability Units of broad, as 
compared with peaked, pressure profile equi
libria is large for interchange-unstable 

r 
plasmas and tends to coalesce for ballooning-' 
unstable plasmas. 

Finally', we apply the tensor pressure 
ballooning node equation to computed equilibria 
"that model experimentally determined ISX-B 
discharge profiles with high power neutral 
beam injection. We predict that the p'asma is 
unstable to flutelike modes in the central 
core of the discharge as a result of the 
pressure profile peakedness induced by the 
beams. 
Abstract of Periodic Large Amplitude MHO 
Activity in Beam-Heated Tokamaks 6 0 

J. T. Rogan 

Using the &'(W) finite island width nv<Jel 
we calculate the existence of large amplitude, 
slow (diffusion) time scale MHO activity in 
\am beta, circular, beam-heated discharges. 
Large temperature gradient;' across the forming 
islands are found to drive an oscillation 
between 2/1 and 3/2 islands, which alternate 
in time. Faster (resistive tearing) time 
scale calculations would predict disruption If 
the 2/1 and 3/2 islands were to overlap 
simultaneously. 

This "giant" periodic activity emerges from 
the simulation without a priori assumptions 

about its existence and is sensitive both to 
the mechanism for describing transport (as 
affected by islands) and to the q profile. A 
similar msatz-free periodic behavior for the 
1/1 sawtooth has been found by Parail and 
Pereversev,61 where an alternating hollow 
j-reconnection cycle leads to periodic behavior. 
The 2/1-3/2 activity described here occurs 
under conditions close to disruptivity. 

This low beta effect, caused by large bean-
induced temperature gradients, joins * number 
of other beam-specific effects (Ohkawa current 
modification of the q profile, charge exchange 
recombination enhancement of radiative losses, 
rotation-induced modification of flux surface -
triangularity) which must be distinguished 
from authentic new high beta (or 3 .) phe
nomena. The period and amplitude are calcu
lated to be affected by pellet deposition 
modifications to n e and T and by the spatial 
distribution of the beam-induced current. , 

Abstract of Honlinear Destabilization 
of Tearing Modes6* 
B. A. Carreras, H. H. Soaenbtuth,* H. R. Hicks 

We have studied the effect of a background 
of many modes on the growth of a tearing mode. 
A third-order calculation th a random phase 
approximation is presentee 'or a static back
ground. In that case, X> •. >aring mode is 
further destabilized (stabilized) if the 
values of the nonlinearly driven modes are 
positive (negative). This explains the 
destabilization of the (m • 3;n * 2) tearing 
mode observed in nonlinear 3-D calculations. 

Abstract of Resistive MHO Studies 
of High Beta Tokamak Plasmas" 
7. E. Lynch, B. A. Carreras, H. R. Hicks, 
J. A. Holmes, I. Gcroia 

Numerical calculations have been performed 
to study the MHO activity of high beta tokamaks 

Institute for Fusion Studies, University of 
Texas, Austin, Texas. 
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Sunn as ISX-B. These initial value caTcu-
lations build on earlier low beta techniques, 
tut the beta effects create several .iew 
numerical issues. These issues are discussed 
and resolved. In addition to tine-stepping 
nodules, ->jr system of computer codes includes 
equilibrium solvers (used to provide an 
initial condition) and output nodules, such as 
a magnetic field line follower and an x-ray 
diagnostic code. 

The transition frost current-driven odes at 
low beta to predominantly pressure-Jriven 
modes at high beta is described. The nonlinear 
studies yield x-ray emissivity plots which are 
compared with experiment. 

Abctvaaz. of Finite Beta Effects on the 
Nonlinear Evolution of the (n = l;n = 1) 
Mode in Tokamaks6'* 
j . A. Holmes, B. A. Ccnmvzs, S. ?.. Hiski:, 
V. E. Lztxakj K. E. Z6th& 

The stability and evolution o f ISX-B-like 
plasmas are numerically studied using a 
reduced set of resistive MHO equations. For a 
sequence of equilibria stable to ideal nodes, 
the n = I mode changes from a tearing branch 
to a pres;ure-driven branch as & is increased. 
When this mode is unstable at low beta, i t is 
just the (n = 1 ;n =' 1} tearing mode. Higb".i .-
modes also become linearly unstable with 
increasing i, ; they are essentially pressure-
driven and have ballooning character. For low 
values of beta the instability is best described 
us a s distortion of the (m * I;n = 1) tearing 
mode. This mode drives many other helicities 
through toroidal and nonlinear couplings. As 
J is increased, the growth of the m * I 
island slows down in time, going from expo
nential to linear before reconnection occurs. 
If £ is large enough, the island saturates 
without reconiiection. A broad spectrum of 
other modes, driven by the (m = l;n • I) 
instability, is produced. These results agree 

w;th some observed features of WD activity in 
ISX-B. as shown in Fig. 4.1. 

Abati'asi of Rippling Hodes in tne Edge 
of a Tokamak Plasma65 

a. A. 'toreros, J. B. CaVur., P. V. Gaffney, 
a. R. i-iaks 

A promising resistive Nkl candidate for the 
underlying cause of turbulence in the edge of 
a tokamafc plasma is the rippling instability. 
In this paper we develop a computational model 
for these modes in the cylindrical tokamak 
approximation and explore the linear growth 
and single-helicity, quasi-linear saturation 
phases of the rippling modes for parameters 
appropriate to the edge of a tokamak plasma. 
Large parallel heat conduction does not 
stabilize th*»se modes; i t only reduces their 
growth rate by a factor scaling as KT1'/3. 
Nonlinearly, individual rippling modes are 
found to saturate by quasi-linear flattening 
of the resistivity profile. The saturated 
amplitude of the modes scales as n~ l, and the 
radial extent of these modes grows linearly 
with time due to radial £ * 8 0 convection. 
This evolution is found to be terminated by 
parallel heat conduction. 

Abstract of Nonlinear Analysis of Disruptions 
in the JIPP T-II Tofcamafc6£ 

H. S. Hic'ts, B. A. Carreraz, »'. A. Bolne*, 

A comparison is maJe between results of the 
profile control experiments on the JIPP T-II 
totomak and those of the time evolution of 
tearing nsdes. Over a wide range of conditions 
nonlinea' initial value tearing mode calcu
lations are consistent with experimental 
results. In particular, the time scale of 
soft disruptions, as reflected in the negative 
voltage spikes, given by the tearing mode 
analysis agrees with that obtained experi
mentally. 
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Fig. 4 .1 . Comparison of x waveforms. (Experimental waveforms are 
from shot 34600 on ISX-B, for the time from 242 to 243.33 ms.) 

Abstract of Resistive Modes in Tokamak-
Stellarator Configurations6 7 

K. R. r.iaVz, B. A. Carr-jras, t . Saraia, 
«J. /I, Holmes, V. E. Lynch 

the nonlinear evolution of tearing modes is 
investigated for a range of tokamak-stellarator 
configurations. The tokaroak with a small 
external rotational transform represents one 
extreme. It is found that the average method68 

for calculating stellarator corrections is 
accurate when the toroidal winding number of 

the helical coil i s large, but i t yields 
saturated magnetic island widths which are too 
smalt for low toroidal winding numbers. At 
the other extreme is the low current stellarator, 
where the fields are dominated by the external 
coi ls rather than by the plasma. To numerically 
study this range of cases, we use a cylindrical 
configuration with one or more external helical 
magnetic field components due to external 
currents. A self-consistent numerical 3-0 
equilibrium is used as the initial condition. 

file:///AAAAAJ
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Abstract of Resistive Hô ŝ in a High 
Beta Tokamafc-
«T. A. Hounes, 5- A. d r r e n s s , £- A. Charlton, 

The stability and evolution of the 
(* = 1;n = 1) node in tofcanaks having finite 
beta are studied numerically using a reduced 
set of res'^tive KID equations. Particular 
attention is given to tie effects of beta, 
q profile, and plasma cross-section shape. 
The results of these studies agree with the 
systematic* of the observed MHD activity in 
ISX-B. Detailed comparison of theoretical and 
experimental x-ray and magnetic loop signals 
shows excellent agreement. 

Abstract of Fast Moment Equation Method 
for Solving the Grad-Shafranov Equation 7 3 

•i. •'.. Keicr-

A set of nested toroidal plasma surfaces 
can be represented by expressions of the form 

R - I Rn(v)cos ne 

Z = I Z n(*)sin ne , 
n=l 

where .• is the poloidal flux function. I t is 
found that with a good choice of poloidal 
aru,le e, only a few harmonics are required. 
For an elliptical plasma (R,;,Ri,Zi) are 
sufficient, and for a D-shaped plasma going to 
the third harmonic is adequate. 

Several methods exist for determining the 
harmonici; one is straightforward insertion 
into the Grad-Shafranov equation. Another 
fast method is to use a variational principle 
to obtain a set of coupled, second-order, 
ordinary differential equations for the 
amplitude.71 A s t i l l faster method is to 
obtain a set of moment equations by a weighted 
integration of the Grad-Shafranov equation 
from the magnetic axs to an arbitrary contour. 
rM integral is zero; i .e. , 

/"'*• / d̂ R.Z) (••*» * MP Jr * f fr) 
C 

= 0 , ... . (4.2.1) 

where (R,Z) are factions of t' and e, and 
(p,f) depend only on '. Two integrations by 
parts alter the integral so that the a* 
operator is applied to G rather than *. In 
general, a surface tern arises in the process 
which contains in the denominator J, the 
Jacobian of the transformation from (R.Z.) to 
(*,e) coordinates. The variational method 
also has a term containing J in the denominator. 
For finite beta plasmas there is a large 
variation in J with 8 which leads to serious 
difficulties for analytical work and time-
consuming e integrations for numerical methods. 

A set of G functions for Eq. (4.2.1) can be 
found which eliminates the surface term. The 
result is a set of moment equations which 
depends on t'e (R n,Z) amplitudes, but not on 
any of their i-'rivatives, and on another set 
of functions H (<,), whose derivatives with 
respect to * depend again only on the (R_.Z) 
amplitudes. 

This formulation eliminates the need for 
any numerical e integration. It also sim
plifies analytical work, since there are known 
representations for the amplitudes that i n 
poor for their derivatives. 

4.2.2 Kinetic Modifications of MHO 
Instabilities 

On general theoretical grounds and in 
particular at ORNl, due to the observations of 
ISX-B, there has been an awareness that the 
set of ideal MHO equations is too idealized to 
describe the experiment. These equations have 
been generalized to include the finite Larmor 
radius of the bulk and the beam species, 
n f [» (d «.n T|/d m n)J effects, magnetic drift 
resonances, and toroidal plasma rotation. 
Results show that in ISX-B, ballooning modes 
are stabilized except for rather low mode 
numbers n < 10, even for the highest values of 
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poloidal beta achieved. Further work on 
rotation and drift resonance effects is in 
progress. 

Abstract of Finite Larmor Radius Stabilization 
of Ballooning Modes in Tofcamaks72 

£. T. Tsang 

A ballooning node equation that includes 
full finite Larmor radius effects has been 
derived fron the Vlasov equation for circular 
tokamak equilibria. A numerical solution of 
this equation shows that finite Larmor radius 
effects are stabilizing. 

Abstract of Weutral Beat Effects on Tokanak 
Ballooning Mode Stability73 

V. A. Cjover, G. Batemn,* D. B. Belson,' 
T. Xamask 

An equation is derived that gives a neces
sary, as well as sufficient, stability criterion 
for the guiding center plasna to instabilities 
of large toroidal mode nunber. This equation 
is applied to D-shaped scalar pressure and 
beam-induced tensor pressure tokamak equilibria 
of aspect ratio 3. The tensor and scalar 
pressure equilibria generated have comparable 
pressure profiles. The tensor pressure 
equilibria are valid in the limit that the 
beam particle injection energy E 0 » E and 
(7. f f - 1) « 1, where E c is the critical 
energy. The scalar pressure equilibria are 
valid when E 0 < E c. Therefore, the effects of 
neutral beam injection on the stability of a 
tokamak are bracketed. It is found that 
quasi-perpendicular injection induces a dis
placement of the p x contours with respect to 
the flux surfaces away from the destabilizing 
curvature region, which enhances the stability 
of tensor pressure equilibria over comparable 

Georgia Institute of Technology. Atlanta, 
Georgia. 
Office of Fusion Energy, U.S. Department of 
Energy, Washington, O.C. 
^University of Michigan, Ann Arbor, Michigan. 

scalar pressure equilibria. Also found is a 
distinct difference between the necessary and 
sufficient stability limits when the most 
unstable modes concentrate in regions of 
relatively high pressure. Both stability 
criteria coalesce when ballooning modes, which 
appear near the edge of the plasma where the 
pressure is low, dominate. 

Abstract of Stabilization of Ballooning Modes 
by Energetic Particles in Tokamaks7* 
X. T. Tseng, 0. J. Susmzr 

A ballooning eigenmrde equation, taking 
into account the presence of energetic particles 
in a tokamak, is derived from the Vlasov 
equation. The numerical solution of this 
equation demonstrates that the finite Larmor 
radius effect of the energetic particles can 
have a strong stabilizing effect on ballooning 
nodes. This result supports the observed lack 
of high rode nus&er ballooning instabilities-
in JSX-B injection experiments. 

.-sszrzz- -• Dfa^cneflc Sr:ft Stabilization 
of Salleonine WQees in Tojcasak Seoaetry 7 5 

The stafciTizir.c \-$>izz of the finite 
thermal ion gyrsradius on the ballooning node 
stability of realistic axisynaetric toroidal 
equilibria is examined. The diamagnetic drift 
frequency effectively stabilizes modes with 
n > 30-50 in ISX-8-like equilibria. 

Abstraaz of Safety Factor Profile Optimization 
of High n Ballooning Hode Stability 
of Tokamaks 7 6 

V. A. hooper 

Conditions of improved stability to high n 
ideal MHD modes are obtained with equilibria 
generated by flattening and raising the safety 
factor (q) profile. Flat q profiles shorten 
the connection length for high n ballooning 
modes and diminish the destabilizing impact of 
the geodesic curvature. High values of q 
stabilize the residual interchange modes. 



wfa-irc^i af Diamaqnetic Drift Frequency 
Effects on Tofcamafc Ballooning Stability 7 7 

i". .-.. Jbcr^r 

The stabilizing effect of finite ion 
diwagnetic drift frequency on ballooning 
modes in realistic tokamak geometry is investi
gated. The inclusion of temperature gradient 
effects can significantly enhance the stability 
of a tofcaaak with broad mass density profiles. 

4.2.3 Kinetic Theory, Anomalous Transport, 
and Neoclassical Theory 

With a recently developed nonlinear Vlasov 
(gyrokinetic) code Modeling the strong turbu
lence effects on the electrons with a renor-
awlized orbit propagator, both electrostatic 
and finite beta electromagnetic drift nodes 
have been investigated. Thus, the self-
consistent anomalous transport calculations by 
Kirshman and Kolvig can be rigorously analyzed, 
leading to relevant quantitative improvements 
in the use of the renonnalized propagator for 
electron diffusion, inclusion of electron 
temperature gradient*, and recovery of inverse 
proportionality of electron diffusion with 
density (Alcator scaling) for the electro
magnetic case. Analytically, this theory has 
been applied to compare its prediction of the 
anomalous elecTon heat transport wi th tokamak 
experimental results. One finds consistency 
with the presumption that electromagnetic 
drift wave turbulence contributes substantially 
to tnat anomalcjs heat loss. 

A further frontier effort in strong turbu
lence theory relates to the spectral analysis 
cf noisy nonlinear maps, leading to a linear 
equation for the distribution function of the 
spectrum. 

Several contributions to liner kinetic 
theory have led to publications dealing with 
kinetic effects on ballooning modes and low 
mode number radial eigenmodes of the shear 
Alfven wave in tokamaks, modes destabilized by 
particles faster than the Alfven speed. 

In neoclassical theory, a major invited 
review paper on impurity transport appeared in 
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Suclear FU&ZOK. A special section of this 
paper is devoted to the effects of mnentua 
input and plasma rotation on impurity confine
ment. Transport Modeling of these effects has 
started for ISX-B. Inclusion of neutral beaat 
heating effects in neoclassical calculations 
leads to predictions not observed in ISX-B. 
implying a neoclassical current «uch lower 
than that observed. Neoclassical theory ** 
also used to calculate density profiles used 
to predict Ideal IW> stability in reactor-like 
regimes. 

Abstract of Universal Hode with Diffusive 
electrons: Linear Instability 
and Nonlinear Saturation73 

C. 0. Beaslea, Jr., K. Koljiq, V. I. van Ri£ 

The effects of spatial electron diffusion 
on the stability properties of the universal 
drift node in a sheared Magnetic field are 
studied using an initial value code, TEDIT-7- • 
Previous studies of this problem by Hirshman 
and Kolvig relied on an approximation to the 
electron resonance function equivalent to 
making a Kroofc approximation for the spatial 
diffusion operator, 0 5 2/Jx 2. The present 
work treats the diffusion operator precisely 
and also allows the treatment of a realistic 
parallel velocity dependence of the diffusion 
coefficient, 0 - D(v,). For the case of a 
velocity-independent diffusion coefficient, 
the qualitative features found by Hirshman and 
Kolvig tre observed. >he modes with k ̂ . > I 
destabilize at small values of the diffusion 
coefficient and saturate at higher values, 
corresponding to several orders of magnitude 
<n 0. There are quantitative discrepancies 
with the previous work that, near the saturation 
point, can be accounted for reasonably we'.» by 
a simple asymptotic theory. However, when the 
code uses a more realistic form, D * D > 

o 
(Vj/'iVuDexpf-v^/v^) • D c, where D c corresponds 
to the (small) collisional diffusion and D. 

o 
parametrizes the turbulence level, then a 
quantitative difference is observed. Insta
bility persists down to zero turbulence 
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levels, 0 = 0 . This is essentially a linear 
instability due to collisional diffusion 
alone. 

Abstract of TEDIT. a Computer Code for Studying 
the Time Evolution of Drift Instabilities 
in a Torus" s 

V. I . van RiJ, C. J. Bsaslet;, Jr. 

TEDIT is an initial value program which 
calculates the tine evolution of drift insta
bilities in a toroidal plasma with a slab 
geometry approximation. The linearized 
electron and ion Mnetic equations are advanced 
in tine, so that it is possible to include 
precisely physical effects which, without 
further approximation, make the formulation of 
a tractable eigenvalue problem for the electric 
and magnetic fields impossible. For example, 
TEDIT can treat exactly the electron diffusion 
arising from intrinsic Or-foital stochasticity 
or collision, and it can almost completely 
relax the entail k s . approximation for the ion 
gyrokinetic equation. TEDIT also has electro
static, finite beta, and adiabatic electron 
options. 

Regardless of the initial conditions, the 
most unstable eigenmode dominates the long
time solution, at which time the distributions 
and fields all vary like exp(-ii;t}. The 
establishment of this eigenmode and the 
evaluation of its eigenfrequency « are achieved 
by continuing the TE0IT calculation until 
«[..n *(x,t)]/it is independent of x and t. 
The electrostatic potential » and the vector 
potential A. are calculated from quasi-
neutral ity and Ampere's law, respectively. 

Abstfiai of Numerical Simulation of Finite 
Beta Nonlinear Drift Modes* a 

C. 0. Sea-ileit, Jr., K. Hal-jig, W. I. van hij 

Using a diffusion operator to model electron 
stochasticity, we combine Ampere's law with 
Poisson's equation to calculate finite beta 
effects on the universal mode. We have there
fore relaxed the Krook approximation for the 
renormalfzed driving term in the drift kinetic 

equation and also the assumed proportionality 
of A- to ?, as done in the analytic calcu
lation. We find that this assumption is not 
justified, but we nevertheless obtain Alcator-
type scaling of the saturation mechanism for 
these modes, with the enhanced shear damping 
resulting from the finite beta effects. This 
is shown in Fig. 4.2 for two different 
poloidal wave numbers for a given level of 
stochasticity. 
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Fig, 4.2. Shear damping as a function of 
beta. 

AiciKij; cf Self-Consistept Spectrum of 
Electrostatic Drifc Wave Fluctuations Due 
to Electron Phase Space Correlations 
in a Sheared Magnetic Field6' 
Z. P. Hirchnan, P. ii. Diamond 

The spectrum of electrostatic universal 
mode fluctuations due to electron phase space 
correlations (clumps) in a sheared magnetic 
field is self-consistently calculated. The 
pair correlation equation for electrons in a 
sheared field is derived and renormalized, and 
an approximate solution for the correlation 
function is obtained. Using the density 
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correlation function as a source term in 
Poisson's equation, the renormalized dielectric 
operator is inverted to obtain the turbulent 
spectrum. Self-consistency is imposed by 
requiring that the diffusion coefficient 
derived from the calculated spectrum equal 
that used to obtain the spectrum originally. 
The diffusion coefficient obtained in this way 
is in close agreement with that calculated 
from 1-point turbulence theory. The calcu
lated spectrum is rapidly convergent f- .* large 
wave numbers. 

Abstract of Spectral Analysis of Hoisy 
Nonlinear Haps 8 2 

5. P. esrsrmzK, «f. C. Vkttson 

A path integral equation formalism is 
developed to obtain the frequency spectrum of 
nonlinear mappings exhibiting chaotic behavior. 
The 1-D map, x . = f(*n)i where f is nonlinear 
and n is a discrete time variable, is analyzed 
in detail. This map is introduced a* a 
paradigm of systems whose exact behavior is 
exceedingly complex, and therefore irretrievable, 
but which nevertheless possess smooth, well-
behaved solutions in the presence of small 
sources of external noise. A Boltzmann 
integral equation is derived for the probability 
distribution function p(x,n). This equation 
is linear and is therefore amenable to spectral 
analysis. The nonlinear dynamics in f(x) 
appear o> transition probability matrix 
elements, and the presence of noise appears 
simply as an overall multiplicative scattering 
amplitude. This formalism is used to investi
gate the band structure of the logistic 
equation and to analyze the effects of external 
noise on both the invariant measure and the 
frequency spectrum of x for several values of 
> e [0,1]. 

Abstract of Destabilization of low Mode Number 
Alfven M?J?J_JjLa'Ma!Ml' ty Energetic 
or_ Mfihj^PajrtXcJes8 3 
K. 7', Taang, D. </J Signw, J. C. Whiuon 

With the inclusion of finite Larmor radius 
effects in the shear Alfven eigenmode equation, 

the continuous Alfven spectrum, which has been 
extensively discussed in ideal MM), is removed, 
neutrally stable, discrete radial eigenmodes 
appear in the absence of sources of free 
energy and dissipation. Alpha (or energetic) 
particle toroidal drifts destabilize these 
modes, provided the particles are faster than 
the Alfven speed. Although the electron 
Landau resonance contributes to damping, a 
stability study of the parametric variation of 
the energy and the density scale length of the 
energetic particles shows that modes with low 
radial node numbers remain unstable i cost 
cases. Since the alpha particles are <Oi-
centrated in the center of the plasma, this 
drift-type instability suggests anomalous 
helium ash diffusion. Indeed, it is shown 
that stochastici ty of alpha orbits due to the 
overlapping of radially neighboring Alfven 
resonances is induced at lor amplitudes, 
ei$/T- > 0.05; implying a diffusion coefficient 
D* £ 4.4 x 10 3 cmVs. 

Abstreat of Poloidal Satellite Coupling in Low 
Hode Wurober Alpha Particle Instability^ 
3. «T. Sigmar, K. T. Taang, J. C. Whitson 

Anomalous outward alpna particle diffusion 
is an important piece of reactor dynamics. It 
has been shown previously that the low mode 
number shear Alfvei. wave [with [m,i) chosen 
such that ».q - m t 0 everywhere in the plasma] 
can be destabilized by the alpha density 
gradient. While the radial eigenmodes in the 
background plasma are only weakly affected by 
toroidal corrections, we find that due to the 
v. \ B /. vB v e r i t y of the alpha particles, 
their response to a fundamental mode number 
occurs through (mi 1) in leading order in an 
expansion in v ^ . The diagonal response (m) 
enters only to second order in ( vo a/«A r^' 
where « A is the Alfven frequency and r the 
minor plasma radius. Including the satellites 
leads to three fourth-order coupled ordinary 
differential equations for the complex eigen-
functions and eigenvalues. A numerical method 
has been developed to solve this system and 
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study its stability properties for a sequence 
of spreading alpha profiles. 

Abstract of neoclassical Transport of Impurities 
in Tofcamak Plasmas85 

5. P. Sirs/man, D. «T. Signar 

Tokamak plasms are inherently composed of 
Multiple ion species. This i s due to Mali-
bred impurities aid, in future reactors, will 
result fnw fusion-kirn alpha particles. 
Relatively snail Hens.ties nj of highly 
charged nonhydr^clc impurities can strongly 
influence plasrtJ* transport properties whenever 
n.ef/nue2 > (m^M, >--''- The determination of 
the complete neoclassical Onsager savrix for a 
toroidally confined wiltispecies plasna, which 
provides the linear relation between the 
surface-averaged radial fluxes and the therro^ 
dynamic forces ( i . e . , gradients of density and 
temperature ami the parallel electric field), 
is reviewed. A closed set of 1-D moment 
equations is presented for .the time evolution 
of thermodynamic and magnetic field quantities 
which results from collisional transport of 
the plasma and 2-D motion of the magnetic flux 
surface geometry. The effects of neutral beam 
injection on the equilibrium and transport 
properties of a toroidal plasma are consistently 
included. 

Abstract of Temperature Dependence of the 
Electron Thermal Conductivity Coefficient 
Inferred From Neutral Beam Injection 8 6 

S. P. Kirshman, '/.. Holvig 

It is shown that the radial variation of 
the electron-ion temperature ratio induced by 
neutral beam injection in PIT could account 
for the observed spatial dependence of the 
electron thermal conductivity coefficient. 
Quantitative evaluations using the experi
mental temperature and electron thermal 
conductivity (x e) profiles show consistency of 
the measured data with the temperature scaling 
of a finite beta drift wave turbulence model 
and also demonstrate the failure of a simple 
electron temperature power law scaling for x . 

Abstract of Plateau Diffusion Coefficient 
for Arbitrary Flux Surface ' eometry87 

B. K. Heier, S. P. airshnan, 0. J. Signer, 
L. L. Lao 

A relatively simple but accurate repre
sentation has been developed for magnetic flux 
surfaces; i t is valid for finite beta and i t 
describes configurations with both ellipticitv 
and O-shape. This representation has been 
applied to the computation of the diffusion 
coefficient in the plateau regime. 

Abstrjct "of Neoclassical Current Effects 
in Neutral-Beam-Heated Tokamak Discharges88 

J. T. Eogan 

There is a long-standing prediction from 
neoclassical theory that strong contributions 
to the toroidal current should be driven by 
friction between trapped and passing particles 
when s . exceeds vS7a in a tokamak. A number 
of neutral beam heating experiments can now 
produce such parameters, and it is of interest 
to calculate the behavior which should occur 
in this regime to determine the feasibility of 
using such a "bootstrap" current as a steady-
state tokamak current source. It is found 
that the neoclassical current should be large 
enough to reverse the external loop voltage 
for typical experimental parameters (ISX-B, 
in particular! in cases where the total 
current is fixed and to produce a detectable 
excess of total current above the preprogrammed 
(demand) value in cases where the loop voltage 
is regulated. Other manifestations of such a 
current should be either a sharp rise in the 
central q value (producing a cessation of 
internal m « 1 and m » 2 MHO activity), with 
an enhancement by two orders of magnitude of 
ion thermal conductivity (due to the formation 
of a hollow current density profile and ) 
consequent drop in local values of the poloidal 
magnetic field in the central plasma region), 
or an enhanced tendency for disruption (arising 
from magnetic reconnection in hollow \,roflie 
equilibria). Since these gross manifestation* 
are absent in a wide range of experiments on 



iSX-B, as reported earlier, the conf.lirv'an is 
that the neoclassical current, if y >*en ,̂ can 
have a vali» no larger than 25* of i t : theo
retical ly calculated value. Since the neo
classical part' le (tore) pinch is strongly 
^elated to the neoclassical current in the 
theory (Qnsagor reciprocity), the existence cf 
the particle pinch is thus called into question. 

^b^iretat of Neoclassical Resistive 
a(i)-Conservinq Tokamak -quilibriae° 

In previous studies of the plasma properties 
required to give resistive equilibrium and 
preserve ides' *W0 stability, i t was found 
that for the hignest S stable equilibria, a 
hollow temperi»fjre profile resulted. 5 0 Since 
alpha particles should preferentially leave 
their energy at the pressure peak in a reactor-
lik~ iiiasma, these hollow temperature profiles 
w-iuld appear to be inconsistent with such a 
pi as*.*. Spitzer resistivity (with and withort 
neoclassical corrections3l) was used, for a 
well-behaved reactor ( i . e . , one not beset with 
turbulence or other anomalous transport 
phenomena), a full neoclassical treatment 
would be appropriate because of the low 
co'.lisionality. Starting with neoclassical 
theory, a differential equation for the 
density (with electron temperature as inpu*) 
can be found which gives the density profile 
required for resistive equilibrium satisfying 
'aq/it * 0. This differential equation ha* 
been used to seek regions of parameter space 
where resistive equilibrium, ideal MHD sta
bility, and reactorlike temperature profiles 
can simultaneously be found. T1"* only parameter 
region found so far has T̂  > T and corresponds 
in some sense to the "hot ion mode,"91 which 
is unfortunately strongly affected by losses 
from field ripple.% 3 So far, then, the search 
for resistive equilibria 'table to ideal modes 

»~~ 
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at moderately high beta has not led to com
pletely acceptable configurations. 

4.2.* Energetic Particles 

Work in the area of energetic particles 
included constrained ripple optimization of 
tonaoafc bundle dfvertors, ISX-B ripple studies 
(toroidal fielJ ripple, bundle divertors, 
ripple injection!, examination of counter-
injection into ISX-B, ami orbit topology for 
charge exchange analysis. A fundamental paper 
on ainha particle thermalization with large 
banana widths appeared in Smcieccr Fusion. 

Abi'traei of numerical Simulations 
of the Bundle Pivertor5l> 

r. C. Heme. A. J. Voottcn 

ft '. -0 transport model has been used to 
calculate fie effect of a bundle divertor on a 
tokamak plasma. A parallel loss term is 
included to simulate the flow along field 
lines to the divertor. This term includes the 
magnetic geometry and effects of an electro
static sheath at the target. 

The exhaust efficiency is determined by the 
competing processes of perpendicular transport 
and parallel flow. To explain the experi
mental results obtained on DITE it is necessary 
for the diffusion coefficient 0 to increase 
with minor radius. Both D * k/.i and 
D = k[l • lCKr/a) 2]/^ predict the results 
within experimental errors. The latter form 
is preferred beca<i<;«» i t can also predict the 
observed density profiles in high density, 
nondiverced plasmas in ISX-3. The former 
expression results in profiles which are too 
broai. 

The plasma source term is determined from 
recyclipq at the walls and limiters and from 
the external gas input. To explain the 
density decay experiments on DITE, and also 
the small additional external gas feed required 
when the divertor is operated, the recycling 

Tokamak Experimental Section. 
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coefficient from the titanium I miter Bust be 
M>.5. 

Attempts have been made to predict the 
effects of the ISX-B bundle divertor. Using 
the same model which correctly oredicts the 
experimental results from OITE, particle 
exhaust efficiencies of 101 and energy exhaust 
efficiencies of 25X an found. However, a 
different functional form of D can reduce 
these efficiencies by a factor of -v2, while 
leaving the predicted profiles unchanged 
within typical experimental errors. The 
difference between the two cases is in the 
magnitude of the source term, emphasizing the 
need for experimental measurements of the 

.total ionization source. 

Abstract of Constrained Ripple Optimization 
of Tokamak Bundle Divertors9S 

L. H. Bivel'j,* i. A. Raze, V. E, Lynsh, 
J. f. UjOn,f /?. R. Fouler, T-K. ff. Peng,* 
R. A. Dory 

Magnetic field ripplr from a tofcâ ax bundle 
divertor is localized U> a small toroidal 
sector and must be treated differently from 
the usual (distributed) toroidal field (TF) 
coil ripple. Gererally, in a tokamak with an 
unoptimized divertor design, all of the 
banana-trapped fast ion; are quickly lost due 
to banana drift diffusion or to trapping 
between the 1/R variation in [Sj ; 8 due to 
the divertor. 

Studying the full 3-0 shape of the B 
surfaces allows quick evaluation of many 
inferior designs. For designs which eliminate 
any large maxima in B, low on-axis ripple is a 
good indicator of avoiding deleterious effects 
<t\» to the divertor. However, this must be 
achieved while satisfying many engineering 
constraints. 

Fusion Engineering Design Center. 
fTokaiwk Experimental Section. 

A computer code has been written to optimize 
automatically on-axis ripple subject to these 
constraints, while varying up to nine design 
parameters. Optimum configurations have low 
on-axis ripple (<0.2%) so that, now, most 
banana-trapped fast ions are confined. Only 
those ions with banana tips near the jutside 
region (jOj < 45°) are lost. However, because 
finite-size TF coils have not been used in 
this study, the flux bundle is not expanded. 

Abstract ex Fast Ion Thermalization 
in Honcircular Tofcamaks with Large- C 
Banana-width Effects 3 6 

L. « . Hivelg, G. E. Kiley* J. A. Rome 

Fusion product thermalization and heating 
are calculated on the assumption of collisional 
slowing-down. The present analytical model 
describes fast ion orbits and their distri
bution function in reclistic-, high beta, 
noncircular tokamak equilibria. The Fokker-
Planck equation is bounce-averaged over the 
large-banana-width orbits after the variables 
haw* been transformed to the constants-of-
motion space. First orbit losses, trapping 
effects, and slowing-down drifts are fully 
treated. By solving a 3-D (+ time) partial 
different!si equation, i t is possible to 
obtain an invariant of the slowing-down 
process, u/E = (magnetic moment)/energy • 
const, and explicit expressions for the 
slowing-down drifts. Large-hanana-width, 
effects give rise to a net co-going alpha 
particle current. The large-banana-width 
orbits smear the energy deposition over large 
regions of the plasma. This causes the 
in situ heating rates to be 20-252 above the 
flux-surface-averaged rates on axis but enhances 
the edge heating >10-fold over in situ deposition. 
While this result implies reduced alpha ash 
accumulation on axis, the reduced heatfng rate 
makes startup and maintenance of ignition more 
difficult. 

C 
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Abstract of Using a ConsUnts-of-Motion Space 
to Clarify Measurements Involving Energetic 

'Ion Orbits in Tokamaks97 

*. A. Faze, J. F. Lyon, P.. H. Fouler 

In tokamaks with low plasma current 
energetic ion guiding center orbits can have 
large deviations from a poloidal flux surface. 
Analyses of the fast ion orbit topology in a 
local constants-of-«!Otion space (e.n.P.) 
and in a more physical space (R,v_/v,e) are 
used to define the Mall loss regions, the 
trapped particle regions, and the various 
types of fast ion orbits that oust be taken 
into account in interpreting high energy 
charge exchange or neutron measuiements in 
tokamak'. 

Abstract of FLP: A Field Line Plotting Code 
for Bundle Divertor Design98 

C. Rucht-i' 

A computer code was developed to aid in the 
design of bundle divertors. The code can 
handle discrete toroidal field coils and 
various divertor coil configurations. All 
coils must be composed of straight line 
segments. The code runs on the PDP10 and 
displays plots of the configuration, field 
lines, and field ripple. It automatically 
chooses the coil currents to connect the 
separatrix produced by the rtivertor to the 
outer edge of the plasma and calculates the 
required coil cross sections. Several divertor 
designs are illustrated to show how the code 
works. 

4.2.5 Transport Simulations and Plasma-Wall 
Interactions 

A variety of sophisticated transport codes 
exists. These codes facilitate the data 
analysis needed by the experimental group and 
are used in specific ISX-B transport modeling, 

Tokamak Experimental Section. 
fStudent, Cornell University, Ithaca, New Ycrk. 

generic tokaaak alasma Modeling, and specialized 
reactor modeling for exploring the approach to 
ignition and reactor operating space. Results 
of studies using these codes in ISX-B discharge 
studies, including effects of bean-induced 
currents or toroidal flow, are given in this 
section. The implications of high power level 
injection, with respect to the disappointingly 
slow growth of beta with increased power, are 
discussed. 

Abstracts of several papers dealing with 
transport modeling of impurity control and 
effects of low energy electron capture col
lisions at the plasma edge are given here. 
The effects of neutral beams are included. 
The impurity transport code IKPTAR, capable of 
treating noncoronal effects, multiple cnarge 
states, and impurity-impurity collisions, now 
contains an upgraded state-of-the-art oxygen 
atomic physics model, which can successfully 
model the argon puff experiment in ISX-B. 

Abstract of Developments in Tokamak 
Transport Model n g 9 9 

W. A. Houlbevg, S. E. Attenberger, L. L. Lao 

A variety of numerical methods for solving 
the time-dependent fluid transport equations 
for tokamak plasmas is presented. Among the 
problems discussed are techniques for solving 
the sometimes very stiff parabolic equations 
for particle and energy flow, treating convection 
dominated energy transport that leads to large 
cell Reynolds numbers, optimizing the flow of 
a code to reduce the time spent updating the 
particle and energy source terms, coupling the 
1-0 flux-surface-averaged fluid transport 
equations to solutions of the 2-0 Grad-Shafranov 
equation for the plasma geometry, handling 
extremely fast transient problems such as 
internal MHD disruptions and pellet injection, 
and processing the output to summarize the 
physics parameters over the potential operating 

' regime for reactors. Emphasis is place.' on 
computational efficiency in both computer time 
and storage requirements. 
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Abstract of Transport Study of ISX-B Flux-
Conserving Tokamak Heating Scenfios 1 0 0 

L. A. Charlton, R. A. Dory, D. «f. Sigmar, 
D. V. Satin* 

\ Theoretically, one way to achieve high F 
in advanced devices is through a flax-conserving 
tokamak (FCT) sequence of equilibria. The 
recent achievement of high I" in the ISX-B 
device 1 0 1 by strong beam heating (such that 
T E « T S , the classical skin tine, Mas satis
fied) suggests a detailed numerical study and 
comparison kith the earlier analytic FCT 
theory in order to better understand the 
beating process and possible ? limits. For 
the resistive diffusion of q(*J the 1-0 
theory of Nelson and 6 r a d l 0 2 » 1 0 3 is used. 
Energy and particle transport are described by 
simple equations containing radially varying 
heat and particle sources and appropriate bulk 
confinement tines. These transport equations 
are coupled with a free boundary equilibrium 
code capable of tine-dependent shaping of the 
flux surfaces and plasma current, with the 
plasma position kept constant. Results 
confirm the existence of approximately flux-
conserving regimes for ISX-B-like parameters, 
as long as only classical field diffusion 
processes are admitted. 

Abstract of Effects of Flow and Beam-Induced 
Current on ISX-B Free Boundary Equilibrium10'' 
J. K. Kunro, Jr.,/. T. Hogan, 0. H. Seilaon 

!-^ 
Toroidal flow or beam-induced currents 

could have a significant effect on equilibrium 
in ISX-B high beta experiments. Flow velocities 
in the relevant range (5 x 106 cm/s < v, < 
4 x 107 cm/s) would increase the triangularity 
and hence tend to stabilize ballooning inter
change modes. Current density profiles, if 
broadened by the beam-induced current, how
ever, would degrade tearing stability owing to 

concomitant steep edge gradients. A 1%-D 
transport c o d e ' 0 5 . 1 0 6 has been modified to 
describe the ISX-B free boundary equilibrium 
in greater detail. Code comparisons with 
ISX-B magnetic data will be presented for both 
circular and D-shaped configurations. 

Abstract of Rotation and Islam, Effects 
in Tofcamafcs with High Power Neutral 
Beam Heating107 

J. T. Bogan 

The study of bei limits in tokaaaks with 
neutral injection has dis-losed a slower-than-
hoped-for growth in beta as injected power is 
raised. While attention is focused on the 
stimulation of new modes to explain this 
possible saturation (e.g. , hybrid tearing/ 
ballooning), i t should be reemphasized that 
neutral injection can introduce important new 
effects at high power level which are unrelated 
to beta. Uc discuss two of these, 

(1) the eff*«wt of toroidal flow on equilibrium 
and stabilHy, and 

(2) new MHO behavior resulting from large 
beam-produced temperature gradients, 

and present results for typical parameters of 
the ISX-B tokamak. 

Abstract of Halo Neutral Population 
in Beam-Heated Discharges108 

0. 0. Kelleu, J. f. Hogan 

Parasitic thermal ("nalo") neutrals, 
produced by charge exchange trapping of 
injected neutral beams, can degrade heating 
efficiency through enhanced charge exchange 
loss and impurity recombination radiation. We 
present ar. improved estimate for the magnitude 
of the halo neutral density in noncircular 
ISX-B high power discharges. The neutral atom 
section of the NFREYA beam deposition and 
orbit code 1 9 9 has been coupled with a 3-D 
Monte Carlo code description of halo neutral 

EBT Experimental Section. 
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transport. Preliminary calculations suggest a 
csignificant increase in the flux-surface-
averaged halo density with respect to earlier 
treatments. This effect could be important in 
orbit following codes for nonsymnetric con
figurations; the "Russian roulette chambe. 
loading" for charge exchange Mill be biased 

- incorrectly in a flux-averaged treatment. 

Abstvast of Transport Modelinq of Impurity 
Control by Direct Momentum anW Inertial 
Effects/ 1 0 

B. cr. Sigasp, a. C. Houe 

The unidirectional momentum input due to 
beams has been shown to affect impurity 
transport in tokamaks in two distinct ways. 
One is due to the direct effect on the momentum 
balance1'-1 of the beam source, the other to 
the centrifugal effect of the ensuing plasma 
rotation;1'2 Rough 0-0 analytic criteria are 
mown for impurity flux reversal by each 
method separately and with respect to each 
ocher.=s 

In this paper, a l!i-D transport code with 
- appropriate recycling boundary conditions is 
used to model both effects in an ISX-B-like 
plasma. The background plasma is modeled 
comprehensively (i.e., including beam deposition 
and anomalous electron transport), but impurity 
transport is restricted to neoclassical theory. 
Rather than assuming a specific momentum drag 
mechanism, impurity reversal is studied as a 
function of the drag frequencies. 

Abstvaat of The Effects of Low Energy Electron 
Capture Collisions (Ho + Cn*) on the Particle 
and inergy Balance of Tokamak Plasmas 1' 3 

J. 7. :'o(>an 

To illustrate the way in which atomic data 
provide enlightenment in the search for under
standable (and thus extrapolatable) confinement 
models, we consider electron capture collisions 
involving K 0 and multiply charged ions. In 
this discussion attention will be given to 

applications of data involving H 0 + C + H + 
c(n-l)+ reactions with ewrcy 10 eV to 2 keV. 
This energy range is typical of the plasma 
edge in present devices. The reasons for 
choosing only carbon for discussion are as 
follows. 

(1) As a result of recent theoretical and 
experiment*; progress, some reported at this 
conference, the electron capture rites for the 
full suite o* charge states (C 2* * C 6 + ) of 
interest in the plasma edge may be estimated 
for the first time. 

(2) Electron impact ionization cross 
sections have been measured for these ions, 
and the use of semiempirical ionization rates 
is supported by direct measurement. 

(3) The cross sections for electron 
capture have been found to be sufficiently 
large that, taken together with the typical 
measured H° concentrations in the edge region, 
this process is the dominant recombination 

n+ mechanism for C by c wide margin; hence buth 
the dominant ionization and recombination 
processes may be estimated for the full suite 
of C n ions of interest. 

(4) This situation does not exist for any 
other impurity ion of fusion interest: a need 
exists for data in this energy range for 
impurity ions found in fusion plasmas. 

While it is encouraging to be able to make 
quantitative estimates for a particular 
process for the first time, it is not neces
sarily true a priori that the results will be 
relevant to fusion. In this case, however, 
the results have a major impact in several 
topical areas. 

(1) An attempt is being made to fashion a 
"photosphere," or "cool plasma mantle," around 
future large fusion plasmas. It would be 
desirable to create and maintain a radiating 
zone on the plasma periphery in which power 
deposited in the plasma core by thermalizing 
alpha particle reaction products is lost to 
low Z impurity ions and then radiated from the 
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plasma. Wall damage (and subsequent intro
duction of a large number of impurities) would 
thus be minimized. Since H 3 + K charge 
exchange in the edge region creates an efflux 
of energetic neutral atoms which can sputter 
wall atoms into the discharge, it is desired 
to keep the temperature of the radiative zone 
well below the maximum in the sputtering 
yield. (As a typical value, S occurs at 
2 fceV for iron.) Thus, we will adopt 350 eV 
as the upper limit of our temperature range. 

(2) Recent high power heating results 
have been carried out with graphite limiters. 

rjhe dominant impurity ion in these cases is 
carbon, and the contribution of carbon ~ 
radiation to tli? overall energy balance is 
significant. 

(3) Study of the dynamics of impurity 
motion has disclosed asymmetries in the 
emitted light, which could confound collisional 
(so-called "neoclassical") theory. While a 
theoretical analysis predicts small asymnetr'es 
to result from the theory, quite large 
asymmetries are me. sured. The possible role 
of charge exchange of H 0 with multiply 
charged impurities in producing this asymmetry 
has been suggested, but the lack of data has 
prevented calculation till now. 

Abstract of Influence of Neutral Beam Injection 
on Iwpurity Transport in the ISX-B Tokamak11'' 

* * t 
R. C. Jsler, t. E. Murray, 5. Kasai, 
D. E. Arnuriuz, S. C. Bates, E. C. Crune, 
J. L. twiiap, f-. //. Edmonds, E. A. Lazarus, 
W. Murakami,* V. K. Pare, M. J. Saltmarsh,* 

r, * 
D. W. Swam, C. E, Tmomas 

Observations of radiation from iron and 
from argon used as a test gas indicate that 
coinjection inhibits impurity accumulation in 
the interior of ISX-B tokamak discharges, but 
* Tokamak Experimental Section. 
fJapan Atomic Energy Research Institute, 
Toksi, Ibaraki, Japan. 

* Instrumentation and Controls Division. 
5EBT Experimental Section. 

counterinjection enhances accumulation. These 
results agree qualitatively with recent 
theoretical calculations. 

Abstract of ?n Oxygen Atomic Physics Package 
for Transport simulations 1 1 5 

E. C. Crsese 

We have integrated together, within an 
overall corona model framework, treatments of 
electron impact ionization, radiative and 
dielectronic recombination and excitation, and 
charge transfer between atomic hydrogen and 
oxygen ions. The treatments of vjnization and 
radiative recombination are more sr less 
standard. Considerable effort was made to 
incorporate the most recent theoretical and 
experimental data into the treatments of 
dielectronic recombination and electron impact 
excitation. Because of the lack of charge 
transfer cross-section data for some of the 
oxygen ions, it was necessary to construct 
some cross-section curves by interpolation, 
extrapolation, or comparison with results for 
species with similar electronic structure. We 
present results of transport simulations using 
this package and compare them with results 
using otner models. 

Implementation of the reduced chare" state 
method of calculating impurity transport 
in IMPTAR 
E. C. Crume, D. E, Arnurius 

We have incorporated in the impurity 
transport simulation code IMPTAR the method of 
reduced charge states 8 5 in order to more 
efficiently calculate the impurity transport 
coefficients. A form of the Coulomb logarithm 
appropriate to the reduced charge state method 
was introduced. We find that we gain about 
25J computing speed in i simulation of a 
typical ISX-B case compared to the previous 
approximate method. 1 1 6 Significantly, the 
simulation results are almost identical to 
those obtained previously, which speaks well 
for the approximate theory. 
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i.Z.6 Tokamat Keactors 

The Cork in the tofcamak reactor a n a " 
consi;ts of stand-alone investigations of 
equilibrium, stability, and transport of 
individual effects, as well as comprehensive 
transport code model ing of the tine evolution 
of a tokamafc reactor, from startup to steady-
state burn control of designs such as the 
Fusion Engineering Device (FE*) and the 
International Tokamak Reactor {IKTOR). 
Included are studies of plasma assessments for 
the FED, engineering analyses, approaches to 
ignition, plasma initiation and current 
startup, neutral beam heating, studies of 
limiter design, fueling, and ripple effects. 
Also discussed is the physics of fusion fuel 
cycles for a variety of fusion processes. 

Abstract of Fusion Energy Division Plasma 
Assessments for the Fusion Engineering 
Device" 7 

1-K. H. Peng, ?. S. Rutherford,' J. F. U/cn,* 
O. Bloakfield,* S. K. Sor&Jzki, D. P.. Com, 
£, K. Si-Jela, J- A. Hcti-es, V. A. Soulberg, 
E. C. ~'cas, ?. Xio^uszeiiski, K. S. Sotke, 
.V. »crs<swi/ D. «T. Strirklzr, X. UirieksoK 

An initial range of plasma assumptions an? 
scenarios has been examined for the U.S. 
tofcamak FED concept. The results suggest that 
the current FED baseline parameters of 
R * 4.8 m, B t - 3.6 T, a * 1.3 m, b * 2.1 m 
(D-shape), and I * 4.8-5.4 HA a r e appropriate 
for achieving its nominal goals of P(fusion) :• 
180 KW and a plasma Q > 5 for a pulse length 
greater than 100 s. However, large uncertainty 
still exists in the areas of current startup, 
ion cyclotron wave launching, influence of 

Fusion Engineering Design Center. 
fPrinceton Plasma Physics Laboratory, 
Princeton, New Jersey. 
*Tokamak Experimental Section. 
'Massachusetts fnstitute of Technology, 
Cambridge, Massachusetts. 

plasma shape on achievable beta, impurity 
control, iilasaa e&je transport, and plasma 
disruption. Various options and remedies have 
been suggested to alleviate the impact of the 
uncertainty on the FED design concept. They 
appear promising because they can be studied 
experimentally and a r e not expected to lead to 
fundamental design modifications of FED. 

Abstract of Plasma Engineering Analyses 
of Tofcamafc fceactor Operating Space 1 1* 
V. A. Soulberg, S. E. Attenberger 

He present a comprehensive Method for 
analyzing the potential physics operating 
regime of fusion reactor plasmas with detailed 
transport codes. Application is made to the 
tokamak FED. The relationships between driven 
and ignited operation and supplementary 
heating requirements a r e examined. The 
reference physics models give a finite range 
of density and temperature over which physics 
objectives can be reached. Uncertainties in 
the confinement scaling and differences in 
supplementary heating methods can expand or 
contract this operating regime even to the 
point of allowing ignition with the more 
optimistic models. 

"" Abstract of Approach to Ignition 
of Tokamak Reactors 1" 
0. J. Sigmar 

Recent transport modeling results for JET, 
IKTOR, and ETF are reviewed and analyzed with 
respect to existing uncertainties in the 
underlying physics, the self-consistency of 
the very large numerical codes, and the margin 
for ignition. The codes show ignition to 
occur in ETF/INTOR-size machines if empirical 
scaling can be extrapolated to ion tempera
tures (and beta values) much higher than those 
presently achieved, if there is no significant 
impurity accumulation over the first 7 s, and 
if the known ideal and resistive MHO insta
bilities remain controllable for the evolving 
plasma profiles during ignition startup. 
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A&stract of Ignition Studies 1 2 0 

V. A. Bcrulberg 

A series of 1%-D transport calculations has 
been performed for FED parameters and impli
cations made for INTOR through comparison of 
the parameters. The effects of the flux 
surface shift on neutral beam penetration and 
increased toroidal field ripple losses are 
included self-consistently through the evolving 
2-0 IMD equilibria in the WHIST transport 
code. c 

Ignition occurs at an average density of 
just under 1.1 x 1 0 u cm"3 using the reference 
transport model for INTOR, jhile FED is 
designed to operate in a driven mode at lower 
densities. The increased ripple losses for 
<T> < 15 keV are reflected in the increased 
supplementary power requirements. The startup 
power requirements are similar for INTOR and 
FEO. The high power requirements at high 
<n ^ and low <T> are indicative of poor beam 
penetration, but this region can be avoided in 
the startup sequence. The choice of 175-keV, 
near-normal injection for INTOR appears to put 
excessive emphasis on beam penetration for far 
from optimal startup sequences. 

In FED, 200 MM of thermal outpjt corresponds 
to <B> s 6%, while in INTOR <6> * 5.35 at the 
cited operating point of 600 MW because of the 
higher toroiM field. 

Abetvaat of Plasma Initiation and Current 
Startup in the FED Tokamak121 

S. K. Boroaaki, V. A. Houlberg, Y-K. M. Peng* 
?. Kcamash 

Initiation of a small radius plasma and its 
subsequent expansion to full radius are examined 
as a startup option for the FED. RF breakdown 
and electron preheavinq at the upper hybrid 
resonance layer are also assured. This 
promotes the formation of a localized, small 

Fusion Engineering Design Center. 
^University of Michigan, Ann .Vbor, Michigan. 

radius channel of high conductivity plasma 
prior to current startup. Using the preheated 
plasma parameters as initial conditions, the 
\H-0 transport code WHIST is used to stedy the 
time evolution of the plasma density, tempera-
ture, and poloidal magnetic field during the "' 
current rise phase. Questions concerning the 
relationship between current ramp rate, skin 
current formation, and double tearing mode 
activity are addressed and the limitations on 
heating, initial plasma minor radius, and 
impurity content are examined. Preliminary 
results of these studies will be presented. 

A b s t r a c t of Optimal Heutral Beam Heating 
Scenario for F E D 1 2 2 

L. H. Bively,* If. A. Boulberg, S. E. Attenberger 

Optimal neutral beam heating scenarios are 
determined for FED based on a 1%-D transport 
analysis. We then examine tradeoffs between 
neutral beam energy, power, and species mix 
for positive ion systems. A ramped density 
startup is found to provide the most econc-nical 
heating. The resulting plasma power require
ments are reduced by 10-301 from a constant 
density startup. Fcr beam energies between 
100 and 200 keV, the power needed to heat the 
plasma does not decrease significantly as beam 
energy is increased. This is due to reduced 
ion heating, more power in the fractional 
energy components, and rising power supply 
requirements as beam energy increases. An 
improved source species mix can provide as 
much gain in the plasma power requirements as 
increased beam energy. 

Abstract of Ptyj»i6» Considerations 
for the FED Limiter 1 2 3 

Hr C. Boue 

In this report, we review the physics of 
the scrapeoff plasma and its interaction with 
a pumping limiter. The governing equations 
for heat and particle transport In the scrape-
off are solved analytically with several 
simplifying assumptions. The assumed scrapeoff 
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model is widely used and is presented here for 
completeness. From the solution, a shape for 
the 1faiter is derived which has a uniform 
heat loading on the front surface. The 
assuned cross-field transport coefficient is 
varied to examine the sensitivity of the best 
loading to variations in plasma scrapeoff 
thickness. The heat flux to the liniter. 
leading edge is an extremely sensitive function 
of variations in scrapeoff thickness, and we 
argue that uncertainties in the plasma cross-
field transport preclude derivation of a 
believable limiter shape. He also discuss the 
problems involved with an edgeless, perforated 
limiter and with a global limiter. Finally, a 
solution is proposed using a flat plate 
limiter with the heat flux to the leading edge 
controllea by najor radius notion of the 
plasma. 

Abstract of numerical Simulation of fueling 
in Tokamaks121-
2. E. AtteKber^ep, V. A. r-oulberg, 
S. L. :tClore* 

We describe the numerical simulation of 
fueling and particle transport in both present 
and future tokamak plasmas. Kodels for pellet 
ablation and plasma density behavior after 
pellet injection »n conparjd with experimental 
results in ISX and PDX plasmas and then extended 
to fusion reactor conditions. The role of fast 
ion ablation due to intense neutral beam 
injection and fusion alphas is examined along 
with pellet size and velocity considerations. 
In plasmas with high pumping efficiency (which 
may be obtained with divertor operation), 
pellet injection can significantly reduce fuel 
handling requirements and interaction of the 
plasma with the chamber walls while maintaining 
more flexibility in control of the density 
profile than afforded by gas puffing. When 
fueling is dominated by gas puffing or high 
recycle from the walls or limiter, control of 

j ^~ ~ . — . . „ 
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the fueling and density profiles is reduced 
while plosma-wall intei.ctions increase. 

Abstract of The Effects of Toroidal Field 
Ripple on Injected Deuterons 
in the FED Device 1 2 5 

5. £. Fowler, I. A. Bate 

A Monte Carlo beam deposition and thermali-
zation code is used to assess the effects of 
toroidal field (TF) ripple on injected fast 
deuterons in the FED. The code uses realistic 
geometry for the beam, plasma equilibrium, TF 
ripple, and vacuum chamber. For .injection at 
an angle of 35 s (co) from perpendicular, no 
particles were ripple-trapped and less than IS 
of the injected power went to the wall and the 
liniter. However, due to the large amounts of 
computer time, required by these programs, only 
10H particles were followed in the rippled 
case, and the results must be regarded as 
preliminary. 

Abstract of Toroidal Field Ripple Conduction 
Losses in the FED Tokamak'26 

Z. E. AztenbevQer, J. A. Holmes, 
W. A. Houlberg, S. £. Scott -

Efforts to maximize access in tokamak 
reactor designs such as the FED have led to an 
increased emphasis on both theoretical and 
experimental evaluation of ripple-enhanced 
plasma losses. We investigate ripple-induced 
ion thermal losses in the FED design through 
the impact on total energy confinement time 
and supplementary heating requirements. To 
make this assessment, we use the WHIST 1VD 
time-dependent transport code to generate 
plasma operation contour (POPCON) plots. 

The ion thermal conduction coefficients are 
flux-surface-averaged over ripple contours in 
the R-Z plane so that the effect of the 
plasma shift is included self-consistently. 
If the peak-to-average toroidal field ripple 
at the plasma edge is less than ]%, it has 

Tokamak Experimental Section. 
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little effect on the total plasaa behavior for 
average plasaa temperatures below about 
6-8 keV. This indicates that startup power 
requirements should not be significantly 
increased by the finite ripple. 

In the range 8-12 keV. ripple trapping and 
ripple plateau lion conduction losses both 
become comparable to the anomalous electron 
conduction losses. A peak-to-average toroidal 
field ripple of 0.7X holds the ignition curve 
at a Moderately high density, but it provides 
a large, thermally stable region for ignited 
operation. When the peak-to-average ripple is 
raised to about IX at the plasaa edge, the 
ignition curve begins to aove to significantly 
higher densities (and plasaa betas). 

At temoeratures greater than about 12 keV, 
ripple trapping doainates because of its auch 
stronger temperature dependence. The ripple 
trapping model, however, nust be subjected to 
greater theoretical and experimental scrutiny. 

The Magnetic axis shift increases with 
increasing plasaa pressure and therefore 
priaarily affects the ripple-trapping losses. 
It is in this regiae that increased losses are 
desirable for increasing the thermally stable 
operating range. If these ripple transport 
nodels stand up to further theoretical develop
ments and experimental. tests, peak-to-average 
ripple of 0.7-15 at the plasma edge appears to 
be more beneficial than deleterious. 

Abstract of Physics of Fusion fuel Cycles 1 2 7 

«r. .«?. te3all]j, Jr. 

The evaluation of nuclear fusion fuels for 
a magnetic fusion economy must take into 
account the various technological impacts of 
the various fusion fuel cycles as welt as the 
relative reactivity and the-required betas, 
temperatures, and confinement times necessary 
for economical steady-state bums. The 
physics of the various fuel cycles [deuterium-
tritium, catalyzed deuterium-deuterium (0-0), 
0-}He, D-6li, and the exotic fuels: JHe- 3He 
and the proton-based fuels p-Hi, p-°Be, and 
P- UBJ is reviewed. Topics considered include 

(1) f'ltl costs and required purity. 
(2) tritium inventory, bumup. and recycle, 
(3) ignition criteria, 
(4) neutrons, 
(5) condensable fuels and ashes, 
(6) radiation losses, 
(7) d.rect electrical recovery prospects, and 
(8) fissiie breeding prospects. 

The advantages and disadvantages of each fuel 
are a?so treated. The optimum fuel cycle, 
from an overall standpoint of viability and 
potential technological considerations, 
appears to be catalyzed 0-0, which could also 
support smaller, relatively "clean," lean 
deuterium-rich 3ffe satellite reactors as well 
as fission reactors. 

Abstract of Plasma Physics Assessments 
for the Fusion Engineering Device 1 2 8 

J~K. .". TSeas P. 5. SuLh&r-fovd,' *. £"- Lyon' 

The FE0 is currently envisioned as a tokamak 
producing a 0-T fusion power of 180 MW over 
100 s, driven at a level of Q > 5 via ICH at 
the second harmonic of euterium. The major 
device parameters at present are R = 4.8 m. 
a = 1.3 m, (b/a) = 1.6 (0-shaped plasma cross 
section), B ( = 3.62 T, and I up to 6 HA. The 
plasma engineering analyses during the first 
six months of FY 1981 have yielded the follow
ing major results. 

The assumption of a soft beta limit (as 
suggested by preliminary observations in 
ISX-B) leads to a maximization of nx near 
ci * 0.6. For fixed q(edge) and B(max) at 
the TF coils, a (b/*) of 1.6 leads to a factor 
of 3 enhancement of m . A value of <&=» » 5.55 
can be achieved with s_ * 1.8, I » 5.4 HA, 
and q » 3.2. These results are insensitive to 
uncertainties in the size and e p scaling of 
confinement. 

s — • ' -"-
Fusion Engineering Design Center. 

+Prineeton Plasma Physics Laboratory, 
Princeton, New Jersey. 

*Tokamak Experimental Section. 
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Under the standard physics assumptions, a 
clean FED plasma can operate over a finite 
domain in <T> and <n> and satisfy the conditions 
of 0. > 5, P(aux) < 36 MM. <>> < 5.55. and 
P(fusion) < 200 HW- The operational donain 
has a range of 6.5 keV < <T> < 14 keV and 
4.5 x I0 J 5 car 5 < <n> < 12 x 10 !* cm" 3. 
The design can accommodate a factor of 2 
margin in confinement. A power level below 
50 KU for 6 s is required for heatup. 

Several toroidal belt, pumped 1 loiter 
concepts have been assessed for particle 
control. The required particle exhaust rate 
of 3-6' apparently can be satisfied without 
excessive heat load on the liniter leading 
edge. Liniter erosion via sputtering m a i n s 
a potentially serious problem. Backup impurity 
control schemes include a simplified poloidal 
divertor {primary;, a compact bundle divertor 
(.secondary), and various nonmagnetic options. 
A mildly contaminated plasma relying on a 
modest level of impurity efflux mechanisms may 
be a workable compromise. 

A plasma disruption is assumed to proceed 
with a thermal quench in about 5 ms followed 
by a current quench in about 10 ms. By 
assuming that radiation from ablation-generated 
impurities halts further thermal damage to the 
Iimiter and armor, less than 20i of the plasma 
heat is deposited over the region of plasma 
contact. 

A simplified poloidal field coil configuration 
has been obtained for FED. It consists of a 
superconducting centra) solenoid, providing a 
flux swing of over 60 Wb, and pairs of interior 
copper and exterior superconducting coils. 
The la ter ceils carry a total of up to 
20 megaitwre-turns to produce the external 
equilibrium field and cancel the stray field 
from the solenoid. 

Our results so far suggest that the current 
FED baseline concept can achieve its nominal 
plasma performance goals under a range of 
reasonable assumptions and eventualities. 
Effort is continuing to overcome the uncer
tainties th?t still exist fn impurity control 
and plasma disruption. 

4.3 STELLARATOB THEORY 

During 1981. the Theory Section joined 
other OWO. scientists and engineers in developing 
models for analyzing possible configurations 
for an Advanced Toroidal Facility (ATF) to 
replace the ISX-B tokamak over a tine scale of 
several years. Existing models and codes were 
modified to incorporate the helical fields of 
stellarator and torsatron devices. It was 
possible to do this rapidly because the study 
of tokanaks with realistic (rippled) external 
fields, helical collective fields, and divertor 
geometry had already made it necessary to 
incorporate nonaxisymmetric (3-D) fields and 
conductors. The large international effort 
for analyzing tofcawks during the last decade 
has enabled some of the work for helical 
devices to proceed as a straightforward 
extension. To many areas, the third dimension 
brings only the complication of more data with 
more components, while an essential compli
cation is introduced into much of the analysis, 
as in the constructive determination of 
equilibria. 

In addition, models and codes were acquired 
from the extensive stellarator literature (see 
Ref. 129 for a list of relevant references) 
ami from cooperative laboratories in the world 
fusion program. Examples include the Chodura-
Schluter 3-D MHO equilibrium code from the Wax 
Planck Institute for Plasma Physics, Garching, 
Federal Republic of Germany, and the HERA 3-D 
helical cylinder ideal HHD instability code 
from the Center for Research in Plasma Physics, 
Ecole Polytechnique of Lausanne, Switzerland. 
Collaboration was begun with several of these 
laboratories to reduce unnecessary duplication 
of effort and to provide accelerated progress 
in the understanding of stellarator physics. 

The development of the theoretical tools 
used so far is briefly discussed. Discussion 
of the results of their application is largely 
deferred because the analysis of the broader 
prospects for stellarator confinement has just 
begun. Work during 1982 should result fn a 
set of conclusions that will lead to the 
choice of a specific design for the ATF device. 
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In the following sections we sketch the 
tools that have been developed in the general 
areas of 

• magnetic analysis for externally applied 
(vacuum) fields, 

• study of orbit confinement in vacuum 
fields, 

- equilibrium analysis, and 
• stability analysis. 

4.3.1 Magnetic Design Tools for Vacuum 
Field Studies 

J. A. Borne, J. B. Boris * 8. E. Fouler, 
V. E. Lynch 

Efficient codes have long been in use for 
Dialysis of tokamaks with nonuniformly distri
buted coils, including bundle divertors. 
Within the approximation that distributed 
finite current density conductors can be Nell 
represented by sufficient filamentary coils 
appropriately distributed, the generalization 
to continuous and modular helical coils was 
straightforward. The availability of graphics 
procedures to let the results be visualized 
and appreciated readily is critical for use of 
a Biot-Savart law code to calculate magnetic 
fields. 

An example of vacuum field results is shown 
in Fig. 4.3(a), which shows conductors, and in 
Fig. 4.3(b), which shows Poincare plots, for a 
new type cf modular torsatron being analyzed 
for suitability for an ATF design. 

Efficient orbit studies require a compact 
representation of the 3-D magnetic fields *nd 
derivatives. A field-line-based representation 
is very effective because it allows a Hamiitonian 
formulation of the guiding center orbits .id 
the resulting control of computation time and 
accuracy in orbit following. This procedure 
was sketched by A, H. Boozer 1 3 9 and carried 
out at ORNL to yield the sort of information 
displayed in Fig. 4.3(c), which shows typical 
field harmonics present on a given magnetic 

Tokamak Experimental Section. 

Surface for the configuration of Fig. 4.3(a), 
and in Fig. 4.3(d), which shows the variation 
from surface to surface of the principal 
harmonics. The Fourier analysis is in terms 
of magnetic coordinates #,8,« of the type 
leading to field lines that are straight in a 
e,? plot. The small number of harmonics 
required demonstrates the utility of this 
representation. 

4.3.2 Orift Orbits in Vacuus Magnetic Fields 
•T. A. BJme, S. H. Fouler, V. E. Ixptah, 
«?. F. Lyon. 

The analysis of particle orbits must 
eventually take into account the finite beta 
magnetic fields and the electric field within 
the plasma. Until the latter can be analyzed, 
only vacuum fields are studied. However, the 
use of field line coordinates has improved 
computational time by a factor of 10 compared 
to the Biot-Savart law. Furthermore, the 
confusing and irrelevant helical motion (due 
to the fiela structure) is removed from the 
orbit plots. 

4.3.3 Equilibrium Studies 
3. A. Csrverxi*, -. Zcr-zic. 

The method used in the 3-0 MHO equilibrium, 
calculations is to minimize the energy 
W = J[(B z/e) * (P/v - l)]dV with the constraints 
of ? • 8 = 0, mass conservation, and magnetic 
flux conservation. The approach used has been 
to adapt the Chodura-Schluter code 1 3 1 to the 
CRAY computer at Lawrence Liver-more National 
Laboratory (LLNL), link it to the vacuum 
magnetic field code used in the configuration 
studies, and implement several diagnostic 
codes. Particular features of this code are 
the use of Cartesian coordinates, Eulerian 
formulation, and boundary conditions specified 
on a rectangular box. The initial conditions 
are the vacuum magnetic field and the plasma 
pressure distribution. Spatial resolution i„ 
the most serious limitation of this code. We 
have made numerical tests on the sensitivity 
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Fig. 4.3. (a) Coil configuration for a new type of modular torsatron. This particular 
example has t * 2 and n « 10 toroidal field periods, (b) The Poincare puncture plot of the 
flux surfaces for this configuration, (c) The Fourier harmonics for a flux surface near the 
edge of the pUsma. N is the toroidal mode number and M f s the poloidal mode number, (d) The 
radial variation of some of the harmonics. The smoothness of these data permits using % 
derivatives, which are needed for orbit following. 
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of the solution (pressure contours, beta, and 
shift) to the grid size, and also on the 
sensitivity of the resulting magnetic field 
line configuration to the grid size and 3-D 
interpolation procedures used in the magnetic 
field line code. He have used grids up to 
40 x 40 x 40 points per toroidal half-period, 
and the results show that the 20 x 20 x 20 
grid is more convenient for equilibrium 
studies. 

4.3.4 Stability Analysis 
B. A. Carreras, Jf. A. Cooper, H. 3. Hicks, 
J. A. Solutes 

The averaged MHO equations based on the 
stellarator expansion 1 3 2 »re used for sta
bility studies. The equilibria are obtained 
by solving a 2-0 Grad-Shafranov equation that 
results from spatially averaging over a 
helical field period. A reduced set of MHO 
equations 1 3 3 is used for the stability studies 
for low n (toroidal mode number) modes. In 
the averaged reduced equations, the magnetic 
field contains the contributions from both the 
external helical current and the plasma 
current. In addition, the curvature term is 
also modified by the averaged curvature of the 
external helical field. For intermediate mode 
numbers (1 « n <• number of toroidal field 
periods), a ballooning mode equation along the 
effective averaged magnetic field Js obtained 
that takes into account the averaged helical 
curvature arising from the external windings. 

4.3.5 Intermediate Mode Number Ballooning 
Stability Results for a Stellarator-
Tokamak Hybrid 

W. A. Cooper, B, A, Carreras 

The effects of external rotational trans
form on ballooning modes of intermedijte mode 
number (1 « n « m * number of field periods) 
are being studied in stellarator-tokamak 
hybrids using the averaged MHD equations based 
on the stellarator and large m expansions (as 
developed by Strauss 1 3 3 and independently by 

kakatani). Equilibria for hybrids are obtained 
numerically for large aspect ratio systems by 
solving a 2-D Grad-Shafranov equation that has 
been spatially averaged over the helical field 
period 2R/m. By linearizing the averaged 
equation of motion, a ballooning node equation 
along the effective averaged magnetic field is 
obtained. The equation includes an averaged 
helical curvature term arising from the 
external windings, in addition to the usual 
tokamak terms. The stability of severajl ______ 
equilibria, H:tii either broad or narrow 
pressure profiles and tokamak or stellarator
like safety factor (q) profiles (i.e., q' > 0 
or q' < 0) have been examined for i = 2,3 
windings with varying amounts of external 
transform. It is found that stability beta 
limits for these ballooning modes are enhanced 
for i = 2 systems and virtually unchanged for 
•" = 3 systems as the externally applied 
transform is increased for a "fixed (total) 
q profile. The increased value of critical 
beta for i = 2 ii attributed to the vertical 
component of the helical curvature (which may 
increase the plasma well). Tokamaklike 
q profiles produce soinewhat higher values of 
beta in ; = 3 hybrids (with n fixed at the 
edge), due to the shorter connection length 
for the lower central q values for q' > 0 
profiles. For i = 2 systems, raising the 
central value of q (with q fixed at the edge) 
decreases the maximum stable value of beta due 
to a decrease in the global shear (i.e., q' 
decreases). 

4.4 COMPUTING SUPPORT 
C. E. Harmons 

The computing support group provides the 
Fusion Energy Division with computing resources 
in two areas: operation of the User Service 
Center (USC) and development of the experi
mental data acquisition network. The USC 
provides (1) access to the large computing 
systems of the National Magnetic Fusion Energy 
Computing Center (NMFECC) at LLNL and (2) imme
diate analysis and storage if experimental 



data. The data h a n d l e network support' the 
growing needs of the Division's experimental 
efforts by providing a rapid, state-of-the-art 
neans of acquiring and storing experimental 
data. Finally, the group provides input to 
the ^OE Long-Range ^'tomatic Data Processing 
(ADP/ ^ ' " o n behalf of fusion energy. 

4.4,1 User Service Center Operations 
C. E. BOTTOM, D. B. Clark, C. 0. Kemper, 
S. E. Ketterer, G. S. Massengill 

The latest version of the DECsystemlO 
operating systea (7.01) was Merged with NMFECC 
software and made operational. The improved 
reliability of the operating systea provided a 
better user environment in the USC. Similarly, 
the multiprogramming batch (MPB) system was 
replaced with the Galaxy/Quasar queuing/batch 
system, which significantly improved the 
printing/plotting operations. This was a 
major change, as it involved all of ute HMFECC 
software. 

An additional 5'2K -o,-..r* of memory was. 
installed and made fully compatible with the 
KL10 memory tws. This addition brought the 
memory complement to 1024K words, which has 
provided relief from excessive swapping. The 
rt-iuced job swapping has improved the system 
r» oonse time. 

A. RP07 disk system was ordered to provide 
data « torage needed for the modest increase in 
usage if the USC. This addition will provide 
an additional 750!f. disk blocks ?f storage for 
the di .'is-fon staff. The ORNL USC was selected 
as one of the national test sites for M s new 
technology disk (Winchester). 

T'.e latest version of the data acquisition 
support software uced on the USC PDPU/45 
system w,y instated at Gensral Atomic Company 
(GA) 'or use in S'.pport of Doublet III. Oils 
is p«rt of a continuing cooperative effort 
with GA. 

USC accounting wa* upgraded to a more 
automated t y s l t m , and several enhancements and 
additions '*>re made to the graphics support 
package. Several terminals were procured to 

provide the division staff with better access 
to the USC. 

The PDPU/45 front-end processor for the 
USC was changed to the software system RSX-11H. 
The P0P11/45 is interfaced via its UNIBUS to 
the DECsystemlO, which provides a l-meg*byte/s 
data path between the systems. This allows 
the PDPU/45 to accept spooled data from the 
USC for printing and plotting while simul
taneously routing data from the data acquisition 
computers attached to Division experiments. 

4.4.2 Data Handling Support 

EBT-S data handling 
R. D. Burris, D. E. Greeaxod, S. L. Ball, 
P. C. Batata, S. R. Haddox, D. A. Ooerbey, 
K. 0. Young 

The progress in the computer support system 
for E6T durfr.g 1981 has been chiefly charac
terized by expansion and improvement. All 
aspects of the system have beer. :mprovei>, from 
the data acquisition systems to the DECsj stemlO 
analysis software. 

The computer hardware now includes six 
computers - two PDPH/34s, a PDP11/23, a 
Nuclear Data 6600, and two PDP8s. One of the 
11/34s acts as the center of a star-shaped, 
network, and the other five computers are all 
connected to it- The two 11/34s are connected 
via a 1-megabit/s lint (OMC-11) and via CAMAC 
equipment, while all the remaining computers 
are connected only via CAMC. All of the 
links are bidirectional, with the central 
" '"-i both providing a path to the DECsystemlO 
and providing such control information as 
uniform time-of-day ticks and identifying 
sequence numbers for diagnostic data files. 
Considerable development was necessary to 
implement these links. 

Several diagnostics were already supported 
at the beginning of the year, including hard 
and soft x-r»y analysis, charge exchange, 

UCC-ND Computer Sciences. 
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microwave power distribution, and measurement 
of fluctuations in the H signal. To that 
list have been added (1) spectroscopy, (2) ICRH 
studies, (3) studies on confinement time for 
ions under pulsed ICRH, (4) additional channels 
of x-rey analysis, (5) error field studies, 
(6) support for a 9-channel microwave inter
ferometer, (7) support for 16 thermocouples 
mounted on mirror magnets, and (8) monitoring 
and power calculation for the 28-GHz microwave 
power system. 

Planning and implementation have begun for 
additional diagnostics expected within a few 
months, including (1) a radiometer. (2) an 
instrumented limiter, (3) a synchrotron 
emissions system, (4) a residual gas analyzer, 
(5) data acquisition for use with a diagnostic 
neutral team, and (6) extensive revisions to 
the Rensselaer Polytechnic Institute (RPI) 
heavy ion beam probe system and support for 
charge exchange, ICRH, Thomson scattering, and 
spectroscopy. 

There was also considerable revision of the 
support tasks running in the PDPll/34s, 
including development of better operator 
interface t».»ks (data entering and display), 
more reliable and effective communications, 
and improvement in the quality and quantity of 
data available to the experiment; coordinator. 

The OECsystemlO end of the EBT system has 
also received considerable attention. Several 
modifications to the data retrieval and 
archiving software were made, and a massive 
revision is under way. The revision will add 
many capabilities shown to be important during 
the 1ft months the system has been in use, will 
make a more appropriate choice of data important 
enough to be given specie) 1 status in the 
system, and will improve die flow of data 
through the system. 

An additional system noc under development, 
with potentially widespread effects, will 
provide documentation of all of the signals 
and hardware available to the computer system, 
so tn>„ the state of the machine can more 
accurately be determined and documented. 

ISX c*ata handling 
0. R> Ooerbey, J. E- Francis, K. A. Stewart, 
R. B. Burris, E. f. Blair, C O. Keeper, 
J. R. Reagan 

The PDP12 system was replaced by the -
Sension display system. This POPU/34-based 
system provides a much more comprehensive and 
timely display of data for the ISX experi
mentalists. 

Data acquisition routines to collect data 
for the plasma rotation diagnostic were 
developed to acquire two channels of analog 
information at a 20-fcHz data rate and to 
sample the signals for 200 ms. The low energy 
charge exchange diagnostic and the ECH plasma 
heating data acquisition systems were also 
developed to acquire from one to eight channels 
of analog data, each at a I-kHz data rate, and 
to sample the signal for one second. The 
infrared camera data acquisition system was 
moved from a PDP8 to a PDP11 system. 

The software for the MHD/PIN array diagnostic 
was installed on the Perkin-Elmer (P-E) 8/32 
along with the SCATPAK II diagnostic develop
ment support. The vector-to-raster converter 
for the P-E 8/32 was installed along with the 
Advanced Graphics II package. A comprehensive 
user's and operator's manual for the P-E 8/32 
system was produced and includes system codes 
and command procedures. 

Preparation for the VAX11/780 was begun. 
This included some preliminary code develop
ment for CAMAC supporc. Several members of 
support staff were trained n various areas of 
VAX11 system operations and programming. 

Medium Energy Test Facility. High Power Test 
Facility, and negative Ion Test Facility 
data handling support 
C. R. Stewrt, J. E. Pranaie, Jr. 

The Medium Energy Test Facility was upgraded 
to the faster P0P11/34 processor, and its 
storage capability was Increased to 20 million 
character: of data. This allows the experi
mental staff to maintain data on a substantial 
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nurber of shots at the data acquisition 
processor before transmission to the OECsysteuilO. 

The High Power Test Facility data storage 
Mas increased to 28 million characters. The 
processor speed was significantly increased by 
by the addition of cache memory. 

The Negative Ion Test Facility P0P11 Mas 
made operational with the software system 
developed for the other beam test facilities-

Various improvements to .the support soft-
Mare for the test stands were installed to 
improve the experimentalists' access to 
machine parameters. 
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5. PLASMA-MATERIALS INTERACTIONS 

A3STRACT. The PIasma-Materials Interactions Program addresses issues relating to plasma edge 
phenomena in fusion devices and the interaction of the plasma with exposed surfaces. These issues 
affect impurity control, fuel management, particle handling, and materials selection in present devices 
and future reactors. The program characterizes hydrogen and impurity fluxes in the plasma edge, 
identif ies mechcnisms of hydrogen recycling and erosion, and contributes to the development of new 
materials and techniques for part icle handling. The research focuses on the Impurity Study Experiment 
(ISX-B) and ELMO Bumpy Torus-Scale (EBT-S) fusion devices at ORNL and includes t*» participation of the 
Fusion Energy, Metals and Ceramics, and Solid State divisions. 

During 1981, the program emphasized edge flux measurements, hydrogen recycling studies, and 
advanced l imiter experiments. Surface probes were used to measure hydrogen-and impurity fluxes to the 
m i l s of ISX-B and EBT-S and during programmed gas puffing in ISX-B. Laser-induced fluorescence (LIF) 
measurements identif ied wall sputtering as the central cavity release mechanism fo" aluminum in EBT-S. 
Minority hydrogen species recycling experiments demonstrated fast (<20-ms), near-un ;ty (;0.95) recycling 
for nongettered, ohmic discharges in ISX-B and^suggested a thermal recycling process. Plasma-limiter 
interactions were studied photographically during beam-heated discharges in ISX-B. New in i t ia t ives 
included participation in pumped l imiter experiments on ISX-B and preparations for collaborative edge 
physics studies on the TEXTOR tokamak at Julich. 

5.1 MEASUREMENT OF THE DENSITY AND VELOCITY 
DISTRIBUTIONS OF SPUTTERED ALUMINUM ATOMS 
IN EBT-S BY LASER-INDUCED FLUORESCENCE 

E. Dullni, J. B. Roberto, R. J. Colchin 

The density and velocity distributions of 
neutral aluminum atoms have been measured in 
the vicini ty of the outer wall of the EBT-3 
fusion device by laser-induced fluorescence 
(LIF) . EBT-S is a steady-state plasma experi
ment consisting of 24 mirror sections bent 
into a torus. Macroscopic erosion rates are 
observed where magnetic f ie ld lines intercept 
the aluminum vacuum vessel walls. The mechanism 
of this erosion has been the subject of a great 
deal of speculation and is an important con
sideration in the design of the next-generation 
EBT Proof-of-Principle (EBT-P) device. LIF 1 

provides direct information on the erosion pro
cess through measurements of the flux and 
velocity distribution of the eroded atoms. 

The experimental setup is shown in Fig. 5 . 1 , 
A flashlamp-pumped, frequency-doubled dye laser 
was tuned to the resonance transition of 
aluminum at 308-2 nm. The LIF was detected 
using a photomultiplier and lens system which 
optfcally intercepted the laser beam 5 cm In 

front of a cavity wall in EBT-S. An aluminum 
plate par t ia l ly covered the access port a t the 
wall position to simulate a continuous w a l l . 
Wavelength scanning of the dye laser at a 
narrow linewidth (-11 mA) allowed measurements 
of the Doppler-broadened prof i le of the aluminum 
l ine with a velocity resolution of --IC* cm/s 

.(--0.1 eV). Plasma parameters for these 
measurements were: 100-kW microwave power at 
28 GHz, B(0) = 1.4 T, n f t(0) = 1.0 x 1 0 1 2 cm" 3 , 
T e (0 ) = 400 eV, and T^O) = 20-40 eV. 

The Doppler-broadened absorption prof i le 
for aluminum is shown in Fig. 5.2. The integral 
of this profi le corresponds to a neutral 
aluminum density of 6.5 x 10 7 atoms/cm3. The 
maximum in the distribution is shifted to the 
l e f t , indicating atoms moving away from the 
wal l . The small peak on the right side of the 
distribution corresponds to atoms originating 
at the mirror throats, which would have an 
opposite velocity component at the detection 
volume. The mean energy of the aluminum atoms 
released from the wall is 1.6 eV with « Doppler 
width of 2.5 eV. These energies are typical 
of sputtering distributions and are much 
higher than the energies expected for other 
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Fig. 5 . 1 . Experimental setup fo r LIF measurements i n EBT-S. 

ORNl-DWG 81 23807 

-6 4 -2 0 
VELOCITY (10s em i) 

Fig. 5.2. Velocity d i s t r i bu t ion for neutral aluminum perpendicular 
to and 5 cm from ai. outer cavi ty wall in EBT-S. Atoms moving away 
from the wall show a negative veloci ty s h i f t . 
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release Mechanisms such as arcing or evapora
tion. Measurements made with different plasma 
parameters and made along the laser oean at 
different distances from the Mall hava been 
perforated and are currently being evaluated. 

5.2 CONTINUOUS HAVE LASER-INDUCED FLUORESCENCE 
MEASUREMENTS IN ISX-B 

T. B. Cook, P. U. King, C. E. Young, V. R. * 
Rusinsky, J. B. Roberto 

The Method of LIF is a powerful diagnostic 
for detection of trace species in hostile 
environments and has been demonstrated in 
studying impurity Metal atoms in tokamafcs.2 

The transport of such impurities into the 
tokamak plasma is a serious concern for fusion 
reactors, since as little as O.lt contamination 
by heavy mevils can prevent plasma ignition. 

The appl'-ation of LIF to plasma impurity 
studies Iws primarily involved pulsed laser 
systems.3 There are, however, two disadvantages 
to such systems. First, it is difficult to 
operate a pulsed dye laser at bandwidth* 
sufficiently narrow to allow estimation of 
thermal Doppler widths. This is significant 
because the relative importance of sputtering 
versus thermal evaporation has not yet been 
fully characterized. Second, pulsed laser 
systems provide information at only a few 
(1-10) submicrosecond intervals during the 
tokamak discharge. It is thus a time-consuming 
process to map the impurity evolution during a 
200- to 300-ms shot. To better address these 
two problems of energy spectrum and temporal 
development, we have undertaken LIF experiments 
on ISX-B using a continuous wave (cw) dye 
laser. 

The laser system is a tunable, actively 
stabilised, ring dye laser pumped by an argon 
ion le»er. It produces single-frequency 
radiation with a linewidth of under 1 MHz and 

Technical University of Vienna, Vienna, 
Austria. 

can therefore be tuned inside a Dopj.ler-
broadened transition even for low temperature 
thermal distributions. Output power is 
sufficient to saturate the relevant absorption 
transitions over an interaction volume of 
•vl cm J. 

The first studies have been performed on 
chromium neutrals in the vicinity of a chromium 
probe in the plasma edge of ISX-B. The dye 
laser is operated on one of the components of 
the atomic resonance line at t425 nm (producing 
a power output of 50-150 mW). As indicated in 
Fig. 5.3, the laser is tuned to the absorption 
using a variety of devices, including a small 
grating spectrometer for rough tuning and a 
hollow cathode lamp (utilizing the optogalvanic 
effect) for fine tuning. ' Final adjustment, to 
allow for Zeeman shifts in the t>l-T toroidal 
field, is accomplished using a pair of scanning 
Fabry-Perot etalons. The laser beam is acousto-
rptically chopped (allowing high order diffrac
tion spots to be used for the various monitoring 
functions) and injected into the tokamak 
vessel, which is located MJ m from the laser 
table. Fluorescence from atoms illuminated by 
the laser just outside the plasma edge is 
collected, spectrally filtered using a double 
spectrometer with nomographic gratings, and 
detected with a photomuUiplier tube. A 
computer-controlled data acquisition system 
operates a gated counter, stores the data 'or 
later analysis, and graphically displays the 
results on a terminal in the laser enclosure. 

Preliminary analysis of chromium results 
indicates a very weak signal due to chromium, 
but uncertainties in the measurements are 
large, principally because of extremely high 
count rates from plasma light scattered into 
the collection cone of the detector. Further 
application of the cw LIF technique in ISX-B 
will require better rejection of plasma light 
than has been achieved in these initial 
experiments. 
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^ ^ ^ j ^ ^ J c a n t T y to fueling and -impurity intro-
^7-fi>'di^jon in existing devices, Hydrogen-deuterium 
, •--'•y O&P) isotopic exchange experiments, which 
/:;;.-. •-ip&lve monitoring'the plasma composition after 

.switching to one working gas following many 
w ^ J -.dfjcharges in the other, allow direct rtser-
"sl>"- Ration of surface contributions to the plasma 

•-'. ;•• '.f^otopfc composition and isot* pe effects in 
• fn^r i ty introduction, tfe r port here ar.asure-

;- s. I [.Wpi* of wvrking gas compo' »tien and edge 
-'-";'-/ impurity levels during K-0 changeover experiments 

,fn the ISX-B tofta**',. The results are inter
preted in teir* of recycling and impurity 
.introduction median* *>ms in ISX-B, 

Japan Atomic Energy Research Institute, 
Totof, Japan, 

Plasma operation was shifted from deuterium -
to hydrogen (D •+ H) and from hydrogen to 
deuterium (H-» D) by changing the fill-'and 
puffing "gases for a sufficient number of • ,_ 
discharges to obtain complete (>9W) changeover 
for each Isotope, H/0 ratiq? *er? mortitored " 
during the discharge from relative H. and D̂  — 
spectral intensities and after each discharge ' 
by residual gas analysis (RGA) and nuclear 
reaction analysis (NRA) of silicon surface. 
p»obes which were exposed in the pVesma edge. 
Relative oxygen and iron impurity levels in 
the edgt were determined from 0 VI and Fe IX 
spectral intensities. PUsma conditions for 
the nongettered, ohnic discharges were B T » 
1,3 T, I p • 135 M , T e(0) « 540 eV, and 
n e(0) - 6-7 x 1 0 , J cm"' with a current f lat 
top of -v!50 ms, ISX-B has type 3C4 skinless 
steel walls. 

The isotopic changeover in the viasma edge 
as determined from optical measurements is 
shown in Fig. 5,4, Plotted in the figure 1* 
the fraction of plasms composition made up by 
the previous isotope as a function of the 
number of discharges in the new isotope. Data 
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Fig. 5.' Fractional contributions of the 
previous isotope to tne plasma composition as a 
function of number of discharges in the new 

e isotope. Data are from relative H and D 
spectral intensities and are shown for various 
times during the discharge for both H •* D 
and D * H changeovers. 

for H -' 0 and 0 - H changeovers are shown at 
times varying from 16 %.o 145 ms into the 
discharge. The results indicate that the 
isotopic exchange in the plasma is -^80% com
plete after the first 15 ms of the first 
discharge in the new isotope, bit requires -10 
discharges to reach 98% completion. There is 
no evidence of a trend in the isctopic compo
sition as a function of time during the dis
charge. The RGA and surface probe results are 
consistent with the optical data. 

The changeover results indicate that plasma 
isotopic composition for these experimental 
conditions in ISX-B is determined irimariiy by 
the f i l l gas, with i.20% of the plasma particles 
originating from exposed surfaces. This 
surface contribution appears within the first 
20 ms of the discharge, after which the plajma 
composition remains approximately constant. 
These results suggest that recycling 1n ISX-B 
occurs without significant isotopic mixing 
after the first 20 m$ of the discharge. This 
requires the rapid establishment of an eoui-
Hbrlum between the plasma compose on and the 
interacting surf»c.6s. Isotopic replacement 1n 
the walls djes not contribute to the recycling. 

since this process would be continuous through
out the discharge. The isotoc.. replacement 
does occur in ilO discharges by diffusion 
between discharges and subsequent release. 

Iron levels in the plasma edge increase by 
a factor of --3 for deuterium operation compared 
with nydrogen operation. This result is 
consistent with the expected D/H sputtering 
ratio for a Maxwellian distribution of hydrogen 
atoms on stainless steel near 100 eV. This 
suggests that charge exchange neutral mutter
ing of the walls may play a dominant role in 
the heavy impurity introduction mechanism in 
ISX-B. The importance of the wall as a heavy 
impurity source is also indicated by the low 
titanium levels5 in ISX-B despite operation 
with a TiC outer limiter. The oxygen levels 
in the edge are the same for deuterium and 
hydrogen operation, consistent with a thermal 
release mechanism for light impurities. 

Overall, the results demonstrate low 
hydrogen inventor - and rapid isotopic change
over for tokamak operation with stainless 
steel walls. Ihe surface-released contribution 
is -20' of the plasma composition and appears 
within the first 20 ms of the discharge. This 
is associated with wall desorption and fast 
release processes at the limiter. Ion-induced 
effects do not contribute to recycling during 
the steady-state portion of the discharge. 
The res-'.ts are consistent with a thermal 
mechanirm for recycling' and oxygen release 
and with hydrogen sputtering of tfe walls for 
heavy impurity introduction. 

5.4 MINORITY HYDROGEN ISOTOPE RECYCLING 
IN ISX-B7 

J. h. Roberta, 11. C, Hove, R. C. Inter, 
L. ?.. Murray 

The recycling of hydrogen from exposed 
surfaces controls plasma fueling in present 
tokamaks and will play a significant role in 
determining the wall tritium Inventory in 
deuterium-tritium (D-T) devices. Recent H/D 
IsHopic exchange experiments" for non&ettered, 
ohmic discharges in the ISX-0 tokamak suggest 
a fast -ecycling procesi with no significant 



Isotopic fixing after the first 20 as of the 
discharge. This result is consistent with a 
hydrogen recycling mechanism for the wall that 
is not controlled by ion-induced effects. In 
the present experiment, H/D ratios were Moni
tored in ISX-B plasmas for 0 2 discharges 
during which a short pulse of H2 was introduced 
as a Minority isotope. The results confirm 
the previous observations and are consistent 
with near-unity recycling controlled by a 
thermally activated process. 

In the experiment, a short burst of H ; was 
puffed into an established ohmically heated 0 2 

plasma at 80 ms into the discharge. H/C 
ratios were determined throughout the discharge 
from relative Hn/0„ spectral intensities using 
a high resolution spectrometer equipped with 
an oscillating mirror for repetitively scanning 
a 10-A region around 4861 A. The spectrometer 
viewed the plasma along a major radio.. --90° 
toroidally from the limiter and 180c toroi-
dally from the H. injection port. The narrow 
hydrogen Balmer lines in tokamaks are attrib
uted to excited atoms formed during and follow
ing the dissociation of molecular hydrogen in 
the plas..ia edge f.nd probably reflect molecular 
fluxes from the wall. Plasma conditions for 
this experiment were n (0) =6 x 1 0 ! : cm";, 
Te(0) = 720 eV, BT = 1.3 T, and I = 170 kA 
with a current plateau from 80 to 180 ms. 
ISX-B had nongettered type 304 stainless steel 
walls at the time of this experm,.->nt and was 
tcjdipped with a TiC outer and a staii>'.?ss 
steel inner lirniter. 

Relative H,7D signals for several 0 
discharges with H input are shown in Fig, 5.5. 
The H, signal rises rapidly during the puff to 
one-sixth of the 0 signal, consistent with 
the ratio of overall H/D. gas input (0.15), 
and remains essentially constant during the 
remainder of the discharge. The hydrogen 
charge exchange neutral flux (measured radially 
outward at a location well away from both the 
limiter and the H, injection port) shows a 
comparable rapid increase during the H puif 
with a plateau from 90 to 170 ms.'' These 
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Fig. 5.5. Relative H, and D. spectral 
intensities for three successive 0 2 discharges 
in ISX-B with a short puff of H 2 at 80 ms. 
The apparent time shift in the relative K 
and 0, increases during the puff probably 
reflects the time difference in H 
sampling. 

and 0, 

results suggest recycle times of <20 ms and 
coefficients of >0.95 for the minority isotope 
from a time almost immediately following the H2 

puff until the end of the discharge. The H 
signal at the beginning of the discharge is 
approximately one-fifth of the steady-state 
value following the puff, consistent with the 
previcus observation8 that ^20" of the initial 
plasma composition for nongettered, olvnic 
ISX-B discharges is released from exposed 
surfaces. 

For the case of rerycling dominated by 
thermally activated processes, the hydrogen 
outflux for isotope i from the wall can be 
written as 

'M " W C i + C j > (5.1) 

where k f is the recombination rate constant and 
C, i is the near-sutface hydrogen concentration 
for isotope i , j . This equation governs the 
formation of molecular hydrogen at the surface, 
which readily desorbs at room temperature. 
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Thermally activated recycling has been observed 
in plasna simulator experiments with stainless 
steel w a l l s . " * " Equation (5.1) implies that 
the Minority isotope release will be dominated 
by recombination with the Majority isotope, 
forming the HD Molecule in our case. This 
requires essentially the sane recycling behavior 
for the Minority and Majority species and an 
increase in the Majority isotope outflux 
approximately equal to the Minority isotope 
release. This i s consistent with Fig. 5 .5 , 
where the 0. signal increases after the H 2 puff 
by an amount comparable to the H increase. 

, The present results are not easi ly explained 
by recycling MechanisMs based solely on ion-
induced effects such as particle reflection or 
isotopic replacement in the walls. Reflection 
coefficients of s0.8 are expected for wall 
neutrals in ISX-B, and wall neutral fluxes are 
too low for significant replacement in the bulk 
to occur during a discharge. Neither mechanism 
explains the simultaneous r ise in the H and 
0. signals. On the other hand, a thermally 
activated process based on diffusion and 
surface recombination i s consistent with the 
observed recycling behavior, although the 
recycling time i s somewhat faster than theo
retically expec ted 1 0 ' 1 1 for ISX-B operating 
conditions. Overall, the present results 
demonstrate fast {^0 ms), near-unity (>0.95) 
minority species recycling in a nongettered, 
stainless steel tokamak. 

5.5 RECYCLING STUDIES IN ISX-B 8Y HYDROGEN 
ALPHA EMISSION 

B. Bmoth, #. Young, S. V. Thame, t. B. Cook 

The recycling of pas atoms from the limlter 
and walls In a tokamak is at important as 
magnetic confinement ,n determining plasma 
density. In the current generation of fusion 
energy devices, most of the gas fueling Is by 
recycling with only a small fraction of tne 
plasms particles supplied by active gas puffing. 

A useful diagnostic for studying recycling 
is the monitoring of Ha emission from the 
plasma edge. This radiation, generated by the 

excitation of neutral hydrogen as i t moves into 
the plasma, has been shown to be a useful 
indicator of hydrogen flux into the plasma. 
The h"a detectors for the present experiment 
consist of a collimating lens, an interference 
filter to isolate the hydrogen line, and a 
photodiode as the receiver. Four such detectors 
have recently been installed on the ISX-B 
tokamak, each viewing a Z.S-cm-diam cylinder on 
a chord through the plasma and intercepting the 
relevant plasma edge region twice - once on the 
near side of the plasma and once on the far 
side. 

Although the work is at an early stage, 
several preliminary observations have been 
made. We find that there are pronounced 
toroidal and poloidal variations in H emission, 

at 
with the limiters and the gas puff being strong 
sources. For oniric discharges, the detector 
viewing the gas puff region follows the flow of 
gav into the vessel; simultaneously, a detector 
viewing a region far from the gas puff or 
limiters shows a smooth increase in signal. 
For neutral beam injection, the H signal from 
the gas puff region increases steadily even 
with constant puffing, suggesting beam-Induced 
desorption from the hardened energy spectrum of 
neutrals striking the wall. Several H 

CI 

experiments are planned for the near future to 
investigate particular issues in the recycling 
problem. 

5.6 EFFECTS OF NEUTRAL BEAM INJECTION AND 
GAS PUFFING ON DEUTERIUM AND IMPURITY 
LEVELS I N THE SCRAPEOFF LAYER OF I S X - B 1 2 

B. A. Zuhr, J. F, Roberto, S. P. Witkrau 

Silicon deposition probes have been exposed 
to a variety of operating conditions in the 
plasma edge of ISX-B to investigate the effects 
of neutral beam Injection and gas puffing on 
edge characteristics. The exposures were made 
using a bellows-sealed sample Insertion system 
that allowed the samples to be positioned at 
any radius between the Hmiter and the outer 
wall. An electrically driven rotating shaft 
permitted multiple or time-resolved (15-ros) 



sampling- All measurements were made in the 
horizontal nidplane of the tokaaak at a toroidal 
position 120" fron the 1loiters in the positive 
ion current direction. For these experiments, 
ISX-B was operated with an inner bar liniter of 
stainless steel and an outer mushroom-shaped 
limiter of TiC-coated graphite., 

Exposures were made for both obnically 
'•A 

heated and neutral-bean-injected (OTlJ discharges 
and for discharges in which the f i l l gas 
puffing was programed to determine its effect 
on the plasma edge. After exposure, the 
samples were transferred to the Solid State 
Division's 2.5-He¥.Van de Sraaff accelerator. 
where they were analyzed for impurity deposits 
using 2-HeV 'He backscattering and for retained 
deuterium usitj the DpKcpJ'We nuclear reaction. 

The temporal behavior of the principal 
impurities cilected 2.5 cm behind the liraiter 
during 1.1-MW NBI discharges in ISX-B indicates 
that oxygen is the most abundant impurity, with 
deposition more than an order of magnitude 
greater than that of the most cannon metallic 
element, iron. Chromium and nickel are present 
in approximately the same ratio to iron as they 
are in type 304 stainless steel, the wall 
material in ISX-B. The amount of titanium on 
the prooe is an order of magnitude less than 
iron. A sharp increase in all impurity levels 
occurs at the onset of neutral beam injection. 
A similar increase is observed in the measured 
deuterium flux at the time of injection. These 
increases in edge fluxes vary from a factor of 
2-3 for deuterium and oxygf.n to a factor of - 7 
for metallic elements. A correlation is found 
between high metallic impurity fluxes and high 
levels of magnetohydrodynamic (MHO) activity 
in the plasma. Such a correlation has been 
observed in all previous time-resolved probe 
data from ISX.13 

To clarify the effects of gas puffing on 
iC.ii impurity and plasma fluxes in the scrapeoff 
' i /er, an experiment was carried out in whii 
:'*'; p-jff of -'0.3 torrOiter of deuterium gas 
*'.; '.s'.W'; at 120 ms into a conventional 
•."m- :*,''/ '.p.itM deuterium plasma. This was in 

addition to the "normal" puff at --40.« as „~ 
shown in fig. 5.6. In this figure silicon : '-" 
surface damage, which is indicative of incident 
deuteriw flux and energy,1 4 is plotted as a 
function of tine during the discharge. Com
parisons are made with HHD level, density, and 
gas puffing rate for these discharges. A~ 
significant decrease in damage occurs with each 
gas puff. In this experiment, we primarily 
collect ions traveling parallel to the toroidal 
magnetic field, and the factor of 2 reduction 
in damage during puffing implies that the ion 
density has decreased by 2, that the average 
ion energy has decreased by -JF, or that a 
combination of these effects has taken place. 
In all cases, i t is clear that the deuterium 
flux in the edge has been "cooled" by the gas 
puffing. 
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Fig, 5.6. Comparison of single-crystal 
silicon damage rate (indicative of deuterium 
flux and energy) with MHD activity, plasma 
density, and gas puff rate for ohmlc deute
rium discharges 1n ISX-B with 0.3-torr«11ter 
gas puffing at 40 and 120 ms. 
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-_-- Tne^eTfect.of deuterium puffing on edge 
^sqwritievis far i*ss dramatic. Oxygen is 
unaffected, while iron-.shows only a soall 
decrease at~~the time'of the second puff. The 
-toe* of effect bnt>x>gen is »n agreement with 

1̂81 "result*-, .while the"minimal effect on 
: ^CT\ "*~WK» Vŝ pfcobably due to th> stable, low HKD 

ôperatTOit doting tM^part of the discharge. -
^ote that the slight peaking- in iron' flux just 
beforê lOO ms is" ajsca tine or incipient MHO 
activity >^&oth effects are eliminated during 

Xv. T ^ s e c w d ^ t e r ^ puff. It wnild appear 
-- that gas puffing can afnimiz* edge .Metallic' ̂  

impurity levels only to the extefijTttot i t cfn 
maintain a stable, low WD plasma. 

The impurities found in the plasma edge of 
ISX-B were oxygen from the wall and residual 
gases, stainless steel {Fe, Cr, and Ki) from 
the vacuum vessel, and titanium from the TiC 
lisviter. The relative a»ow>ts of iron and 
titanium indicate that the wall, and not the 
limiter, is the principal source of metallic 
impurities. Impurity levels in the edge were 
found to correlate well with both HHD activity 
and instabilities in plasma position, reaching, 
levels Z to 5 times higher during breakdown and 
the disruptive end of a discharge than during 
the steady-state portion. Finally, i t was 
observed that gas puffintpcan effectively cool 
the plasma edge and, by minimizirHj^nsfabilities, 
lower the level of impurities-.' v 

5 . 7 DEPOSITION PROBE MEASUREMENTS OF IMPURIH 
AND PLASMA FLUXES NEAR THE MALL I f M S 3 t - P 1 E 

^ -
R, A. Zuhr,- J. 6. Relerzo, .7. P. Uithrov 

Deposition probe techniques have been used 
previously to study the fluxes of impurities 
and plasma particles incident on 11m1ter-l1ke 
probes in the scrapeoff layer of the ISX-B 
tokamak.16 In the present work, surface probes 
were used to measure fmpurfty and plasma fluxes 
perpendicular to the toroidal field, both at 
and beyond the radius of the vacuum vessel 
wall. A comparison of material collected on 
these wall position samples with the earlier 
measurements of fluxes parallel to the toroidal 

field shows that the wall fluxes are far lower 
for both impurities and plasma particles. In 
addition, at a location away from the Hatters 
the wall is shown to be a source, rather than a 
sink, of metallic impurities. 

The ISX-B vacuum vessel is constructed of 
type 304 stainless steel and was not gettered 
for these experiments. Operating conditions 
for the wall position exposures were BT = 1.3 T, 
I = 170 kA, and n e = 5 * 10 1 3 cm"3, while for 
the limiter-like measurements they were B. = 
1.5 T, I = 120 kA, and n~e = Z x 10 1 3 cm - 3. 
An outer mushroom liniter of TiC-coated graphite 
and an inner stainless steel bar limiter were 
in use during all the exposures reported. 

Table 5.1 compares iron and deuterium 
deposition for exposures at the wall, behind 
the wall, and at limiter-like probes to typical 
ohmic discharges in ISX-B. Retained deuteriua 
ieveis at the. wait are an order of magnitude 
lower, while the iron is 3000 times lower. The 
neutral metallic impurity flux at the wall is 
clearly much smaller than the ionized metallic 
flux circulating along magnetic field lines in 
the plasma edge. The values given for iron at 
the wall locations are upper limits taken from 
the samples with the greatest accumulation. 
Many of the samples show no detectable iron. 
This variation in retained iron suggests that 
most of the iron may be deposited during 
disruptive behavior and that the steady-state 
flux to the walls is lower than indicated. 

The quantity of retained deuterium as a 
function of exposure for the different probe 
locations is shown in Fig. 5.7. The upper 
curve, which shows the amount of retained 
deuterium on samples exposed perpendicular to 
the toroidal field at a radius Z cm outside the 
liroiter, has been fitted to trapping versus 
fluence curves. 1 7 If an isotropic Maxwelllan 
energy distribution is assumed, this f i t 
results in estimates of rfuence and energy of 
-̂4 x 10 1 7 cnrVdiscba^i at ^20 eV. The shape 

of the experimental curves (fig. 5.7) for the 
wall position samples Indicates that the energy 
distribution of the particles striking the 
walls Is neither monoenergetfc nor a simple 



166 

Table 5.1. Retained deuterium and iron levels for samples 
oriented to collect radial fluxes near the wall and 

circulating ion fluxes 2 cm outside 
the limiter radius 

Deposition rate (c«~2/discharge) 
At wall Behind wall (7 an) Luriter (2 cm) 

1.6 x 1 0 £ s 

1 x 1 0 1 5 

Deuterium 1.9 x 10 1 5 9.4 x 10 l f c 

Iron <3 x 1 0 u <2 x 10" 

Raxwellian. The data would be consistent 
with a bimoda! distribution having a low energy 
component (--30 eV} that saturates at i5 x 1 0 1 5 

cm"* and a high energy tail that renins 
unsaturated at 18 discharges. It is clear from 
charge exchange neutral _dataia. that such a high 
energy tail exists, but there are no other 
diagnostics that are capable of corroborating 
the low energy flux. The linear portion of the 
data can still be used to estimate the incident 
Huence. Kesuits for the cases at the wa 1 and 
Denind the wall are approximately 5 x 10 ! and 
3 < 10'-; an"-/discharge. respectively. The 
difference in these two values is explained 
completely by the change in exposure geometry. 

It has been recently suggested that the 
primary source of metallic impurities in the 

5 10 '5 
f »POSUf»£ l«tO Of 0)SCM«W«5I 

Fig. 5.7. Deuterium retained in • Si 
probes vs exposure for ohmic discharges in 
ISX-B. Circles indicate data from a "limitcr-
Hke" probe (2 cm outside the. tteitcr radiui); 
triangles, data from a probe at the waif; 
squares, data from a probe 7 cm behind the 
wall. 

plasma is charge exchange neutral sputtering of 
the wall. 1 5 If we use our estimated deuterium 
flux to the wall and assume a sputtering 
coefficient of 1 x 10" 3 (D^ on silicon at 
-•60 eV). the iron sputtered from the walls is 
1 x 10 "/discharge. (This figure would 
corresFjnd to an erosion rate of 0.02 mm/year 
in a tofcamak operating > t a 10% duty cycle.) 
The iron deposited on the limiter-like probe 
2 en behind fie plasma edge, when integrated 
over the area where such flux is present, is 
equivalent to 5 •< 10I7/discharge. Considering 
the uncertainties involved in the above 
estimates, this is in reasonable agreement with 
the estimated total iron input. If a substan
tial fraction of the iron were being rede-
posited on the wall uniformly around the 
torus, it would have been detected by our wall 
position probes. Thus, our data are consistent 
with a avxtelin which most of the metallic 
impurities -".re introduced by charge exchange 
neutral sputtering of the wall and are removed 
by impact with primary and secondary limiters. 

In summary, we have shown that metallic 
impurity fluxes to the wall are far lower 
(>. 3000} than those to limiter-like probes 
located 2 cm outside the limiter radius. 
Deuterium fluxes are also lower (x 10) at the 
wall position and »re in reasonable agreement 
with single crystal silicon damage data. 
Finally, both wall and limiter position data 
are consistent with an is>p;irity introduction 
model in which charge exchange neutral 
sputtering of the wall is 'J\H dominant Intro
duction mechanism. 
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5 . 8 NEUTRAL ATOM IMAGING III EBT USING A 
PINHOLE CAMERA 

R. A. Zufcp, R. X. nichxpds 

Initial exposures have been made using a 
pinhole camera to image the neutral atom 
distribution cooing fro* the plasma in a sector 
of the EBT-S fusion device. EBT-S i s a wicro-
Mve-heated, steady-state plasma experiment 
consisting of a series of magnetic Mirrors 
arranged end to end in a toroidal configura
tion. The angular distribution of neutral 
impurities and hydrogen isotopes gives infor
mation on impurity sources and mechanisms, 
particle transport, and charge exchange 
processes. 

The camera consisted of a 0.76-mm pinhole 
located 7.5 cm outside the plasma-wall inter
face on the center!ine of the cavity. Carbon 
and sil icon deposition samples were placed 
IZ.7 era bemna che pinhole to col lect neutral 
plasma and impurity atoms. After exposure, 
the samples were removed and analyzed using 
RutherforJ ion back scattering (RBS) for 
impurity detection and NRA with the D^He.p^He 
reaction for deuterium detection. 

Initial impurity results show the presence 
of carbon, oxygen, and s i l icon. It i s sur
prising that s i l icon, which i s present in 
EBT-S in very small quantities, i s observed, 
while aluminum, from which the vacuum vessel 
i s constructed, is not. The most l ikely 
source of the silicon appears to be sil icon-
greased 0-ring seals. These seals can be 
heated to the point of failure by the microwave 
radiation i f they are not perfectly shielded. 
The absence of aluminum, which i s known to be 
transported in substantial quantities in 
E8T-5, can be explained i f i t i s present in 
ionized form, since the camera i s sensitive 
only to neutral particles. 

Geometric data have been taken in a hori
zontal plane that cuts through the center!ine 
of the torus. Such data represent the neutral 
density, integrated along chore's through the 
plasma, as a function of position in the 
cavity. The geometry i s such that observations 

can be made from the narrow region, or throat, 
where the co i l s are located on one end of the 
cavity to the same location on the other end. 
It has been proposed that these narrow throats 
would be regions of high neutral density 
because of the charge exchange that takes 
place at such surfaces. This idea i s supported 
by our ini t ia l results , which show increased 
neutral deposition (^505) of both deuterium 
and impurities from each of the throat regions. 

A more thorough analysis of the data will 
require modeling of electron and ion densities 
and temperatures so that the integrated 
effects of neutralization and ionization along 
the chords can be calculated. For the present, 
the init ial results show promise for using 
deposition probe techniques to take "pictures" 
of neutral distributions in the EBT-S plasma. 

5.9 EROSION AND DEPOSITION OF ALUMINUM 
IN EBT-S 

R. E. Clausing, L. Heatherly, L. C, Emerson 

The erosion of aluminum from the walls of 
FBT-S constitutes the major source of medium Z 
impurities in this device. EBT devices are 
unique among today's large fusion experiments 
in that they typically operate in a steady 
state with energetic hydrog^i plasmas for 
hours at a time. Erosion at d deposition of 
aluminum are evident even to casual visual 
examination, and aluminum deposits cover 
exposed windows in a few hours during some 
types of operation. Recent experiments using 
LIF^0 have measured the density and velocit ies 
of neutral aluminum atoms near the wait in 
EBT-S and are consistent with the release of 
aluminum from the walls by hydrogen ion sput
tering. The present study provides a direct 
measure of the rate of aluminum transport both 
to and from surfaces exposed in 3 similar 
location along the midplane outside the wall. 

The samples included both aluminum and 
stainless steel surfaces and were exposed for 
1-min Intervals to limit the temperature rise 
during exposure to 1tX)eC or less . Auger 
electron spectroscopy was used to determine 
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the aluminum concentration on the surface of 
the stainless steel, and the aluminum sample 
served to monitor the role of contaminants. 
Figure 5.8 shows the aluminum concentration on 
the stainless steel surface as a function of 
exposure time. Analysis of these data provides 
deposition rates from the initial rate of 
change of concentration and erosion rates from 
the saturation levels. 

The aluminum surface concentration (n.j) 
can be described as a function of time t by 

where •». is the deposited aluminum flux. The 
deposition rate can be obtained from the 
initial cTspe of the data, where 

4. 
dn Al 
dt 

The erosion rate for bulk aluminum is 

o 
, e - * ° - „ d n M 
*AJ " V A 1 " *A1 T ' 

nAl 

Yf /nAl = n A l ^ " "P t -^H* 1 ^ • 

where n a l is the saturated or steady-state nAl 
.,.,, j„ is the flux o" hydrogen that value of r,^ 

sputters the sample, and a is the sputtering 
cross section. This equation i-.; valid for 
cnveraaes of l*"*"; than a muwttavw f«w wM«-t> 
the removal rate eventually equa's the depo
sition rate. The aluminum surface concentration 
saturates at 

s 
r'Al 

100 
0RNL-DWG82-25M F«> 
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Fig. 5.8. Aluminum surface concentrations 
as a function of time. 

where n.j is the aluminum surface concentration 
for bulk aluminum. 

Table 5.2 gives the deposition and removal 
rates at the wall, I cm in front of the wall, 
and 1 cm behind tne wall radius in the center 
of a 10-cm-diam port. The removal rates at the 

data in Ref. 2( and are consistent with tfk. 
hypothesis thai: sputtering is responsible 
for the erosion of aluminum in EBT-S. On the 
basis of thes? data, we should expect net 
erosion at the center midplane outer cavity 
wall of EBT-S a.' a rate of 10 1 3 atoms/cm2-s or 
M1.01 monolayerr/s (10 um/y for a 102 duty 
cycle). This erosion rate is «A times lower 
than would be expected without redeposition. 

5.10 OBSERVATION OF PLASMA-LIMITER INTERACTIONS 
IN ISX-B 

R. £. Clausing, L. C. Emereon, L. Heatherly 

Titanium-carbide-coated POCO graphite21 has 
provided the best performance of al l limlter 
materials tested thus far in ISX-B. 2 2 Even 
this material, however, Is damaged by the 
severe heating and arcing which occurs during 
beam-heated plasma pulses and during plasma 
disruptions. In order to document damage to 
the limiter and to correlate the damage with 
plasma behavior, both st i l l and motion pictures 
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Table 5.2. . Erosion and deposition rates for aluminum at the 
. equatorial position on the tenter of the outside Mall 

- of a rf cavity in EBT during exposure to a 100-Mf / 
hydrogen plasma with a pressure of 

" o 7.5 x 10~6 torr of hydrogen 

c- - .' ' >. .Deposition" •*• ": Erosion 
Probe position --.-rate . --. -̂  - rate 

(da) - ' . (atonsiar^s-*) ( a t o w a r 2 ^ - 1 ) 
Erosion rate 

Deposition rate 

: >rjin.jH»rt> > 
: :0~ (at^aljj 
V+l-(i»i|»lasw} 

«v3x 10*-?; 
- ^ * «>*.?-
- -^xlO 1 ^ 

3 x 1 0 " 
* x l 0 » 
1 x!0»V 

L * 1 ' 

' 1 . 8 

iraus..tjTshonijf sdienaticalljr'in Fijj. .5;§.v, "\̂  
•tilT pictures taken betNeen each shot ' ? -'•' 
ng the.initial operation and.conditioning 

a new TiC-coa'ted outer .limiter in ISX-8 
show that limiter damage is minimal during 

.w,-|*inic operation but that daaage occurs rapidly 
€ "'̂ during the first NBI discharges.22 This damage 
V Consists of the removal of the coating in the 

c .central "hot* region of the limiter and the 
formation of small microscopic nelt craters, 

;. crevices, melted protrusions, and arcing 
patterns over nearly the entire limiter surface. 

"Most of the coating removal and other damage 
occurred early in the l ife of the limiter and 

- apparently did not adversely affect subsequent 
plasma operations, , - ^ M ? ^ 

There is considerable evidence for froth 
thermal effects ana unipolar arsing, and both 
can be associated with damage to the limiter. 
Figure 5.10 shows several frames from plasma 
shot 37099. Unipolar arc tracks are seen in 
Fig. 5.10(a), and an eruption of particles 
begins in Fig, 5,10(b). Comparison with the 
plasma current for this shot shows that thts 
eruption occurred immediately preceding a 
current disruption. Additional observations 
are reported in Ref. 23, 

Ofmuom^nrZiTpizjEEp 

£v^^>«MW 
<~ w.."»^^r 

- .^•'•.(j;. •-. 

rs-m 
£.__ __.;*•£*! 
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55 mm CAMERA 

Fig, 5.9. Diagram of mirror system that 
gives a split field showing both inner and 
outer If miters of ISX-B. Both high speed 
motion pictures and still images were made 
with this apparatus. 



Fig. 5.10. PIasaa-limiter interaction sequence during shot 37099: This sequence shows the : 
outer limiter at the beginning of a disruption at 162 as. ' Unipolar arc tracks:, are -shown by the, 
arrows in fraae (a). An eruption of particles is shown in frames (b)-(d). The four frames were 
made in sequence at 0.00033-s intervals. Particle velocities are >100 m/s. 
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6. PLASMA TECHNOLOGY 

ABSTRACT. Advanced positive ion sources are being developed to meet the nu.n"second, mi'ti-
aegawatt neutral beam heatinc. requirements of several near-ten* ai;d future confinement experiments. 
Indirectly heated U H o cathodes that can emit 5-6 A-cnf 2 for several secor.as have been developed and 
used in a 120-Y, 1200-A, 35-s plasma generator. An ion source is being developed that incorporates 
the indirectly heatii Lalto cathodes; it is expected to produce a 40-A, 80-keV, D + bean, a preprototype 
for the high energy pimp beam to be used on the Hirror Fusion Test Facility upgrade (MFTF-8). lhe 
properties of triode and tetrode ion accelerators and the heat loading of accelerator and plasma 
gene-ator components lave been investigated experimentally. The design of ion accelerator electrodes 
is being studied theoretically, using a double plasma nodel, with the aim of reducing electrode 
loading. Direct energy recovery in injector systems is being studied theoreticalIv and experimen
tally. 

A Calvtron-based negative ion generator has produced a 50-mA-cm"2, 20-keV beam lasting for 5 s. 
Direct area scling of beam characteristics was demons t "ted and used in designing a 20ti-keV, 10-A, 
negative ion source neutral injection system. C 

The Medium Energy Test Facility (KETF) west beam line was equipped with a rectangular neutralizer 
cdl in order to test theoretical predictions of ion collection efficiency as a function of current 
density and" retarding electric fielH orientation. The east end of KETF is being upgraded for testing 
the long pulse, positive ion sources that are being developed for HFTF-8. The upgraded facility will 
have short and long pulse calorimeters, beam lfne power flow diagnostics, and an electrical system 
suitable for production of 80-keV, 60-A beams lastinq for 30 s. The electrical system at the High 
Power Test Facility (HPTF) has been upgraded for high voltage (<150-keV), long pulse (<20-s) operation 
at rurrents up to 50 A. 

Plasma Technology Section (PTS) personnel have assumed tiie responsibility for neutral beam 
injector operations on the Impurity Study Experiment (ISX-B). This task includes the installation of 
a third ISX-B beam line (counterinjection) to provide balanced neutral injection for high beta studies. 

Advanced versions of mechanical and pneumatic solid fuel Injection systems designed for reactor-
scale dueling throughput requirements are being developed. A 4-pellet pneumatic injector, based on the 
ORNL single-pellet injector concept, was fabricated, tested, and delivered to the Princtton Plasma 
Fhysics Laboratory (PPPL) for installation on the Poloidal Civertor Experiment (PDX). Improved 
4-pellet pneiwatic injectors are being constructed at the Massachusetts Institute of Technology (HIT) 
and at ORNL for use on Alcator-C and ISX-B. 

A radio frequency (rf) technology program was initiated during FY 1981 to define the rf technology 
developments and facilities required to support existing and future confinement experiments. 

The Third International Neutral Beam Workshop was hosted by ORNL, The workshop was held in 
Gatlinburg, Tennessee, October 19-23, 1981. 

6.1 NEUTRAL BEAM INJECTOR OEVELOPWT 

6.1.1 Positive Ion, Long Pulse Sources 

All of the neutral beam injection (NBI) 
experiments to date have been performed using 
nosftive-ion-based systems with a short pulse 
duration (<0.5 s ) . 1 The most recent injection 
system developed at ORNL fs the PDX injection 

system,* which has delivered about 2 MW of 
neutrals per source to the POX plasirj, sub
tending an angle of 5 •/ 10"* sr with respect 
to the ion source. The ion source was operated 
at a current of up to 100 A (H ) at 50 keV for 
pulse lengths up to 500 ms. Several upcoming 
confinement experiments require beam pulses 
lasting for several seconds. Pulse durations 
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of 30 s at tea* energies of 80 keY are .eqiired 
to establish the thermal barrier in tie HFTF-B 
experiment that is vital to the success of the 
Kirror fusion program. Kultisecond neutral 
injection, based on the neutralization of 
posit.ive ion beans, is also being planned for 
the Tofcaâ k Fusion Test Reactor (TFTR), 
Doublet III, the Advanced Toroidal Facility 
(ATF), and the Fusion Engineering Device 
(FED). The Advanced Positive ion Source 
(APIS) Program at O W L is geared to the 
development of suitable long pulse, multi-
xegawatt NBi systems. 

The research and development (R&D) activity 
in the APIS Program during 1981 c n be divided 
into twc categories: development of long pulsi 
plasma generators ana development of accel
erators. In the first category, a long pulse 
plasma generator that illuminates an 18- by 
48-cm extraction surface with sufficient plasma 
u.iiformity and density to provide an extraction 
current density of up to 0.25 A-cm"2 (0 ) was 
developed. Crucial to the success of this 
plasma generator was the development of a long 

pulse cathode. Several types of indirectly 
heated cathodes were considered.3** The con
figuration shown in Fig. 6.1, which has a 
paraboloid enitting shell enclosing graphite 
heaters, was found to be the most promising. 
The emitting surface is made cf molybdenum, 
coated with a mixture of 97.51 Ho, 2.OS LaHo, 
and 0.5% Pt by weight. Such cathodes were 
operated at emission levels of 12 A-cm"2 for 
subsecond pulse lengths and at 5-6 A-cm"2 

for multisecond pulse lengths. Two such 
cathodes were used in paralle1 to obtain 
120-V, 120C-A arc discharges with 35-s pulse 
durations (Fig. 6.2). The mouth of the 
electron fe>*d assemb.y was found to be the most 
critical genetitor component as regaris heat 
loading; its design was optimized to withstand 
the high heat flux (-*Z kWT»f 2). Experience 
gained from operating this plasma generator was 
incorporated in the design of the experimental 
MFTF-B ion source, which is described in 
Sect. 6.2. 

The accelerator development work during this 
report period consisted of characterizing 
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Fig. 6.1. Catnode and electron feed assembly. 
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Fig. 6.2. Waveforms for a 120-V, 1200-A, 35-s arc discharge. 

triode and tetrode accelerators and comparing 
their performances. The experiments were 
performed using the scaled APIS (10 by 25 cm) 
and employing notched apertures developed for 
POX injectors,' fhe experiments revealed that 
triodes can be operated at energies of 80 keV 
without sacrificing the current density. For 

tn* electrode geometry considered, the primary 
advmtage of tetrodes over triodes in the 
neighborhood of GO keV was the improvement in 
beam optics. 

A secord characteristic of the tetrode 1$ 
the dependence of its ion optics on »he ratio 
between the electric field in the first gap and 
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that in the second gap. For the particular 
electrode geometry that Mas investigated, a 
higher ratio (second gap field to first gap 
field) resulted in lower bean divergence and 
lower optimum perveance, as shown in Fig. 6.3. 
Redistributing the two gaps while keeping the 
totai accelerating cap constant did not result 
in any appreciable change in either the current 
density or the bean power transmission if the 
field ratio was kept constant.6 

Heat loading on the accelerator and plasm 
generator components due to beam extraction was 
investigated in detail. The dominant •echanisas 
involved were identified.7 

Energy dissipation during the high voltage 
breakdown of the accelerator grids was Measured 
experisaentally.6 The experiments revealed not 
only the magnitudes of energy dissipated during 
typical breakdowns, but also the distribution 
of this energy among the accelerator grids. 

6.1,2 Direct Energy Recovery 

After repair of the water line freeze-up 
damage that terminated last year's experiment, 
modifications were made to the close-coupled 
energy recovery experiment." Ground surfaces 
were isolated to allow electrical measurement 
of the net current striking them, small loop 

WL-014 •i-tri"* MO 
-[ 1 1 [ ! 

i 
* 

i 
; TYPt * W a r n / * " " S O S 
1 ' K W (KCOGT . SO l«V «u y • f«i.D »*TKW.IO 
i o KLO MT»'2.t4 

0 l___l X J 1 l _ 
O.JS (V*0 0.45 OSO OSS 0*0 045 

Fig. 6,3. The effect of field ratio on beam optics. 

antennas were added to observe the rf noise 
spectrum, and the power supplies were connected 
in a new arrangement.IS 

In the previous power supply configuration 
(Fig. 6.4), the **all (5-kV, 15-A) boost supply 
provided the extraction current, which limited 
the beam current and caused the boost potential 
to sag. The new configuration (Fig. 6.5), in 
which the boost supply biases the accel supply 
above ground, has the following advantages. 

(1)- Because the beast supply provided only 
the net recovery current, the boost 
potential remained more stable. 

(2) Because the extraction current was pro
vided by the larger (40-fcV, 60-A) accel 
supply, operation at higher beam currents 
was tossible. 

(3) Changes in the boost potential did not 
affect the accel gap voltage, and hence 
the beam optics remained constant. 

(4) T'ie net recovered current could be 
reasured directly as the boost supply 
current, rather than calculated as a sum 
•*nd difference of three separately 
•measured currents. 

The following significant experimental 
observations were made. 
(1) Net energy recovery was possible only 

over a limited range of magnetic field 
strengths. 

(2) Electron collection efficiency was a 
weak function of collector bias potential 
with respect to the neutralizer. 

(3) Recovery efficiency decreased as gas 
pressure increased in the recovery region, 

(4) Recovery efficiency decreased as current 
density increased, as previously pre
dicted. " 

(5) Ion collection on ground surfaces had not 
saturated for » boost potential that was 
12,52 of the beam energy, 

(6) The rf noise spectrum extended from 
around 100 MHz to above 1.5 GHz, Host 
of tne energy is in the 200- to 500-MHz 
range and increases with increasing beam 
current or decreasing magnetic field 
'trength. 
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A new rectangular eeutralizer assembly 
(with a 1C- by 25-cm cross section) was 
designed and fabricated. In conjunction with 
this effort, the bending magnet in the MCTF 
west beam line was reoriented so that its. leng 
pole face axis is perpendicular to the bean. 
This will test the two-dimensional (2-D), 
infinite slot, single Vlasov computer calcu
lation, which predicts that a geometry in which 
the retarding electric field is predominantly 
colinear with the ion trajectories will ha<e an 
ion collection efficiency that is virtually 
independent of current density.*-2 

6.1.3 Negative Ion Sources 

An extensively modified Calut-on positive 
ion source is oeing used to generate negative 
ion beams through surface ionization transverse 
extraction (SITEX), 1 3 It has produced a 
250-mA beam (50 mA-cm" 2) at 20 keV for 5 s, 
with a beam divergence of 6 (= 1/e) = 
(2~* \ ) ' . l w Direct area scaling of extracted 
current has been demonstrated as shown in 
Fig. 6.6. For th<» 250-mA beam, the extracted 
I 0/I H_ ratio hai been reduced to 0.2, with 
>99S of I collected by the electron recovery 
system 1 5 at <10S of V .. A conceptual beam 
line design study was completed for a 200-keV, 
10-A, dc SITEX negative-ion-based system, 1 5 

This beam line, shown in Fig. 6.7, would 
deliver 1 MW of monoenergetic neutrals f^om a 
system the size of the POX/ISX-B beam lines 
with a < 0.4* and virtually no impurities. 

6.1.4 Theoretical Ion Optics 

The 2-D lor optics code 1 6" 2 0 as previously 
verified 5* 2 1" 3 0 was used to study accelerator 
designs for MFTF injectors, 3 1' 1 2 improved PDX 
injectors, 3 3 and negative ion accelerators, A 
double plasma model Is being used for electrode 
design to reduce electrode loading, 3 1" 1 5 A 
program to study the species mix in ion sources 
1n one dimension was established,3fi Theore
tical studies of direct recovery 3 7"* 1 were 

9 o n 
ORNL-OWG Sl- I9lf l FED 

cBU t 1 1 1 i 

240 
V e e e „= 20-25 W / 

— 

200 

/ 
/ 

/ 

160 

120 

/ / 
, - : - ' • / _ / / / / / - / / / / / / 

— 

8 0 

/ / 
, - : - ' • / _ / / / / / - / / / / / / — 

4 0 

/ 
s 

s / — • s / 
• 

1 1 1 I i 

— 

EXTRACTION AREA ( c m ' ) 

fig. 6.6. SITEX extracted beam current 
I H- vs extraction are*. 

extended to three dimensions;''2 in addition, a 
panacean neutralize magnet interface was 
suggested.39 

6.1.5 Neutral Beam Diagnostics Development 

The parallel-pi ate energy analyzer1*3 was 
used to measure the atomic hydrogen fraction of 
a 30*cm ion source. Comparison* were also made 
wvth traditional Magnetic momentum analysis, 
using the ion deflection magnet. 

At on ion beam current density of 0.13 A'Cm"-. 
the source atomic fraction of the beam, composed 
of both ions and neutrals, was measured to be 
82* at the center of the beam, where the full 
energy nroton fraction Is always maximum. At a 
current density of 0,10 A'Cm"2, the parallel-
plaie analyzer yielded a 79% source atomic 
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Fig. 6.7. Conceptual design for a 200-keV, 1G-A, dc SITEX-based 
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fraction when applied to the total beam (ions 
and neutrals), bjt only a 68% fraction when the 
jeam was composed of neutrals only. This may 
be indicative of a nonequilibrium line density. 
Momentum analysis of the same beam, which 
sp-tlally averages over the whole beam, gave a 
731 fraction. 

The source atonic fraction estimated from 
analyzing the total beam is always 5-i0r> higher 
than that obtained from neutrals only. The 
source atomic fraction estimated when a pn-
acreleration potential is applied to the plasma 
grid Is about 3t higher than that obtained from 
conventional operation. 

6.1.6 KETF Upgrade 

The METF Is a double-ended neutral beam 
test stand. The east end of i t was used in 
developing the POX Injectors and, more recently, 
in testing the long pulse plasma generators. 
The west end Is being used foV energy recovery 

experiments. Both beam lin-s were originally 
designed for short pulse operation (<500 ms). 

The east end of METF is being modified to 
make i t suitable for testing the 30-s HFTF-B 
experimental ion sources now under development. 
The upgraded beam line will accept the 13- by 
43-cm ion source. The 150-cm-long neutralIzer 
will have a 17- ty 47-cm cross section. The 
beam line will be equipped with both a snort 
pulse (0.1-s) and a long pulse (30-s) calorim
eter. The calorimeters will be V-shaped to 
reduce the power density normal to the target. 
The short pulse calorimeter is designed to 
dissipate up to 30 kW-cnT2 normal to the beam. 
The long pulse calorimeter will be made of 
swirl tubes kept at an Inclination of 5:1 with 
respect to the beam to increase its power 
handling capacity. The beam line will also be 
equipped with diagnostics for measuring the 
power flow along the beam line and the utomic 
species content of the beam. The main limita
tion of the beam line will be Its inability to 
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separate the ion bean fraction after neutral
ization for long oulse durations. 

In additio" to the mechanical upgrades 
described above, several changes have been 
made in the electrical system *o allow 30-s 
(long pulse) operation at voltages up to 
8C fceV and currents up to 60 A. A set of 
filament supplies has been installed, suitable 
for indirectly heated cathodes, each capable 
of providing up to 1000 A dc at 13 V. The 
electrical cables feeding the ion source have 
been upgraded for long pulse operation. In 
order to increase the voltage capability from 
the previous 50-kV to the new 80-fcV le'-el, the 
high voltage taodulator has been rebuilt, 
enclosing the switch tubes in pressurized SF6 

medium. Provisions hate been made i 
modulator design for substitution of a new 
switch tube type at a later stage with minimum 
downtime. A crowbar unit has been incorporated 
to protect the ion source in the event of a 
modulator system malfunction. A gravity-
operated mecnanical switch has been substituted 
for the solenoid-operated grounding switch to 
improve reliability and personnel safety. 

6.1.7 KPTF Improvements 

The High Power Test Facility (HPTF) is used 
for the development of high energy ion sources 
(up to 150 keV). At present, i t is primarily 
used for the development of a sca'.ed APIS (10 
by 25 cm) with currents up to 25 A and voltages 
up to 150 kv. 

During 1981, the HHir electrical system was 
modified to increase its pulse length capa
bil ity. The low voltage cables that had been 
insulated in PVC pipe and operated at high 
voltages were replaced with high \tltage 
coaxial cables rated for 200-keV operation; 
previously, reliable operation was limited tc 
<100 kV. To provide more room on the source 
table for larger (13-V, 1000-A) filament 
supplies, the arc rectifier section was rebuilt 
on a floating deck and installed • i the power 
supply vault. The dc output of tnis rectifier 
is now brought to the sourcê  cage through 

coaxial cable: rated for 200-kV operation. To 
overcome the Imitation on pulse length imposed 
by the gradient grid resistor divider network, 
a new assembly with forced air cooling was 
fabricated and installea >» -ne power supply 
vault. Personnel safety was improved by 
replacing the grounding switches inside the 
power sjpply tanks with gravity-operated 
switches outside the tanks. The leads from 
the source table to the ion source were re
placed with copper bus bars. The electrical 
system on HPTF is now capable of high voltage 
(<i50-kV), long pulse (^0-s) operation at 
currents up to 50 A. 

Plans are to install a new neutralizer with 
a 15- by 45-un cross section that w i l l enable 
the HPTF to handle ion source operation of the 
full-si7e (13- by 43-an) APIS at voltages up 
to 150 W and currents up to 50 A. Pulse 
lengths will be limited by power density 
considerations on the neutralizer, beam stops, 
and beam-defining apertures. The beam bending 
magnet in its present configuration cannot 
handle the large beam; therefore, near-term 
operation of the full-*ize source will not 
include ion removal. 

6.2 NEUTRAL BEAH APPLICATIONS AND OPERATIONS 

6.2.1 MFTF-B Ion Sources 

During tie* second half of 1981 the APIS 
Program was .eoriented to meet the NBI require
ments of the MFTF-B device. A va.iety of 
neutral injectors w;il be needed for MFTF-B, 
but the most severe requirement is for the 
high energy pump beam, where 25 A of 80-keV 
0° must be deposited in t*e plasma for pulse 
durations of 30 s. The beam optics requirement 
for this application is ver; severe because 
the plasma is located aboi.t 15 m downstream 
from the source and the beam must be transmitted 
through a restrictive aperture 13 m from the 
source that subte.ids only '0.4" wih respect 
to the exit grid. Additionally, tht injected 
power should be tunable in a wide range (3:1), 
maintaining the beam energy at a constant 
80 keV. 

file:///tltage


To neet these needs, an ion source is being 
developed that is expected to provide about 
40 A of D bean at 80 IceV with low divergence 
(--0.25* ras) for pulse lengths of 30 s (see 
Fie,. 6.8). The design of the plasma generator 
for this source is based on the generic plasna 

-generator work described in Sect. 6 .1.1; i t 
employs laMo cathodes of the type show in 
Fig. 6 .1 . Two types of anode charters are 
being fabricated: one with the permanent 
•agnets located inside an aluminum vacuum 
charter and the other with the magnets conven
tionally located outside the chamber. Two 
sets of accelerator structures, one of molyb
denum and the other of copper, are also being 
fabricated. Both of these accelerators will 
use large shaped apertures (8 mm ID and 
10 ma 00) for improved beam optics and high 
grid transparency. The molybdenum grids are 

^being built by industry (United Technologies 
Research Center), while the copper grids are 
being made internally. Both types of grids 
will use advanced fabrication techniques to 
maximize the cooling efficiency without 
sacrificing the grid transparency. The molyb
denum grids will be made by brazing two 
molybdenum sheets with a wavy pattern of 
cooling channels etched into one sheet. For 
the copper grids, the wavy cooling channels 
will be macnined into a precut copper plate 
and the grid will be completed by an electro-
forming operation. Both types of sources are 
expected to be completed during the first half 
of 1982. 

6.22 ISX-B Neutral Beam Injection 

Operations 

A cooperative effort between PTS staff and 
the ISX-B group of the Tokamafc Experimental 
Section has been initiated. To its previous 
development and technology activities, PTS has 
added all aspects of NBI operations on ISX-B. 
This arrangemtnt is expected to have favorable 
synergistic effects on both groups; PTS 
personnel will gain first-hand experience in 
actual day-to-day demands on injection systems, 
a.^ the ISX-B group will gain immediately 
available, in-house NBI expertise. 

Third beam line 

In addition to handling a l l N8I operations 
on ISX-B, PTS staff will be adding a third 
beam line to the device. The location of this 
system is shown in Fig. 6.9. It will provide 
balanced counter-injection for high beta 
studier. The system is an upgraded Princeton 
Urge Torus (PLT) system from PPPL that will 
receive the additions and changes needed to 
bring its capabilities to the level of the 
present systems. 

5.3 PELLET FUELIN6 

6.3.1 Advanced Injector Development 

The emphasis of the pellet injector develop
ment program in 1981 was on construction of the 
advanced mechanical injector (AMI) and the 
advanced pneumatic injector (API) facilities. 
Botf injectors are repetitive devices intended 
to demonstrate steady^state fueling systems in 
the reactor-relevant parameter ranges of 
1000-m/s pellet velocity, variable pellet size 
up to 2 mm, and feed rates of 10-40 pellets per 
second. 

The AMI facility was completed, and initial 
tests demonstrated the functionality of the 
various subsystems (the solid deuterium ex
truder, the composite arbor accelerator, and 
tne synchronized pellet feed system). The AMI 
is illustrated in Fig. 6.10. A continuous 
solid deuterium extrusion process produces a 
filament 1.2 mm in diameter. Pellets are 
formed and launched into fie inlet section of 
the the "snowshoe"-type arbor by a synchronized 
chopper wheel interposed between the extrusion 
die outlet and the rotational plane of the high 
speed arbor. The arbor operates at 160 Hz to 
achieve the 500-m/s tip speed required, but the 
chopper wheel turns at a reduced speed (factor 
of 4, 8, etc.) to obtain pellet feed rates of 
40 pellets per second and lower. Jitter is 
eliminated by a phase-locked motor control 
system. The AMI is scheduled to operate early 
in 1982. 

The API is a facility to test the appli
cability of the pneumatic acceleration tech
nique in steady-state operation. This appa
ratus (Fig. 6.11) will combine the high speed 
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extruder technology of the AMI project with the 
pneumatic acceleration technology developed at 
ORNL to demonstrate acceleration of 2-mn-diam 
hydrogen and deuterium pellets to ? km/s u a 
repetition ratevof 10 pellets per seccd. The 
API is scheduled for initial tests in the f irst 
quarter of 1982. 

6.3,2 Confinement System Appliiations 

During the past year a prototype 4-pellet 
pneumatic injector, bawd on the working 
principle of the ORNL single-pellet design, 
was successfully tested. The device shown in 
Fig. 6.12 is capable of delivering four 

1-mn-diam pellets with programmable timing 
intervals extending to at least 16 ms (*0.5 ms) 
between pellets. The injector was delivered 
to PPPL and i (Stalled on the PuX device, where 
i t will be used during 1982 in a joint ORNL/PrPL 
study of quasi-steady-state pellet fueling ana 
transport in a "low" particle recycle regime. 

An improved pellet injector design (see 
Fig. 6.13) was Issued for construction at KIT. 
The system will be used on Alcator-C In 1982 to 
study the effects of central fueling (centrally 
peaked plasma density profiles) on confinement. 
At ORNL, construction of a third 4-pellet 
injector system for use 1n the ISX-8 high beta 
studies was started. 
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6.4 RF HEATING 

The crowing interest in the use of rf 
energy or magnetic confinement fusion devices 
has been supported oy expanded experimentation, 
which has rrovided increasing ind'zations of 
the potential of this heating method Studies 
of future machines and the testing plans for 
dsvict-s uider construction are including more 
important roles for rf systems. The major 
potential use of rf energy for plasma heating 
has been joined by the possibility of using rf 
energy for current drive in toxair.jks jnd for 
potential well maintenance in mirrors. 
Recently, i t has been speculated that rf 
heating could be useful in Impurity control 
and disruption control. This Increase in 
expected rf u; requires a technology develop
ment program to keep pace with the physics 
experiments and the schedule of design selec
tions for the next generation of devices. The 
aim of the rf technology program, initiated in 
October 1981, is to define and carry out the 
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specific tire-phased developments and fac i l i t i es 
necessary to support the present and future 
devices. 

The planning part of the ORNL act iv i t ies 
includes representation from a l l major U.S. r f 
groups (Fig. 6.14). The focus for lo..g-range 
planning is the Fusion Bawnstration Project 
(FDP), taking into consideration that the 
tokamak, t i r r o r , or ELMO Bumpy Toms (EBT) 
concept aay he chosen for a FDP. The nearer-
term p". inning : s being guided o> a rollback of 
needs for the Fusion Engineering Device (FED), 
assuring a T i t l e I design ef fort starting in 
1986 and, again, the possibility that any one 
01 a l l three confinement concepts w i l l be 

considered. The resulting plan w i l l concen
trate on the next f ive years (FY '«983-FY 1987). 
The frequency regimes to be considered for 
development needs include ion cyclotron 
resonance heating (iCRH), lower hybrid heating 
(LHH), and electron cyclotron resonance heating 
(ECRH), although i t is recognized that source 
development for ECRH frequency ranges is under 
way in an.-ther ORNL-managed program. The 
dedicated test fac i l i t i es necessary to support 
r f development are being determined for con
struction starting in FY 1983. The Plasma 
Technology Section w i l l support FLO confinement 
experiments by developing and providing t ie 
complete r f system, including the wave energy 
launching structure. 
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7. SUPERCONDUCTING MAGNET DEVELOPMENT 

A5S-.-J.r_\ The Large Coil Program (LCP) continued to manage the design and manufacture by U.S. 
firms of three superconducting magnet coils that will be tested and evaluated in the Large Coil Test 
Facility (LCTF) now under construction at ORNL. During 1981, General Dynanics-Convair Division (GD) 
completed ttio-thirds of the conductor for its coil and began winding. General Electric (GE) finished 
winding its coil and began fitting the coil case. Conductor production and coil plate machining for 
the Westinghouse Electric Corporation (Westinghouse) coil progressed, and Westinghouse installed two 
winding lines. The international Large Coil Task (LCT) also proceeded d-iring 1981. The Japanese coil 
was completed and preliminary tests were performed in Japan. In the Euratom coil project, Siemens 
began winding conductor while Krupp began fabrication of the coil case. Brown-Boveri began rork on 
the casp for the Swiss coil while final development work was completed on its conductor. Technical 
problems delayed all six projects. 

Construction of the LCTF proceeded with major procurements of cryogenic equipment and power 
supplies and installation of a liquid-nitrogen-cooled cold wall, piping, electrical buswork, and plat
forms. Project cost and completion milestones did not require change. 

work by the Magnetics and Superconductivity (M&S) Section included rotable progress in four 
areas: research and development (RJD) activities in support of the LC?, two 12-T coil projects, 
advanced conductor development, and development of toroidal field (TF) coils for the ELKO Bumpy Torus 
Proof-of-Princiole (EBT-P) Project. A 12-T fccility magnet, the Coil Winding Test Experiment (CWTX), 
was successfully placid in service. 

7.1 INTRODUCTION 
?. ::. r.2Uber.reie.:f y, 5. n&eVl 

The ORNL Fwion Energy Division continues to 
play a leading t le in the developmet.t of 
superconducting magnets for toroidal fusion 
reactors. The greatest effort in 1981 was in 
the LCP, which er.rails designing, building, and 
testing several different 8-T TF coils about 
one-third to one-half the size of thc;e for the 
tokamak Fusion Engineering Device (FED). ORNL 
is guiding and monitoring GO.'GE, and Westing
house in the desigr and manufacture of one coil 
each. In addition, through an International 
Energy Agency (IEA) agreement, Euratom, Japan, 
and Switzerland are building one coil each to 
LCP specifications for testing in the LCTF 
along with the U.S. coMs. Supporting F.&0 for 
the LCP is carried out in the KSS Section. 

The R4D activities in support of the LCP 
include work on instrumentation and diagnostics, 
conductor verification tests, and coil winding 
technology. The MSS Section also supplies 
structural analysis in support of the LCTF test 
stand design and technical support necessary to 
monitor the coil contracts. 

In addition to supporting the LCP, the KSS 
Section has a major role in the U.S. 12-T Coil 
Program, initiated in 1978 to supplement the 
goals of the LCP. In this program, ORNL is 
directing two projects involving major indus
trial subcontractors, in the design and develop
ment of large conductors suitable for tokamak 
TF coils to be operated at fields to 12 T. To 
carry out measurements on these conductors, an 
insert was procured for the CWTX magnet facility 
that permits test fields to 12 T in a 22-cm-bore 
split solenoid. 

ORNL continues to advance magnet technology 
in areas specific to fusion applications by 
developing better analysis .echniques, gen
erating basic design information, and evaluating 
si.all quantities of experimental conductor 
embodying advanced concepts. In 1981, the 
advanced conductor devaJopment program con
tinues to concentrate on developing multi-
filenntary (MF) NbjSn, understanding force-
cool ei' magnets, and gaining more perspective on 
ac Iosi.es, all closely tied to the LCP and 
12-T Coil Program activities. The concept of 
velocity-enhanced stability for an internally 
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cooled superconductor (ICS) was tested in a 
small NbTi magnet and found to work extremely 
well. High stability margin at M g h current 
density and high field without helium flow was 
demonstrated. The cable-in-conduit ICS concept 
is most appropriate for an extended field FED 
TF coil. 

The principal magnet technology project of 
the H*S Section was the design, fabrication, 
and successful testing to full design values of 
two development magnets for the E8T-P Project. 

7.2 LARGE COIL PROGRAM 

7.2.1 Program Management 
r. .7. ?.T^b^>-j-eiah 

Co'laboration in the LCT progressed satis
factorily. Representatives of all three 
participants were at the LCTF site fur extended 
assignments. Semiannual meetings of project 
officers were held at Kernforschur.gszentrum 
Karlsruhe (KfK) and at ORNL. The major issue 
was provision of signal conditioning channels 
for coil diagnostics. The other participants 
wanted more channels than the U.S. proposed to 
provide in the LCTF under the stringent con
straints imposed by the budget. By the end of 
1981, acceptable compromises appeared near. 

Agreement was reached on the outline of the 
LCT test program. Target dates remained the 
s?me: tests of bath-cooled coili at the end of 
1932 and tests of a full array beginniig e^rly 
in 1984. At year's end, however, the task 
schedule was in jeopardy because of problems in 
coll manufacturing (described in Sect. 6.2.3). 

A great deal of management attention was 
required by the coil subcontracts, which are 
administered by UCC-ND Purchasing and managed 
by Fusion Energy Division. Continual review, 
evaluation, and advice from technical experts 
were provided in the areas of magnet technology, 
engineering, metallurgy, and quality assurance. 
Limited funds and rising costs due to technical 
problems required the development of Ending 
allocations most conducfve to the ac;..>w/ement of 
overall program objectives. Staff at GP were 

required to proceed at a reduced level of 
effort from March through September. Westing-
house was also substantially restricted in its 
preparations for manufacturing. Several 
reviews at the highest levels of fusion program 
management led to strategies and agreements to 
achieve reasonably satisfactory progress 
despite the circumstances. 

The LCTF construction project plans were 
altered by rearrangement of schedules (notably 
for the torque rings) to make the best use of 
funds provided in three categories: capital 
construction, capital equipment, and operating 
expense. New management procedures that are 
being applied to large projects ir. Oak Ridge 
for the rirst time were instituted on the LCTF 
construction by UCC-ND and DOE-ORO. 

7.2.2 Large Coil Test Facility 

Large strides were made on the LCTF project 
in 1981. At year's end, engineering design was 
91* complete, procu' w t was 57* complete, and 
construction was 37. complete. A union strike 
during the summer eliminated schedule contin
gencies, but major milestones still appeared 
attainable. A complete estimate, finished in 
December 1981, indicated a total cost of 
$36,850,000 (the same as the previous estimate 
made i". 1980). 

Major procurement ir 1981 included helium 
refrigerator modifications, cryogenic piping, 
and power supplies. Principal construction 
activities included fabrication of sections of 
the liquid-nitrogen-cooled cold wall and 
construction of the piping in the vacuum tank, 
the platforms around the tank, the electrical 
buswork, and the control room. Outlay for 
engineering, procurement, and construction 
during FY 1981 amounted to $7.4 million. 

7.2.3 U.S. Test Coils 
P. ¥.. Kibhr. 

GO con. 
Production of 2.0 km of 8-T grade conductor 

was completed after problems of cold welding, 
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soldering, and inspection Mere overcome. After 
practice winding with dummy conductor, actual 
conductor winding on the coil bobbin began in 
August. Three (of fourteen) layers were wound 
before the operation was halted by the discovery 
of snorts through sensor leads. Plans were 
made to unwind and correct the problems (see 
Sect. 7.2.5). Meanwhile, 1.8 km of 6-T grade 
conductor was produced during lulls in coil 
winding operations, 

6E coil 
The winding operation at GE, which began in 

November 198C, was completed in December 1981, 
with 7.3 km of conductor in 12 spiral pies on 
the coil bobbin. All parts of the heavy 
stainless steel coil case were delivered by 
Chicago Bridge and Iron Nuclear to the 
Schenectady plant. At year's end, insulation 
was being fitted in preparation for assembly of 
the cas.2 around the winding. 

Installation of conductor splices (two in 
each nie), test heaters, and sensors proved 
unexpectedly time-consuming. Substantial 
improvenents in winding time were achieved, 
with the time for winding alone (not including 
heaters and sensors) decreasing from 12 weeks 
to 2 weeks per pie. 

We*,tinghouse coil 
After considerable planning and high level 

reviews, Westinghouse began implementing plans 
to instal' two parallel winding lines, with a 
coil completion target date of June 1983. The 
first line was completed in October, and the 
second line (privately funded by Westinghouse) 
was scheduled to be completed by February 
1982. 

A specification was completed for the 
J8K-75 stainless steel conductor sheath material. 
The total quantity (9090 kg) of this special 
material was delivered in strip form to ORNL 
by Carpenter Technology Corporation in August 
1981 for ultrasonic inspection before being 
forwarded to Airco. By December 1981, ORNl 
had performed ultrasonic inspection on about 

30S of the material with no resectable flaws 
detected. 

Aluminum plate machining has initiated with 
a fixed price subcontract to Erie ?res; Systems-
7he first three plates were delivered to 
We'tinghouse, and trial winding activities 
started in October 1981. 

Airco began producing the conductor for the 
Weitinghouse coil. Hire production proceeded 
smoothly, and the first of four batches of 
wire passed all quality control (QC) tests in 
June 198! with only minor nonconformances. 
Development of the sheathing process continued, 
with ORNL welding specialists becoming heavily 
involved in a consulting capacity. This was 
highlighted in October 1981 by the successful 
production of eight trial winding conductor 
lengths, which were identical to production 
lengths except for the use of a copper con
ductor in lieu of the superconductor. The 
problem of effective on-line QC inspection of 
the conti.iuous-weld sheathing process was 
resolved; the ORNL Metals ard Ceramics Division 
successfully adapted to this application some 
advanced multifrequency eddy current inspection 
concepts developed in breeder reactor programs. 

7.2.4 Utner Test Coils 
Japanese coil 

Hitachi completed the winding of 20 double 
spirals of conductor, with H internal splices 
and a full complement of diagnostic sensors. 
While these were being would on forms, the coil 
case parts were fabricated. By using this 
manufacturing strategy, two winding lines, and 
three-shift operations, Hitachi was able to 
deliver the completed co'l just under 12 months 
from the start of coil winding. The cofl was 
installed in the Japan Atomic Energy Research 
Institute (JAERI) facility at Tokai for testing 
before shipment to the LCTF. During cooIdowns 
in November and December, unacceptably large 
leakages of helium developed. These were 
located in senior lead feedthroughs In the coil 
case. Staff at JAERI and Hitachi agreed that 
ensign revisions would be necessary. 



Euratom coil 
Conductor production Mas initiated ana over 

half of the conductor was completed. The 
cetailed design of the coil was completed and 
Minding (on a removable form) Mas begun in 
October by Sieraeni. Meanwhile, Krupp proceeded 
with coil case fabrication. Installation of 
equipment began at TOSKA, the facility at KfK 
that MIII be used to cool down and test the 
Euratom coil before shipment to the LtTF. 

Swiss coil 
Brown-Boveri finished the detailed design of 

the Swiss coil and prepared a final design 
report. All production steps for the conductor 
were developed and verified, and cutting and 
welding of coil case parts was initiated. 

7.2.5 LCP Research and Development 

Conductor experiments 
Guidelines for use of damaged conductors 

in LCP. Guidelines were issued to 6E covering 
the use of conductor with one missing or broken 
strana. Such conductor may be used if the 
break is located in an area where the magnetic 
field is low enough that the remaining 15 
strands have the same current capacity as 16 
strands at the peak field for that conductor 
grade. ORNL must be notified when damaged 
conductor is used, but if the guideline con
dition is met, winding should not be delayed 
for ORNL approval. Full documentation is 
required. 

Splice development for GE. An apparatus was 
constructed to measure the mechanical properties 
of full-size GE joints. It can apply forces 
greater than 5000 lb at room temperature, at 
liquid nitrogen temperature, and at helium 
temperature with approximately 15. accuracy. 
The force is generated using a manual hydraulic 
piston, and the elongation is measured using 

two moving coil differential transformer 
(MCOT) extensiMeter-, developed for LCP coils. 
Th.s equipment was used to test the concept of 
a soldered lap joint proposed by ORNL. The 
joint is made by overlapping several inches of 
copper core and sol wring, thus replacing the 
superconducting strands over the lapped cores. 

Tests of three different solders, 60 Sn-40 Pb, 
97.5 Pb-2.5 Ag. and 97.5 Pb-1.5 Ag-1.0 Sn, 
showed that any of these solders can produce a 
joint that is stronger than the copper core 
itself. The core joint specimens were tested 
Nell beyond the yield of the cores. Measuring 
the applied load and extension of the entire 
joint. None of the joints failed during the 
test. Two versions of the GE LCP joints were 
tested electrically and mechanically. One was 
the LCP standard machined block type; the other 
was a simplified soldered version proposed by 
ORNL. Both joints had a resistance ot less 
than 10~ 5 .. at 7500 A and 5.5 T. Both Mere 
subjected to 10 cycles of loading at 4,2 K up 
to 6000 lb. Mere loaded once to J00O lb, and 
appeared to withstand the mechanical loai>: 
without appreciable yielding. 

The new grading joint design for the G£ LCP 
coil, developed by ORNL, was qualified by GE, 
and one production joint has been wourd ir.to 
the coil. 

Quench pressure waves from internally cooled 
magnets. A primary conctrn identified during 
1981 was that a quenching ICS magnet in LCTF 
might cause a shock wave to propagate through 
refrigeration lines to one of the turboexpanders, 
where it woulo cause damage. An experiment to 
simulate the formation ;.nd propagation of such 
a pressure wave from tte ends of a quenching 
ICS coil was perfonreo. The apparatus used was 
that previously constructed for examining 
maximum quencn pressures, with tubes added at 
each end to striate refrigeration lines. On 
one end the tube was baffled in an attempt to 
e/plore the effectiveness of the baffling in 
'.oppressing a shock wave. However, no shock 
(••ms were formed. During a simulated quench, 
the pressure on the "refrigeration lines" rose 
'.wjothl/ to a maximum over a period of seconds. 
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The helium was not "blasted" out; ratiier, it 
"oozed" out. If the simulation is good, there 
should be no serious problem fpr the LCTF 
refrigerator. However, the experiment, oust be 
closely examined to evaluate its appropriateness. 

Internally cooled solenoid. The ll-cm-bore, 
force-cooled solenoid (NbTi cable-in-conduit) 
was tested. A field of 8 T at the winoings was 
attained en the first ramp without training. 
Current at this level was 4800 A; stored energy 
was 267 kj. Current density in the cable space 
was 11.3 kA/cm2, but because a round conduit 
was used and no special effort was expended to 
achieve a high packing factor, the overall 
current density was only 6.3 kA/c* 2. Stability 
tests at 7 T were cursory but suggest a stability 
margin around 30-40 mJ per cubic centimeter of 
conductor. A 1-m length of conductor in the 
high field region recovered when driven fully 
into the normal state. More testing will be 
done later. The coil was successfully dumped 
more than a dozen times from fields in the 7-
to 8-T range. Dump voltages were 400-500 V. 
All testing was carried out at quite low flaw 
rates (-0.1 g/s), as leaks in the pump loop 
forced us to use the backup blowdown system. 

Facilities 
Test of cryogenic helium pump. A develop

mental helium pump manufactured by Gardner 
Cryogenics has been tested. This type of pump 
is suitable for use in force-flowing supercritical 
nelium through ICS magnets. Despite flaws in 
the demountable connections, the piston pump 
itself has performed satisfactorily. It has 
pumped supercritical helium at up to 7.5 atra 
with a pump head up to 2.8 atm. The maximum 
mass flow rate obtained was 16 g/s. Thougn 
this is 20$ below the design goal, we are well 
pleased with this result. 

Helium liquefier. A Koch Process Systems 
(CTI) 1430 helium refrigerator/llquefier is 
being installed in the magnet laboratory to 
supply helium for various magnet development 
experiments. The cold box and compressor units 
have been set in piace, and all electrical 

wiring has been completed. Fabrication of the 
gaseous helium and cooling wattr piping has 
been delayed because further engineering was 
required to reduce the high estime ted costs of 
the system as originally designed. However, 
installation should be completed in 1982. 

The 100-1 tcer liquid helium storage dew&r 
was received from Cryofab, Inc. The completed 
system is quite versatile, can be hooked up to 
various experiments, and will be capable cf 
closed cycle cooling in both pool-boiling and 
forced-flow modes. It will be capable of 
producing either 40 liter/h of liquid helium or 
100 V of refrigeration at 4.6 k, as well as any 
combination in between. 

Analytical work 
LCTF partial toroidal test conditions. He 

calculated the test fields that can be reached 
in LCTF with less than six coils, using the 
presently available estimates of facility load 
capability but assuming that all coils are 
equal and neglecting the pulse field load 
without exceeding the coil design currents. A 
single coil reaches 6 T, a nonadjacent pair 
reaches 6.2 T, an adjacent pair reaches 6.4 T, 
the center coil of a triplet reaches 6.7 T, and 
five coils reach 7.2, 7.7, and 7.9 T, depending 
on their positions in the array. Out-of-plane 
loads are significant, and the peak fields do 
not occur on the torus equatorial plane. 

LCTF computer analysis. Because or increasing 
security restrictions at K-25, the LCTF 
structural analysis has been moved to the X-10 
computers. ORNL's NASTRAN lease agreement was 
modified to permit use of the X-10 IBM CPUs. 
The executable module was successfully installed, 
and movement of the LCTF analysis is under way. 
The new NASTRAN plotting program was also 
installed on the X-10 computers. Several on
line procedures to simplify access to all this 
software were written and made available. 

LCTF structural analysis. The LCTF two-coil 
analysis model has been substruetured, and one 
load case (one coll at 100% current) was 
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successfully compared to the original unsubstruc-
tured analysis. The model can now be upgraded 
to include three coils, which would not have 
been feasible with the unstructured model. 

Iffects of shorts in LCP coils. Circuit 
analysis of the mechanical and thermal effects 
of shorts in a typical LCP coil has been 
updated. The results indicate Oiat only turn-
tn-turn short circuits with contact resistance 
less than 10~L :1 say result in excessive 
mechanical stress and heating during a LCTF 
discharge. Techniques to detect scch shorts 
and a protection scheme for a shorted LCP coil 
were being considerad at the end of this report 
period. 

Eddy current effects in LCTF pulsed coil 
system. The effect of the LCTF pulsed coil , 
system on the coil cases and support systen-has 
been estimated. The results indicate that the 
ene-gy dissipation, due to eddy currents in 
these structures are negligible. I t is also 
found tfiat the effect of these current flows on 
the pulsed field distribution at the LCP test 
coiis is insignificant. 

Pumping requirements for ICS. An estimate 
has been ;.iade for ICS cable-in-conduif conductors 
that may cequire a forced flow of supercritical 
helium to ensure upper stability margins and 
therefore recovery from very large perturbations. 
Apparently, i t is better to design for high 
current from small-dimeter straw's than to use 
high velocity helium to stabilize large-diameter 
strands. 

Stability-optimized cable-in-conduit 
SHPJX^Pil̂ J îyjL- Over the last year a large 
body of data has been acr .mulated on the 
stability of cable-in-conduit conductors. A 
new calculation, using procedures previously 
reported, has been made on stability-optimized 
conductors. The earlier solution is no longer 
valid. The present results favor a conductor 
fraction of 60'.'. ( i . e . , a helium void of 40") 
and provide guidance on the stability margin as 
the copper-to-superconductor ratio is varied in 
the conductor fraction. 

Cryogenic experiments 

K-seal pressure twsts for iCP. The second 
Teflon-coated K-seal was tested, completing the 
test program of four seals (two lead-coated, 
two Teflon-cnted). This seal performed even 
more poorly than the f irst Teflon sample — i t 
would not even seal at room temperature. Both 
lead-coated seal' survived pressure cycles at 
15 atm with two complete cooldowns each, and 
these lead seals are recommended for use in 
LCP. As a final test, one of the lead seals 
was reinstalled, to check its reuse capabilities. 
Init ial ly, i t would not seal at rocra temperature. 
However, with a thin coating of Apiezon N 
vacuum grease, the used seal performed as well 
as the new one at al l temperatures. 

Heat transfer tests. A heat transfer test 
was performed on samples of 6E LCP 8-T conductor. 
The test bundle, which was a stack of twelve 
1-ft lengths of LCP production conductor, was 
made up with LCP turn-to-turn and pancalce-to-
pancake insulation to simulate as closely as 
possible the channels, etc., of the GE LCP 
magnet. GE modified three of the conductor 
lengths by pulling the supe-conductor out of 
the subelemerts before deliver. We soldered 
heater cable (a Nichrome wire insulated with KgO 
and enclosed in a stainless steel sheath) into 
the grooves where the superconductor had been. 
The conductor lengths were instrumented with a 
total of 36 gold-iron versus copper thermocouples 
and assembled with insulation in a clamping 
fixture. The entire fixture was placed in 3 
swivel mechanism that allowed variation of 
angle while the sample bundle was in the 
helium bath. An automated data acquisition and 
control system (part cf the LCP data acquisition 
system) was used to program the power supply in 
a staircase fashion and to record the data. 
(Incidentally, the test proved to be a very 
useful test of the data acquisition software 
and hardware and uncovered some probes 
with some of the display software.) Preliminary 
results indicate that the GE LCP cagnet will be 
barely cryostable. The data will be compared 



with the coil perfonunce data. If a corre
lation c&n be established, the bundle test 
could be a valuable and relatively inexpensive 
design evaluation tool. Limitations of steady-
state data in predicting steady-state perfor
mance are, howaver, known to exist , and dynamic 
testing methcds say be needed to model the 
actual norsil zone recovery behavior of a 
cryostablr. co i l . 

Inverted operation of vapor-cooled leads. 
Loss rates and inertial properties of American 
Magnetics 28-in. , nominal 2000-A, vapor-cooled 
lea'JS have been measured in both normal and 
urside-down positions. Standby losses in the 
jpside-down position were 805 higher than in 
the normal position, whereas at 2000 A, losses 
were approximately equal for the two positions. 
To test the inertial character of the leads, 
the flow through the leads was interrupted. 
Tne voltage drop per lead and the temperature 
of the hot spot rose 1inearly: 63 nV and 70 K, 
respectively, in 30 s. 

LCTF superconducting bus heat transfer. 
Although previous calculations indicate that 
the insulated, massive, copper-stabilized 
superconducting buses connecting the coi ls 
w'th the lead dewars in LCTF urill be cryostable 
at the design current, there i s considerable 
uncertainty in the thermal conductivity data 
and the possibility of contact resistance, 
etc. A mockup section of bus was insulated as 
i t would be in LCTf, instrumented with a 
heater and thermocouples, and subjected to 
thermal shock cycling in liquid nitrogen. 
Then i t s power versus temperature curve was 
measured in liquid helium. The heat transfer 
dat? show that the bus will be unconditionally 
stable at the design current. 

IniJlri€!£nJyLt'"."••"• a n d .d.fegh.0?-^*. 

G|.JJLr*JIL2M£?.' A series of thermal 
cycling verification tests of GE-fnstalled 
strain gages was performed for the ICP. These 
gages were installed using a differ»nt cement 
and curing cycle than used in previous in
stallations. Another set of test aages of the 

same type was prepared at ORNL by a technician. 
The two sets exhibited similar behavior during 
cycling to liquid nitrogen temperature, and 
the sample and procedure were therefore judged 
acceptable. 

Carbon temperature sensors. A set of five 
thin film carbon sensors (identical to that 
installed by GO} was installed by GE as part 
of i t s verification test program. The gages 
were tested at ORNL by cycling five times to 
liquid helium temperature. The sensors were 
judged to be adequately stable, and the instal
lation procedure was approved for LCP use-

Signal conditioning. Each channel in both 
the "isolated* and the "nonisolated" strain 
gage instrumentation includes a 3-kHz carrier-
amplifier-demodulator module. Anrther carrier-
amplifier module (less expensive than the one 
originally tested) was evaluated for compat
ib i l i ty with both systems and was found to be 
adequate for use with the nonisolated system. 
Use of the Validyne-Corporation Model CD-I? 
in the nonisolated system will result in a 
total cost savings of about $5540. The Validyne 
CD-90 modules will s t i l l be used in the isolated 
system. Both modules use the same main frame 
type, which provides a degree of standardization 
between the two ;y$ter..s ( i . e . , conduit in 
plate structure). The nonisolated system will 
be tested at ORNL. A test plan has been 
formulated, and Westinghouse has submitted a 
preliminary design for the test piece. The 
objective is to establish the safe proof 
voltage that can be applied to the finished 
coil under *:iibient conditions, which will give 
confidence that the coil will have adequate 
low temperature breakdown strengtn. 

GE LCP instrumentation. A Mi$ staff member 
visited GE on March 26, 1931, to observe 
voltage breakdown tests on ? GE coil conductor 
heater and to suggest and help perform quick 
qual.ty checks on the heater and its instal-
lati n. The heaters for the GE coil conductors 
ara made of a thin strip of Inconel sandwiched 
between two thin layers of Kapton. This 
ribbon '.s cemented to the conductor elements 
with epoxy. The present installation is riot 
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acceptable; the major d i f f i c u l t y appears to be 
in the qua l i ty of the purchased heater s t r i p s . 
Microscopic examination of samples of the 
s t r i p material reveals delamin't ion (which is 
e i ther caused or worsened n, poor bonding), 
internal buckling of the I- cone I , internal 
voids, and edges where the insu la t i c r nas been 
trimmed too close to the element. This problem 
is now under intensive study. Considerable 
e f f o r t w i l l be required to a r r i ve at a t imely 
and ' os t e f fec t i ve so lu t ion. 

GE LCP turn heater v e r i f i c a t i o n tes t i ng . 
Higr. voltage breakdown tests were completed on 
a 51 -cm samplt "f SE Lf.P conductor with s t r i p 
•:e»ters (0.08-mm-thick by 2.08-mm-wide fnconel 
£•00, with 0.05-nn-thick Kapton insulat ion) 
insta l led by GE on each of the 16 subelemen;s, 
just a c in the actiral c o i l . The san-.ple was 
wired to provide several :"-;parate c i r cu i t s 
that cot Id be ind iv idua l ly selected, thus 
aMowii.? the generation of a maximum amount of 
information. The test - i s arranged to provide 
simultaneous f u l l voltage and current , in 
order to avoid errors resu l t ing from the 
greater insulat ing capabi l i ty of unhealed 
l i qu id helium. Up to 1500 V and 4 A per s t r i p 
were appl ied, with rectangular voltage pulses 
. ..ngmg from 10 to 150 ros. Generally, the 
sample fa ' "ed with a nondestructive surface 
flashover at 1500 V and 60-70 ms. This exceeds 
the predicted requirements (..s recently 
amended by GE) of 780 V for 16 ms. However, 
another test performed on the same 51-cm 
sample with i l l 16 taps .-.r.-rgized indicates 
that a pulse length of about 35 ms w i l l actual ly 
bo required. This is s t i l l well wi th in the 
capabi l i t ies of the heaters, provided that the 
quc l i t y in the actua! co i l i ns ta l l a t i on is 
comparable to that in the sample. A th i rd 
GE LCP turn heater sample was tested for heat 
t n n s f e r capab i l i t i es . Heater s t r ips without 
del iberate flaws were mounted on a 60-cm 
section of 6-T grade conductor. In contrast 
tc the arrangement for the sample 1 heat 
transfer t es ts , interpancake insulat ion was 
ins ta l led along the '.ides of the conductor 
prict, whirh again consi-.ted of a sample Se'.lion 

sandwiched between two dump conductor sect ions. 
The cool ing grooves in the interpancake i'lsu'ia-
t i o n were or iented at 45° from v e r t i c a l . 
Rectangular voltage pulses of 200-500 V were 
appl ied fo r 10-50 ms. At a given power l e v e l , 
the resu l t ing peak conductor temperatures were 
0.0-1.0 K higher than those for sample 1 . Tne 
a i d i t ' - n of the interpancake insulat ion t».us 
ipp«. ."s to allow s l i g h t l y greater heating of 
vhe conductor due to the r e s t r i c t i o n of coolant 
f low in to the conductor pack. 

GD I.CP heater v e r i f i c a t i o n tes ts . Due to a 
po ten t i a l l y i n s u f f i c i e n t mechanical strength 
f o r tn? o r i g i n a l l y planned heaters potted in 
Hood's ...etal, GD proposed that the heaters be 
wrapped w i t h copper f o i l and soldered i n to the 
conductor groove wit: i 60 Nb-'O Sn solder. We 
asked GO to submit a 30-cm sample f o r fu r ther 
v e r i f i c a t i o n tes ts of th is new concept. The 
sample was instrumented wi th two d i f f e r e n t i a l 
thermocouples and tested in a 4.2 K helium 
bath. A 4-channel Biomation waveform recorder 
measured the t ransient heater vol tage, cur ren t , 
and the thermocouple output. In a l l cases, 
the heater consisted of two Kapton-insulated 
Nichrcne wires l a i d in the conductor groove 
and secured with solder. 

The sample showed no appreciable heating 
u n t i l over 500 mj/cnr of energy was applied 
( f i ve times the amount required in the o r ig ina l 
test ) and exhib i ted a very long t,me lag 
between appl icat ion of the heater pulse and 
the resu l t ing conductor temperature r i s e . 
Thic i ns ta l l a t i on was judged unacceptable. 

GD then produced two more samples, one with 
copper e lect roplated over the Kapton and 
potted wi th 60 Nb-40 Pb colder and the other 
(a cont ro l ) with '/ood's metal potted over the 
bare Kapton. Both samples performed better 
than the f i r s t but were s t i l l much worse than 
the o r ig ina l ve r i f i ca t i on tes t sample. GO 
then sectioned another sample and found that 
the heater wire had 3.5 layers of wrapped 
Kapton insulat ion instead of the 1.5 layers 
; i)f>cif ied. The much h i ther thermal resistance 
of the thick insulat ion accounts for the poor 
performance, i 
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Next, GD procured e quantity of heater wire 
with 2-mil-thick molded Kapton insolation. 
Howtver, the electroplating process resulted 
in low die'ectHc breakdown strength, because 
the platt-d copper was entering pinholes in the 
Kapv.oi> layer. 

GO then suggested putting the Kapton-
c-naneled wire heaters inside tubular braided 
etal shields, with the idea that the braid 

would "wick" the solder in tightly around the 
heater wires. Two more samples were fabri
cated, one with a single braid enclosing both 
heater wires and one with a braid around each 
wire. Both samples performed as well as or 
better than the original verification test 
sample, although the single-braid sample was 
slightly more efficient than the other. GD 
later sectioned both samples and found voids 
in the dual-braid sample. However, the dual-
braid version is easier to install, and GD is 
currently installing this type of heater in 
the coil. 

Two additional samples of conductor with 
heaters from GD were tested by immersing them 
*n liquid helium, pulsiny them with current, 
an<; recording their temperature response. 
One, a ribbon-type conductor, had a response 
about the same as the Kapton enamel-insulated 
heaters no*, installed in the first layer of 
the coil. However, its electrical reliability 
is not established. The second heater was a 
Kapton film-wrapped wire, its heating effi
ciency was found to be lower than that of the 
Kapton enamel wires. These data, along with 
electrical test data for the first layer, were 
used to decide whether to use Kapton~wrapped 
heaters in subsequent layers or to continue 
using the enameled wire, 50* of which had to 
be rejected due to pinhole defects. Because 
tests at ORNL showed that the wrapped Kapton-
insulated wire in a solder-impregnated braid 
gave considerably poorer performance than the 
Kapton enamel-insulated wire, GD decided to 
continue using the enameled wire heaters 
enclosed in braid, which were used in layer I. 

The ORNL verification testing, carried out 
under the LCP/R&D activities (RDAC) program, 

was essential in helping GD to resolve a 
serious eleventh-hour production problem. Of 
equal importance is the fact that the poten
tially poor heater response was initially 
identified by a LCP/RDAC staff member who 
carefully reviewed 60's monthly technical 
progress report. (GD had not previously 
communicated with UCC-ND regarding the pro
posed change from the wood's metal potted 
heater to the soldered design.) This is 
another example of how attention to detail and 
the ability of LCP/RDAC staff to respond 
rapidly have been of sis .ficant benefit to 
the program. 

Field sensitivity of voltage-to-pressure 
(E/P) transducers- Because of the method used 
in iheir operation and construction, E/P 
transducers, which convert a current signal to 
a pressure level, can be expected to be sen-
si tive to ambient magnetic fields. These 
transducers are used in several critical 
components of ICTF, including the auxiliary 
culd tax. Japanese tests o-i an E/P transducer 
(type unspecified) showed it to 'je field-
sensitive - an error of 102 was observed at an 
applied field of 50 6. We tested a Moore 
Model 77-16 E/P transducer tc a field of 
1000 G without observing a measurable effect 
on its output pressure. We attribute this 
unexpected lack of field sensitivity to the 
transducer's massive cast steel housing, which 
apparently acts as a magnetic shield. 

Troubleshooting the GD and GE ICT coils-
In November, ORNL was informed that a voltage 
tap lead wire in the partially wound GD coil 
was open and that two of the lead wires in a 
temperature sensor lead cable were shorted. 
At that time, GD was not aware of any short of 
d sensor to the windings. The possibility 
that an event that 'ould pinch a lead cable 
sufficiently to short out wires internally 
could also have shorted the shield to a con
ductor caused enough concern that the MAS 
Section devised a test to detect shorts in 
lead wires. The ohmmeter tests being per
formed by GO were not sensitive enough to 
distinguish between the deliberate electrical 
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connection of the sensor to the conductor on 
Mhic'i i t was installed and any additional 
connection caused by a short to another turn. 
The K&S Section test consisted of running a 
5- to 10-A current through the windings and 
reading out the voltage at the end of every 
sensor wire and sheath in contac with the 
windings, including voltage His, strain 
gages, and temperature sensors, witn » scanning 
data logier. The data were then plotted 
against the calcL-la'.ed voH:ge. Shorted leads 
appeared as points deviating from the curve. 
If a sufficient number of turns was shorted, a 
change in slope was observed. 

A H&S Section staff member traveled to San 
Oiego in November to assist it* performing the 
test on the coil. Three shorted sensors were 
found in the heavily instrumented first layer. 
Two of the shorts occurred in temperature 
sensors; one of these was in the r.able with 
-the two internally shorted leads. The third 
short did not show up as an out-of-sequence 
voltage reading because the shorted lead wire 
had been severed, but its presence was deduced 
by the change in slope of layer 1; the data 
showed that a short between the beginning of 
layer 1 and the end of layer 2 must be present. 
(This short should have been detected by GD's 
layer short detection tecnnique, which was 
based on an ac method; i t is not known why 
GD's tests did not detect ttrs short.) 

While the voltage data were being analyzed, 
GO personnel performed other tests, including 
an infrared imaging test and further voltage 
measurements with probes inserted through 
grooves in the insulation to confirm the 
presence of the shorts and pinpoint them more 
exactly. After the presence of the shorts was 
confirmed, options for correccive action were 
identified and evaluated by a team at GD and 
by the M&S Section and UCC-ND Engineering 
staff. M&S personnel performed tests to 
determine the feasibility of burning out the 
shorts, made calculations to estimate conse
quences of discharge of the coil with the 
shorts, and evaluated various options, including 
use of lower grade material and reuse of the 

conductor. At the sane time, GO performed 
various tests to evaluate the feasibility of 
unwinding th» coil and reus nq the conductor. 

By the end of December, GO and ORNL personnel, 
in conjunction with the LCP Advisory Committee, 
agreed thac the best course of action was to 
unwind Jie conductor and to attempt to salvage 
i t . Deformation of the copper stabilizer by 
bending turned out to be less of a problem than 
initially thought, and i t appears likely tnat 
the conductor can be rewound on the coil. 

A M&S Section member again traveled to GD to 
witness the unwinding of layer 2 and to assist 
in the diagnosis of the shorts. When the 
shorts became visible, their locations agreed 
wel'. with the predictions based on the tests. 
The layer-to-layer short was caused by a 
voltage tap at the end of layer 1 (this tap was 
required for coil protection as well as for 
diagnostic data) that was pinched by the last 
turn in layer 2. I t was concluded that two of 
the shorts could be ascribed to faulty work-
mam hip, while the third (a shorted shield of a 
temperature sensor lead cable) was caused by a 
last-minute design change, which proved to be 
deficient in that i t failed to account for 
shifting of the layer insulation. 

The unwinding of layers 2 and 3 also revealed 
serious problems of a nonelectrical nature. 
Severe dirnage to the conductor and to the 
turn-to-turn insulation had been done by 
levering and wedging operations. In addition, 
shifting of the layer insulation during winding 
caused some portions of the end tur"s to be 
unsupported on one side for lengths of up to 
1 ft in a few places. I t is not known whether 
these defects would have led to coil failure. 

The H&S Section ;„ l i v e l y involved in 
evaluating GO's proposals for redesign of the 
instrumentation, improvement of winding proce
dures, and plans for more stringent QC inspec
tion to prevent any more defects from occurring. 

The experience with GO caused concern that 
shorts might also be present ir. the GE LCP 
coil. A H&S staff member traveled to GE's 
winding facility in Schenectady to perform the 
shorted lead test on their coil before the 
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windings were closed up inside the case. The 
test uncovered two shorts in one of the sensor 
cables, one intermittent and or.e continuous. 
The present approach is to attempt to repair 
the short without unwinding the coil or portions 
thereof. The shorted lead test will be per
formed periodically to determine whether there 
are more shorts in any other sensor leads. MSS 
personnel are working closely with GE personnel 
to evaluate the options. At present, the 
preferred option is to cut the leads between 
the short and the sensor after the pancakes are 
separated by wedges. 

7.3 ADVANCED CONDUCTOR DEVELOPMENT 
L. Dresner, W. A. Fietz, M. S. LubelZ, J. V. 
Lue, J. R. Hitler, S. S. Sher. 

7.3.1 12-T Insert for CWTX 

Our facility magnet, the 8-T, 38-cm-bore 
CWTX, was tested with a Nb 3Sn tape insert to 
produce a 12-T working field in a 22-cm bore 
(maximum field on conductor is 13.5 •'). The 
insert was principally designed and fabricated 
by Intermagnetics General Corporation (IGC). 
Parameters of CwTX and tiie taoe insert are 
listed in Table 7.1. 

The test was completely successful in that 
the insert reached full operating current on 
the first attempt without any training or a 
quench. The system was tested above the rated 
field to 12.8 1 in the bore (-13.5 T at the 
winding) and was then quenched. The protection 

Ta^le 7.1. Parameters of CWTX and Nb.Sn 
tape insert 

Insert CWTX 

Bo 12 T 8 T 

max 
Material 

13.5 T 
Nb.Sn 

8.8 T 
NbTI 

Bore 220 mm 380 mm 

Radial access 66 mm 66 mm 

' j - 8000 A/cm- 5100 A/cm-

Es 0.5 M.) 6.0 MJ 

system successfully prevented any damage, even 
though the quench resulted From an inadvertent 
overcurrent in the CWTX background coil (2400 A 
verses 2150 A rated). This was 25* over the 
rated stored energy {<f.S MJ). About 75-805 
of the total stored energy was extracted by the 
dump resistor. The system was reenergized to 
full rated field to make certain t.-ct no damage 
had occurred. 

Upon completion of the facility proof test, 
a HF NbiSn conductor sample, made for the High 
Field Test Facility (KFTF) at Lawr»nce Liveraore 
National Laboratory (LLKL), was evaluated 
through measurements of the short sample 
critical current up to 7500 A between 10 and 
12.5 T. Our results were in agreement with 
data taken at the Francis Bitter National 
Magnet Laboratory. 

Installation of a CTI 1430 refrigerator to 
operate the facility was be<jur. When the 
installation is finished (only the electrical 
wiring is complete), the system will operate 
in a closed cycle on the magnet itself to 
allow economical use of the facility and 
sample insertion and removal. 

The CWTX is the largest high field split 
solenoid constructed to date. It surpasses 
the achievement boundary of magnetic field 
versus bore for all other MF Nt.Sn and MF V 3Ga 
coils. 

7.3.2 Specific Heat Measurements 

A cryostat for measuring heat capacity in 
the ranges of 2.5-70 K and 0-8 T was fabricated. 
Specific heat measurements on a Nb-46 Ti 
sample at 0, 4, and 7 T were completed by an 
Oak Ridge Associated Universities (0RAU) 
student. The data are available for use in 
conductor stability calculations. The fit to 
an analytic expression derived from simple 
theory is reasonable. 

7.3.3 Heated Length Dependence of the Stability 
of Internally Cooled Superconductors 

An experimental study of the heated length 
dependence of the stability of ICS has been 
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completed. The i-esults indicate that the 
Uniting current (below which there is only an 
uprer high stability margin) scales with 
heated ler.qth ar.d pulse duration as I-,- -
:./".:t-:/::_ j n j S ,-j j n contrast to the 2/5 
*nd -1/5 powers originally derived from a 
senn'-quantitat:-ve theory by L. Dresner. 
Dresner's original theory used a Dittus-
foelter correlation for the heat transver 
coefficient produced by the heating-induced 
flow. After the onset of heating, the induced 
flow changes rapidly with time, and it is 
possible that the heat transfer coefficient 
has a different correlation to flow velocity 
than it does in steady state. If we assume 
h ••- v , the present results indicate that 
a - 4'15 instead of the Dittus-Boelter value 
of 4/5. 

This result implies that an ICS is more 
stable against a short pulse applied over a 
long length of conductor than the inverse 
situation. This is contrary to the accepted 
belief for the pool-cooled superconducting 
magnets, in which minimum propagation length 
and sudden heat input by conductor slippage or 
flux jumps are the usual concerns. Perhaps 
long, narrow cooling channels that can induce 
high transient flow are a possible cure for 
this problem. 

7.3.4 Design, Construction, and Test of a 
NbTi ICS Coil 

We have designed and constructed a 113-niti-
bore ICS solenoid using a cable-in-conduft 
conductor with NbTi composite and copper 
strands as a focus for practical conductor 
fabrication techniques and coil winding methods 
using such conductors. The finished coil 
provides the opportunity for global test! of 
the performance of this type of conductor In a 
real coil that produces a high fiel i-8 T) 
and uses a long (340-m) section of conductor. 
The conductor ohle is a concentric layer type 
containing 19 triple* strands made from 0.7-mm-
diam wire. The superconducting strands are 
contained entirely within the outer layer of 

the cable and thus are fully transposed. The 
cable is jacketed with stainless steel tubing; 
the overall conductor diameter is 8.6 mm. 
Induction heaters, voltage taps, pressure taps, 
and temperature sensors are installed in the 
windings to aid in stability measurements. 
Flow to the coil is provided by a piston pump 
capable of providing 20 g-s - 1. The coil 
reached a maximum field of 8 T Mithout quenching, 
a level corresponding approximately to the 
short sample critical current. In sub -equent 
tests the coil Mas demonstrated to have 
appreciable stability at the 7-T level, and 
stability phenomena previously observed only in 
small-s-ale tests Mere verified in the operation 
of a real coil of useful size. 

7.1 12-T COIL DEVELOPMENT PROGRAM 

... S. S'\en 

Because of budget constraints, progress in 
the 12-T program has been limited to conductor 
design and procurement. It is summarized as 
follows. 

7.4.1 GE Model Coil Program 

The engineering specification for a 12-T 
cable composite superconductor was prepared by 
GE to ensure that conductor acquired by ORNL 
would be suitable for use in its model coil. 
A contract with Airco to produce this conductor, 
using in part material already belonging to 
the government, was initiated. However, due to 
a shortage of funds, the contract approval 
cycle was halted. 

7.4.2 IGC Material Development Program 

IGC has been awarded a contract to manu
facture a short length of 20-kA, 12-T, Nb.Sn 
superconductor cable of the type proposed in 
the GE/IGC model coil design. The supercon
ductor will be manufactured by tho external 
bronze process, using CuNb MF composite pre
viously purchased by ORHL, and will be tested 
in the 12-T CWTX magnet. Because the length 
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of conductor required for this test is rela
tively small, the cable concept can be tested 
even though the problem of long-lencth plating 
has not been solved. IGC w:ll also supply 
ORML with extra diffusion-protected copper 
stabi l izer, with which ORNL can manufacture 
additional cables using previously purchased 
NbjSn/bronze wires. 

Over SO ft of dummy cab's was successfully 
produced. The objectives of establishing 
tooling and operating procedures for fabrica
tion of Such conductor were thus accomplished. 

7.4.3 Additional 12-T Conductors 

We have cooperated in research efforts with 
outside institutions to explore the possibil
i t i e s of producing 12-T cable conductors with 
other techniques. Teledyne Wan Chang has 
produced and delivered a fu l l - s i ze , 12-T 
conductor using a modified jel lyrol l method. 
This cable i s identical to that proposed by GE 
for the model coil and will be tested in our 
12-T fac i l i ty . 

7.4.4 Measurements of Premature Nb;Sn 
Formation in Unreacted MF Composites 

Magnetization measurements were carried out 
on unreacted Nb;Sn composites from Airco 
similar to those used in the HFTF conductors. 
Results indicated that 15% (by volume) of the 
niobium filaments have been reacted into Nb;Sn 
before the final heat treatment process. 
Presumably, either the extrusion process or 
the drawing anneals raise the conductor to a 
high enough temperature for the formation of 
NbjSn. On the other hand, a specifically 
prepared sample (with a lower lead content and 
a poisoning element to reduce thermal diffu
sion) showed negligible amounts of Nb-,Sn, 
The possibility of avoiding the formation of 
premature Nb,Sn in a commercial production 
process (now that i t is known to be possible 
in a lab samole) is currently being investi
gated. 

7 4.5 Extended One rati or. of a FE..' Magnet 

A study was made of the feasibi l i ty or 
designing a NbTi ICS magnet for FED that wou;d 
operate at 8 T and 4.2 K and that could later 
be extended to 10-T operation by simply 
lowering the temperature. Based an a sound 
experimental database, i t can be shoan that a 
reduced temperature of 3 K i s sufficient to 
reach the extended operation of 10 T while 
aaincaining the stabi l i ty margin of 200 mj/cm-
These calculations are based on well-verified 
formulas for temperature, field variation of 
crit ical vcnperature, crit ical cirrent, current 
sharing ten,ier<»ture, and liquid helium prop
ert ies . The one formula not previously well 
verified concerns the limiting current, below 
which the stabil i ty margin increases by almost 
an order of magnitude to a value that can be 
calculated from known helium parameters. In a 
small, internally cooled magnet made of NbTi 
cable-in-conduit conductor, experiments at 
8 and 7 T were carried out above the limiting 
current and on the lower stabil i ty level . For 
these particular pararneters, theory predicts 
that loweriig the operating current until the 
maximum fiel<' i s only 5.5 T will allow one to 
reach the up>er stabil i ty margin levels . The 
experiment, was performed, and lowering the 
field to 5.8 T produced the upper stabil ity 
margin. This conrirmation o f the theory for 
calculating limiting current provides con
fidence that ojr ideas concerning an 8-T FED 
magnet extendable to 10 T are sound and should 
be seriously considered. The ICS concept 
provides the least expensive and most reliable 
means of a l l the options available for a FED 
design. 

7.5 MAGNET TECHNOLOGY 
J. K. Ballou, R. I. Briy..m, W. II. Cr.rj, M. S. 
Lubell, J. U. Luc, ,J. H. WlUr, C. 5. Cher. 

The EBT-P magnet development program began 
in Hay 1979 and used the time between the start 
of the EBT-P program and the selection of the 
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industrial participant to rerfonn sone of the 
magnet development work. Briefly stated, the 
basic plan was for C8HL to design, build, and 
test two full-s ize development magnets and to 
transfer the technical information obtained 
durirg the development work to the industrial 
manufacturer in charge of nagnet construction. 
The aagnet manufacturer would then wind a 
prototype magnet, with basically the sane 
design parameters, which would be tested in a 
three-magnet array simulating the magnetic 
conditions of EBT-P. 

The EBT-P magnet design parameters were 
agreed upon during Phase I of the EBT-P oroject 
by ORfiL Fusion Energy Division staff members, 
DOE-0RO staff members, and the four competing 
industrial teams during a series of meetings in 
the fall of 1979. Naturally, the chosen 
parameters *>ere the result of a series of 
zomproraises among several factors; the most 
significant were (I) EBT physics constraints, 
(2) EBT-P performance goals, (3) acceptable 
risk levels, and (4) projections of available 
funding. 

To date, ORNL has fabricated and tested the 
two development co i l s . These coils met the 
design criteria of field (7.4 T on the con
ductor at 10 kA/cm-) and withstood simulated 
x-ray heating as required. Further information 
on the design, construction, and testing of 
the coils may be fouri in Refs. 1-3. 
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8. ADVANCED SYSTEM STUDIES 

ABSTRACT. The Magnetic Fusion Energy Engineering Act of 1980 calls for the operation of a Fusion 
Engineering Device (FED) in the 1990s. It is the intent of the Act that the FED, in combination wit*. 
other test facilities, will establish the engineering feasibility of Magnetic fusion. 

Advanced system studies at ORNL include wort supporting the design of the FED and the Interna
tional Tofcamafc Reactor (INTOR) study and development of a Generic Environaental Impact Statement (GEIS) 
for fusion, as required by the National EnvironMental Policy Act of 1969 (HEPA). 

During 1981, the Fusion Engineering Design Center (FEDC) developed a baseline design for the FED 
that provides a basis from which a full conceptual design effort can proceed. The Fusion Environaental 
Assessment Program made significant progress in developing a technical basis document for the GEIS. 
These efforts are described in detail. 

8.1 FUSIOK ENGINEERING DESIGN CEtTER 

8.1.1 Introduction 

The FEDC was established in 1978 by tta 
Department of Energy (DOE) as a centralized 
laboratory/industry design tea* hosted by ORNL 
and responsible for developing the design of 
the fusion device to follow the Tokamak Fusion 
Test Reactor (TFTR). This year, the Design 
Center concentrated on two major activities: -
developing the concept and associate* design 
for a FED and performing the engineering design 
in support of the U.S. INTOR activity. The FED 
design is briefly summarized here; the Design 
Center activities in support of INTOR are 
described in Ref. 1. 

The FED baseline design developed in 1981,-
although not optimized, represents a reasonable 
device with feasible concepts for all major 
systems and components. A comprehensive 
discussion of the FED design, the supporting 
analyses, and the options considered are found 
in Ref. 3. 

In addition to developing a design for the 
mvjor FED systems and subsystems, the year's 
efforts included performing the supporting 
plasma engineering design analysis, developing 
a projected device cost and associated 
construction schedule, and developing a 
description of facilities to house and support 
the device. Many of the design decisions have 
been based on numerous system and trade studies. 
Other considerations that have been instrumental 
in shaping the general features of the FED 
device Include: 

• availability of needed technologies, 
- remote maintenance requirements. 
- system reliability requirements, 
• impact of machine test program on access 

and operation, 
• need for flexibility to accomodate uncer

tainties in plasma performance and potential 
improvements in both physics and technology, 
and 

• overall capital cost. 
The development of the FED baseline design 

was an evolutionary process. Initially, the 
Technical Management Board (1MB) established a 
s?t of working parameters and design guidelines 
and specified that the r£D should incorporate 
toroidal field (TF) coils designed to operate 
at a nominal maximum field of 8 T at the con
ductor but capabl* of limited operation at 
10 T. The 10-T capability is viewed as a 
desirable perturbation to the basic device but 
does not drive the design; only about 105 of 
the tout machine operation is at the 10-T 
level. The 10-T capability allows for limited 
operation with enhanced plasma performance and 
provides for additional engineering scaling 
tests, if needed. 

8.1.2 Machine Configuration 

Elevation and plan views of the F£D base
line configuration art shown in Figs. 8.1 and 
8.2, respectively. Figure 8.3 is a perspective 
view of the device. Table 8.1 lists key oaram' 
eters of the baseline for both 8-T ani 10-T 
operating modes. 
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onm-owcat-trira FED 

Fig. 8 . 1 . FED baseline configuration, elevation view. 

o m - M t w - i r i n FED 

F=l 

Fin. 8.2. FED baseline configuration, plan view. 
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OML B a t t t «CM Hft 

Fig. 8.3. FEO baseline configuration, diametric view. 

Maintenance was a significant consideration 
in developing the FED configuration. Other key 
elements are discussed below. 

Nodularity has been a design goal for all 
components expected to require replacement or 
frequent maintenance (e.g., the pumped limitsr 
blade). 

Good access has been a central design con
sideration of the overall configuration and has 
strongly influenced the design of the TF coils 
(size and number) and of the torus. 

For all device components external to the 
shield, hands on access appears to be a practical 
necessity for many operations and was adopted 
as a design requirement. Hands-on maintenance 
is possible approximately one day after shut
down." Providing this capability has strongly 
influenced the design of the outboard shield. 

Two component lifetime categories were 
established: long-lifetime components are 

expected to operate for the lifetime of the 
device without replacement (e.g., the TF 
coils), and short-lifetime components are 
expected to require relatively frequent replace
ment (e.g., the pumped limiter blade). This 
designation has been important in developing 
the FED maintenance needs, including maintenance 
equipment. 

Access was the dominant consideration in the 
selection of a 10-coil arrangement for the TF 
coil system. These coils react against a 
central bucking cylinder and have a 7.4- by 
10.9-m bore. Together they produce a 3.6-T 
field on axis when operating at 8 T and a 
4.6-T field on axis when operating at 10 T. It 
»s possible to insert or withdraw a torus 
sector solely by »adial motion between the 
outer legs of the TF coils. 
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Table 8.1. Key parameters for the FED baseline 

8 T 
Common 
value 10 T 

Kajor radius 5.C B 

Plasma radius 1.3 m 
Plasma elongation 1.6 
^usion power 130 m 450 HI 
Neutron wall loading 0.4 m/n- 1.0 m/n2 

Keating power c 
Initial 
Burn 36 m 

50 m : 
0 

Anplification factor, 0 5 Ignited 
Burn t ire >100 s -«.50 s 
Duty factor 0.65 0.5 : 

Average D-T density 0.8 x 10-° m"5 1.2 x 10 2" m~3 

Average total beta 5.2S 
Plasma current 5.4 IHA 6.5 MA 
TF coil clear bore, width x height 7.4 > 10.9 n 
Field on axis 3.6 T 4.6 T 
Number of full field pulses 2.5 x 10- 2.5 x 10-
Availability- 10-20U 10-205 

Defined as ratio of burn tire to cycle tine. 
"Defined as ratio of operating time to operating time plus do».n ti-ne. 

8.1.3 Magnetic Systems 

The magnetic systems comprise the supercon
ducting TF coils; the poloidal field (PF) 
coils, including the superconducting ohmic 
heating (OH) solenoid, the superconducting 
equilibrium field (EF) coils outside the TF 
coil bore, and the normal copper coils inside 
the TF coil bore; and the cryostat. 

TF coils 
A conductor capable of operating at <10 T 

is required for the FED baseline. Three 
candidate coil technology approaches can achieve 
the required 10-T field: pool-boiled superfluid-
cooled NbTi at 1.8 K, forced-flow subcooled 
NbTi at 3 K, and a Nb,Sn/NbTi combination 
copied to 4.2 K. There is no clear technical 
bar is for a preferred option at this time. To 
illustrate design considerations, the forced-
f!6w subcooled NbTi (3 K) option was selected 
as the FED baseline. 

An overall winding current der.sity of 
2200 A/cm; has been used in assessing 10-T 
operation at 3 K. The coiis are pancake-wound 
with a total of 444 turns and use NbTi strands 
in a steel conduit cooled by supercritical 
forced-flow helium. The overturning moments 
are reacted by an intercoil support structure 
at the top and bottom of the TF coils. The 
dead weight of the TF coils is supported by a 
series of outboard pedestal supports that can 
also withstand a 1-g-seismic load. 

PF coils 
The PF coil system consists of one OH 

solenoid of superconducting NbTi, two normal 
copper EF coils located inside the TF bore 
toward the inboard site of the plasma, two 
superconducting (NbTi) EF coils located outside 
the TF bore on the outboard side of the plasma, 
and four control coils, which are relatively 
small trim coils of normal copper located 
inside the TF coil bore. 
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The design of ehe superconducting OH and EF 
coils is scaled fron the Los Alamos National 
Laboratory (LSNL] design for the 20-HJ Pulsed 
Coil Program. The design of the noma} copper 
EF coils is dominated by the requirement for 
demountable mechanical joints to facilitate 
assembly and coil replacement. These coils are 
structurally supported fron the torus spool 
structure. 

Cryostat 
A cancin vacuum cryostat contains all of the 

superconducting coils. The cryostat has 
separate enclosures for each of the outboard 
legs of the TF coils. This approach Maintains 
the good access between the TF coils and requires 
no penetration of the cryostat boundary for 
torus access. It also separates the warn and 
cold components of the FED configuration. 

8.1.4 Nuclear Systems 

The nuclear systems include the torus 
(spool assembly, shield sectors, and support), 
the r'irst wall (outboard panels and inboard 
armor}, and the mechanical pimped limiter. 

Torus 

The assembled torus constitutes the plasma 
vacuum chamber. It is made up of ten sectors 
inserted into a spool structure. Each sector 
is inserted into the spool solely by radial 
notion (see Figs. 8.4 and 8.S). The spool 
structure provides high vacuum integrity and 
high electrical resistance. The shield sectors 
attenuate nuclear radiation, convert neutron 
kinetic energy into heat, provide for the 
removal of this heat, and support the first 
wall ant* limiter components. The spool is 
constructed of Inconel, selected because of 
its high electrical resistance, and the shield 
sectors are constructed of Nitron!c 33, 
selected because i t is highly corrosion-
resistant, exhibits ,vw levels of long-life 
radionuclides, and is commercially available. 
Thr shield is cooled with pressurized water 
ana is 60 cm thick on the inboard side and 

120 cm thick on the top, outboard, and bottom 
" sides. It limits radiation damage at the TF 

coil insulation to <10? rad and allows hands-on 
maintenance by limiting the activation level 
outside the shield to <2.5 mrem/h about one 
day after shutdown. 

First wall 

The FED first wall system consists of 
actively cooled stainless steel panels on the' 
outboard wall and passively cooled graphite 
armor tiles.on the inboard and top walls. 
This design can accommodate the nominal startup 
and burn heat loads and the anticipated dis
ruption energy without replacement for the 
design life of the oevice (10 years). 

The outboard first wall panels are of type 
316 stainless steel. There are six panels on 
each torus sector so that each panel is about 
2 m on a side and 7 cm thick. The vertical 
facet also serves as a startup limiter. 

The armor tiles are attached to the torus 
chamber with graphite bolts. Z*ch tile is 5 cm 
thick and 15 cm on a side. About 6300 tiles 
are required in the device. The tiles »re 
coated with titanium carbide to limit ctkjnical 
erosion. Impending on the assumed plasma 
edge condition (which is highly uncertain at 
present), the predicted erosion of the armor 
tiles varies from M).3 cm/y to 7.0 cm/y. The 
resulting tile lifetime is between --4 years and 
•2 months. 

Mechanical pumped limiter 
The FED baseline has a mechanical pumped 

limiter for particle and impurity control. The 
limiter is located at the bottom of the vacuum 
chamber and is continuous in the toroidal 
direction. It establishes the plasma edge, 
pumps helium ash <nd hydrogen particles, and 
helps protect first wall components from large 
particle and energy fluxes. The limiter is 
divided into ten removable segments, one in 
each torus sector of the device, and each 
1imiter segment can be removed without moving 
the shield sector. The segments consist of a 
reusable core structure, consisting of an 
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Fig. 8.4. Torus support spool. 
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F i j . 8.5. Torus sector assembly. 
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internally stiffened Hitronic 33 box, and a 
replaceable protective surface, consisting of 
surface ar^ar tiles attached to substrate 
copper. The segments are water-cooled and are 
electrically connected with metal bellows and 
copper bus plates along one edge of each 
segment. Analysis indicates that the limiter 
will provide the desired particle pumping (at 
least 5% of the total ion flux leaving the 
plasma). The alternative to the pumped limiter 
is a single null poloidal divertor for particle 
and impurity control. 

8.1.5 Plasma Keating Systems 

Systems for plasma initiation and startup 
and for plasma bulk heating make up the FED 
plasma heating systems. A radio frequency (rf) 
sy'tem is used for initial heating of the 
plasma. This consists of ̂-1 MH of electron 
cyclotron resonance heating (ECRH) [90 GHz 
(8 T) and 113 GHz (10 T)] launched through 
waveguides on the high field side of the plasma 
using the extraordinary mode of wave propagation. 
The bulk heating is based on ion cyclotron 
resonance heating (ICRH). Second harmonic 
deuterium species used for majority heating is 
the baseline approach for balk heat in;} and 
heating during burn (8 T). The equencies 
required are -M MHz (8 TJ and -68 MHz (TOT). 
A total of 50 HW is provided for the bulk 
heating phase. The alternative to ICRH for 
bulk heating is 150-keV, positive-ion-based 
neutral beams. 

8.1.6 Reactor Support Systems 

Reactor support systems are required for 
tritium; fueling; diagnostics, information, and 
control; power handling and conversion; elec
trical energy storage; vacuum pumping; and 
cryogenics. Remote maintenance equipment must 
also be provided to support reactor operations. 

Tritium systems 
The tritium systems must provioe fuel for 

the device, safely handle the tritium inventory, 
and serve as an integrated test of tritium 

handling technology. The system comprises 
primary systems to handle the primiry fuel 
cycle requirements (fuel cleanup, isotope 
separation, tritium analysis) and secondary 
systems to provide for safe operation of all 
systems involving deuterium and tritium (waste 
treatment, glovebox detritiation, tritiated 
water recovery). The tritium system will have 
a tritium inventory of f 825 kg for continuous 
8-T operation or 1.470 kg for continuous 10-T 
operation. In addition, a building detritia
tion system provides for tritium handliiic. and 
containment in the reactor building, the (•ot 
cell facility, and the tritium processing 
building. A data acquisition system is employed 
to monitor all of these systems. 

Fueling systems 
The FED fueling systems consist of gas 

puffers and pellet injectors. Two independent 
gas puffing systems (one for redundancy) will 
provide fuel gas (deuterium, tritium, or a 
mixed species) to each of ten inlet ports. Gas 
puffing is used to backfill the torus before 
startup and continues until * 1-keV plasma is 
established. Frozen deuterium and tritium 
pellets are then injected to control the plasma 
density. Two pellet injectors are located on 
one torus sector. Each can inject up to twenty 
4-mm pellets per second at a velocity of 
2 km/s. Either pneumatic or centrifugal pellet 
injectors can be used. 

Diagnostics, information, and control systems 
The diagnostics system must provide instru

mentation for developing physics understanding, 
for verification and optimization of machine 
performance, for control, for safe and reliable 
operation, and for component and reactor-
relevant testing. The diagnostics will dominate 
two torus sectors, and additional diagnostics 
will be present on all torus sectors. Many of 
the instruments will have to be replaced once 
deuterium-tritium (D-T) operations commence 
because of the radiation environment. 

The information and conwol system for FED 
consists of the hardware and software to perform 
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a l l programmable processes for the entire FED 
complex. These include control, monitoring, 
data acquisition and processing, analyses, 
display, and archiving. The system includes a 
control center, local and remote controls, and 
timing, communications, and safety systems. 
The FED system is an extrapolation of systems 
under development in similarly complex 
fac i l i t i es . 

Power handling and conversion systems 

The electrical power handling and conversion 
systems include the ac power system and the TF 
and PF coil power conversion systems. The ac 
power system provides both pulsed and steady-
state power for the FED loads. The required 
maximum ac power system capacity is 350 MVA for 
pulsed power loads. The TF coil power conver
sion system can charge the TF coils ( in about 
4 h with two Cs-V power supplies) and discharge 
them through d'jmp resistors ( in about 2 h) . 
During a clench, the stored energy (-23 GJ for 
10-T operatijn) is dissipated through external 
dump resistors with a time constant of -A0 s; 
the maximum TF coil temperature is limited to 
<2GC K. The PF coil power convertors are used 
to take ac power from the motor-generator (HG) 
fiywneel units (or u t i l i t y l ine) and convert 
i t to the pulsed dc power needed for the PF 
coils during each operating cycle. The system 
also provides protection for the PF coil in 
case a quench occurs. 

Electrical energy storage system 

Energy storage is required for the PF coils 
and for the rf system; a total of -6 GJ of 
energy is required during startup with a oeak 
MVA load of -1850 HVA. These requirements are 
met in FED with two KG flywheel units. Each 
is a wound-rotor induction motor with 15,000 HP, 
providing variable frequency, 13.8-kV pulsed 
power. These units are safe, re l iable , eco
nomical, jnd easy to control. Voltage can be 
regulated to within •]': with conventional 
controls. 

Vacuum pumping system 

Twenty large turbomolecular pumps, one at 
each en*l of the ten vacuum ducts, are used as 
the vacuum pumping system for FED. They are 
backed by 20 scroll pumps. This system is 
used to pump doan the torus i n i t i a l l y and 
between bums and to remove the gas load from 
the pumped l imiter during the burn. The 
i n i t i a l base pressure is 1 0 - 7 to r r , and the 
pumpdown pressure between burns is 10~s to r r , 
with a 30-s evacuation time between burns. 
The high vacuum turbomolecular pumps have a 
pump speed of 5.0 m 3 - s _ I . The scroll pumps 
are used to back the turbomolecular pumps and 
for rough pumping of the plasma chamber. 
These are sealed pumps that have no heavy 
lubricant in contact with the pumped gas. A 
f irst-stage pump backs each turbomolecular 
pump and pumps at 33 l i t e r / s , exhausting at a 
pressure of 25 torr. The exhaust of a l l 20 
f irst-stage pumps is combined and fed to a 
single small second-stage pump that operates 
at --2 l i t e r / s and exhausts at about atmospheric 
pressure. This system satisfies a l l of the 
FED vacuun pumping requirements. 

Cryogenic system 

The cryogenic system for FED provides an 
entropy generation rate several times larger 
than that of any existing or planned cryogenic 
refrigeration system in the world. The system 
must perform 63 MW of work on helium at room 
temperature and must produce and transfer 
cryogens at a sufficient rate to sustain 
normal operations of the superconducting magnet 
systems of FED, the only cryogenic systems in 
the baseline design. The system consists of 
forced-flow, closed coolant loops for the TF 
coils and coil cases, with a separate loop for 
the PF coi ls . 

Rejwte j5ajntenan^e_e^ujj»iejit 

An extensive l i s t of remote maintenance 
equipment required for FED has been developed. 
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It includes both general-purpose equipment, 
such as n»rt'p>,;ators and cranes, and special-
purpose equipment for specific applications. 

8.1.7 Facilities 

A complete facility design for FED has been 
developed, including the reactor building, the 
hot cell facilities, the necessary additional 
support buildings., and a site layout. 

-fhe reactor building is a rectangular 
building, approximately 60 x SO x 40 m, with a 
small (3- to 5-psi) overpressure capability. 
The walls and roof are 2 m thick to provide for 
adequate shielding. The building has been 
designed to mitigate and reduce the consequences 
of postulated accident conditions. The hot 
cell facilities support the maintenance and 
operation of the reactor building and those 
other facilities involving radioactive opera
tions. Controlled ventilation construction is 
used for the hot cell facil it ies, which are 
i80 /. 50 x 30 ra. The wallc and roof are made 
of concrete up to 2 m thick. The additional 
facilities required for the total FED complex 
have been identified and a site layout devel
oped. 

8.1.8 Cost and Construction Schedule 
Projections 

Cost and construction schedules have been 
projected for the FED capital project to pro
vide an early appreciation of the project 
scope. The cc;t projections were obtained 
using system and component j m t costs and cost 
algorithms. Numerous other organizations 
knowledgeable in fusion were consulted and 
perforied independent partial or complete 
assessments of FEO costs, which were then 
compared with the FEDC cost projections 
(results were within ^20* on total cost). 
Table 8.2 gives the cost estimate and assump
tions. 

An estimate of thr FED construction schedule 
was made and is summarized in Fig. 8.6- The 
schedule is success-oriented and assumes many 

Table 8.2. FEO cost projection suMnary 
(in millions of dollars) 

Direct costs 
Magnet system 312 
Torus 162 
Cooling systems 38 
Tritium and fuel handling 54 
RF systems 89 
Electrical systems 99 
Vacuum pumping system 24 
'nstrunentatiofi and control 67 
Remote maintenance equipment 60 
Facilities 139 

Total direct cost 1044 

Indirect costs 
Engineering and management (45%) 470 
Installation (15%) 157 

Total indirect cost 627 
Contingency (305) 501 

Total cost 2172 
Assumptions 

All costs are based on constant 1981 
dollars; no escalation is included. 
Direct capital costs include all costs 
associated with component procurement and 
fabrication including shipping to the con
struction site. 
The indirect capital costs include engi
neering design and project management as 
well as all equipment installation and 
assembly at the construction site. 
This estimate is only for the FED construc
tion project and does not include any funds 
for operations, maintenance, spare parts, 
fuel, associated research and development, 
transmission lines, or decomissfoning. 

parallel operations; availability of labor, 
equipment, and funding when needed; and delivery 
of device components from fabricators on time. 
The entire schedule, from tte beginning of 
preliminary design through the end of pre
operational testing, is estimated to take 
seven years and eight months (92 months). 

8.1.9 Concluding Remarks 

This baseline design represents a workable 
tokamak design concept that satisfies the FEU 
objectives. Physics analyses Indicate that 
the device can achieve the required plasma 
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Fig. 8.6. FED summary construction schedule. 

performance loals under a ringe of reasonable 
assumptions and eventualities." A feasible 
approach has been developed for all of the 
major device systems and components. A machine 
configuration has been developed that incor
porates the important needs of maintenance and 
access. Reactor support systems, facilities, 
and a site layout have also been developed. 
This baseline design provides the basis upon 
which a full conceptual design effort can be 
;. '*'ated. 

3.2 FUSION ENVIRONMENTAL ASSESSMENT PROGRAM 

The Fusion Environmental Assessment Program 
was established in 1979 to provide technical 
assistance to the DOE Office of Fusion Energy 
in coordination and preparation of NEPA com
pliance documents. The program is administra
tively part of tlie Environmental Impact Sectior 
of the ORNL Energy Division, but it draws on 
the technical backgrounds of staff from the 
Chemical Technology, Engineering Physics, 

Environmental Sciences, Fusion Energy, Health 
ano Safety Research, Infcrmat'on, and Metals 
and Ceramics divisions as well. 

The current focus of the program is the 
development of a GEIS, which is required by 
NEPA regulations is the national magnetic 
fusion energy program advances from basic and 
applied research to engineering development. 
In 1981, the environmental assessment work 
centered on the development of a technical 
basis document for the GEIS, to demonstrate 
that the technology of fusion is advanced 
enough that a meaningful GEIS can be prepared. 
The following issues were addressed: radio
active inventories, plant effluents, occupa
tional health and safety, reactor safety, 
radioactive waste management, and availability 
of t.asic constituent materials. Based on 
favorable reviews of the resulting --1000-page 
draft report, DOE made a decision to proceed 
with the development of a GEIS. Efforts were 
initiated to upgrade the draft report for use 
as a major reference for the GEIS. 
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9. RADIATION MATERIALS TESTI HE 

ASSTSACT. The objective of the Fusion Materials Program at O W L is to develop Materials for 
service in high flueoce regions of near-term reactors, such as the Fusion Engineering Device (FED), and 
long-term commercial fusion reactors. The 14-HeV neutrons produced in these reactors result in unique 
irradiation damage because of the high defect generation rate and the simultaneous production of high 
concentrations of folium and hydrogen. Although no fusion test reactor exists, the effects of combined 
displacement damage plus helium can be studied in mixed-spectrum fission reactors for alloys containing 
nickel (e.g., the austenitic stainless steels). Extensive test programs are under M y on the prime 
candidate alloy (PCA), austenitic stainless steel, and u ferritic steels for use in FED. Results on 
swelling and on changes in mechanical properties are carerully evaluated and then made available to 
the design community via the Materials Sadbook for Fusion Energa Systems- long-range-ordered (UtO) 
alloys and vanadium alloys are being investigated for the longer term. 

Since the mechanical properties of alloys are related to their microstructure. studies are con
tinuing on the evolution of microstructure during irradiation. Through an understanding of the basic 
phenomena occurring during irradiation and of the relationships between microstructure and properties, 
alloys can be tailored to minimize radiation-induced swelling and to improve mechanical properties 
in fusion reactor service. 

A small but important study involves the irradiation of superconducting magnet materials at 4 K. 
The behavior of copper during irradiation and periodic anneals has been measured and compared with the 
lifetime of candidate insulator miterials. 

9.1 ALLOT DEVELOPMENT FOR IRRADIATION 
PERFORMANCE 

ft. 1. GrasseoK, E. £, aloes 

The following abstracts and summaries 
describe alloy development activities in the 
area of irradiation performance during 1981. 

9.1.1 Abstract of Radiation Effects in 
Materials for Fusion Reactors1 

•\ L. Scott, H. L. Sroziiea*., P. Hazi^mz 

The 14-MeV neutrons produced in a fusion 
reactor result in different irradiation damage 
than the equivalent fluence In a fast breeder 
reactor, not only because of the higher defect 
generation rate, but also because of the 
production of significant concentrations of 
helium and hydrogen. Although no fusion test 
reactor exists, the effects of combined dis
placement damage plus helium can be studied in 
mixed-spectrum fission reactors for alloys 
containing nickel (e.g., austenitic stainlei 
steels). The presence of helium appears to 
modify vacancy and interstitial recombination 
iuch that microstructural development in alloys 
differs between the fusion and fission reactor 
environments. 

Since mechanical properties of alloys are 
related to the microstructure, the simulta
neous production of helium and displacement 
damage has an impact on key design properties 
such as tensile, fatigue, creep, and crack 
growth. Through an understanding of thr basic 
phenomena occurring during irradiation and the 
relationships between microstructure and prop
erties, alloys can be tailored to minimize 
radiation-induced swelling and improve mechan
ical properties in fusion reactor service. 

9.1.2 Sumari. of Progress in the Development 
of the Blanket Structural Material 
for Fusion Reactors2 

»\ L. Saotc, E. E. Bloom, R. E. Oold, ft. L. 
Grozzbec>, J. J. Holmes, P. J. Maziazz, T. C. 
Reuther, Jr., Z. H, Roaersvaaser, F, V, Wiffen 

The Alloy Development for Irradiation 
Performance (ADIP) Program has become j»re 
focused since the last Fusion Reactor Technology 
Conference twe years ago. Since austenitic 
stainless steels and ferritic steels are 
candidate structural materials for the near-
term Engineering Test Facility (ETF) and 
International Tokamak Reactor (INTOR) and 
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austenitic stainless steel is also the pre
ferred structural material for the steady-state 
commercial fusion reactor STARFIRE, a vigorous 
experimental program is under way to identify 
tree best alloy from each of these alloy classes 
and to provide the engineering database in a 
timely manner. In addition, the comprehensive 
program that includes high strength Fe-Ni-Cr 
alloys, reactive and refractory metals, and 
advanced concepts continues in an orderly 
fashion. 

9.1.3 Surr^r^ :;' Fusion Reactor Materials: 
N32S/OKK8 5 

The problems involved with materials used in 
fusion reactors rival those of plasma physics 
with regard to difficulty. The structural 
first wall experiences high neutron fluences, 
high temperatures, and large cyclic thermal 
stresses. The 2.2-pJ neutrons from fusion 
reactors produce high concentrations of helium 
and hydrogen as well as conventional displace
ment damage, so a loss of ductility as well as 
swelling occurs in structural materials. 
Refractory metals, iron- and nickel-base 
alloys, aluminum alloys, and SiC have been 
proposed as structural materials. Since super
conducting magnets are required in magnetic 
fusion devices, the range of materials problems 
integral with this technology must be solved. 
Specialty materials are required for limiters 
that intercept the plasma before it strikes the 
walls, electric*', insulation, tritium breeding, 
neutron moderators, and shielding. 

9.1.4 A:.:zr?.T. j;' Materials Technology 
for fusion: Current Status 
ard Future Requirements' 

••. :-:. ;<.n, •:. :.. B:^., .-. w. ••;-v.-l.;, ./,•., 

An overview is presented of the general 
status of materials research and development 
activities related to the needs cf controlled 
thermonuclear fusion reactors. Emphasis is 

placed on materials research and applications 
pertinent to magnetic confinement reactor 
concepts vis-a-vis inertial confinement reactor 
requirements; this reflects the greater maturity 
of the magnetic confinement technology programs. 
The research efforts associated with materials 
development for first wall applications are 
given special attention; in addition, the 
research and general status of programs aimed 
at non-first-wall or nonstructural fusion 
reactor materials requirements are also 
reviewed. 

9.1.5 Aiszrss; a; Swelling, Creep, 
and Kechar.ical Properties of First 
Hall and Structural Alloys5 

•'. i. SzrsaisiMrd, B. J. Bloc. 

One of the most interesting materials 
science challenges of this decade is the 
development of the magnetic fusion first wall 
structural materials required to achieve the 
objectives of the Magnetic Fusion Energy 
Engineering Act of 1980. The design features 
of demonstration and early commercial power 
plants are not yet sufficiently fixed to pro
vide a precise description of the environment 
that these materials must withstand. It is 
probable, however, that economic power produc
tion will require first wall operation at 
temperatures ranging from 300 to 550'C and a 
service lifetime of 10 to 20 megawatt-y/m2, 
amounting tr neutron damage levels of 100 to 
200 atomic displacements per atom (dpa). In 
addition, the high energy neutrons will generate 
significant amounts of transmutation products, 
such as 2000 to 4000 ppm of helium and more 
than twice as much hydrogen in a long-life 
stainless steel wall. 

Materials development activities in support 
or fission reactors cover much of this applica
tion range, and it is possible from this experi
ence to infer which materials properties »re 
important to f»rst wall life and performance. 
Depending on reactor design, postirradiation 
ductility and strength, thermal creep strength 
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and ductility as perturbed by the neutron flux, 
irradiation-induced creep and swelling, cr 
fracture toughness behavior could be life-
limiting. Reactor concepts which employ cyclic 
power generation introduce fatigue crack 
initiation and growth as additional potentially 
life-limiting properties. 

The evolving nature of the fusion plant 
design concepts dictates that the alloy develop
ment program be broadly based, allowing for a 
wide range of attainable properties and trade
offs. This is achieved by studying a variety 
of material classes. For example, ferritic 
materials, as a class, have relatively low 
thermal expansion coefficients and are there
fore inherently more resistant to fatigue crack ingrowth in response to cycling thermal gradients. ̂  
the ferritic alloys, however, generally lack 
the high temperature strength characteristic of 
nickel-base or refractory alloys, which in turn' 
lack the ductility of the austenitic stainless 
steels. The relative merit of each alloy class 
will depend on the design criteria of the given 
reactor. The following classes of alloys are 
thus included in the fusion alloy development 
program: 
- austenitic stainless steels. 
- ferritic stainless steels, 
- reactive/refractory alloys, 
• nickel-base alloys, and 
• innovative materials. 
Examples of innovative materials are UtO alloys 
and rapidly solidified alloys. 

The fusion neutron energy spectrum produces 
a variety of transmutation products which are 
usually difficult and sometimes impossible to 
reproduce in fission reactors. Nevertheless, 
much has been learned from fission reactor 
experiments conducted in support of fission 
reactor as well as fusion reactor development 
programs. This overview paper wil' Si^wariie 
the general properties and expected responses 
to irradiation of each of the general classes 
of alloys and assess their relative strengths 
and weaknesses. This assessment will be used 
to identify the key fssues for each alloy 
class. 

9.1.6 A b s t r a c t of High Temperature Fatigue 
Life of Type 316 Stainless Steel 
Containing Irradiation-Induced Helium6 

M. L. Oossbeck, K. C. Liu 

Since a tokamafc fusion reactor is most likely 
to operate in a cyclic mode, fatigue arising 
from thermal stresses in the first wall and 
blanket is of concern. As well as the effects 
of cyclic stresses, the effects of irradiation 
must be considered. In addition to atom 
displacements, the 14-NeV neutrons arising from 
deuterium-tritium (D-T)^fusfon result in (n,a) 
reactions in the elements used in most struc
tural alloys. The resulting helium is highly 
insoluble in metals and is known to reduce 
tensile ductility through migration to grain 
boundaries where it causes intergranular 
failure. The extent to which neutron irra
diation and simultaneous helium formation 
influence mechanical properties must be known 
prior to design of a fusion reactor. 

Austenitic stainless steels, and in particular 
201 cola-worked type 316 stainless steel 
(202 Crf 316). are candidate materials for 
fusion reactor first wall and blanket struc
tural applications. Therefore, 201 CW 316 was 
selected as the alloy to scope the extent of 
the problem of degradation of fatigue properties 
in a radiation environment forming helium. 

In order to achieve simultaneous displacement 
damage and helium production, a mixed-spectrum 
fission reactor, the High Flux Isotope Reactor 
(HFIR), was used. This reactor has an intense 
flux of fast neutrons, • > 1 0 1 9 n/w^s (E > 
0.1 ffeV) as well as a nearly equal thermal 
flux. The fast neutrons produce displacement 
damage not fundamentally different from that 
produced by 14-MeV neutrons. The thermal 
neutrons produce helium through the following 
reactions; 

"Hi • n t h * s»J»i , 

5*Ki + n t f ) - "Fa • "He . 

A miniature hourglass-shaped fatigue specimen 
was designed specifically for this, series of 
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experiments. Specimens Mere irradiated at 
550°C in a Banner similar to that used in a 
study conducted at 430"C. The elevated tempera
ture Mas achieved by insulating the specimens 
with a helium gas gap to restrict outward heat 
conduction. Passive temperature monitors were 
included for postirraaiation analysis. Speci
mens were irradiated to a fast fluence of 
0.7-1.9 x I0 3 £ n/rn̂  (E > 0.1 HeY), resulting in 
6-IS dpa and 200-900 appra He. 

Following irradiation, the specimens were 
tested on a servohydr^ulic fatigue testing 
system equipped with a high va:uum chamber and 
installed in a radiation-shielded hot cell. 
Testing was conducted at the irradiation 
temperature, 550°C, at pressures below 10" v Pa. 
A fully reversed ramp function was employed, 
using a strain rate of 4 x 10" 3 s" 1 for all low 
cycle testing. High cycle testing was con
ducted at a strain rate higher by a factor of 
10 in load control after stabilized elastic 
cycling was established. 

Preliminary results have shown little effect 
of neutron irradiation and helium at 550°C for 
damage levels up to 9 dpa and helium contents 
of 450 appm. This compares with a factor of 
3-10 reduction in fatigue life for similar 
specimens irradiated and tested at 430'C. 
However, there appears to be a change in the 
endurance limit, which requires further study. 

The absence of »n effect of irradiation is 
likely to reflect the fracture mechanism rather 
than the oulk properties of the material. At 
the fluence investigated in the preliminary 
tests, the strength is somewhat lower after 
irradiation at 550°C, but the ductility is not 
markedly different. At 430 oC neither strength 
nor tensile ductility is markedly different 
upon irradiation to 9 dpa. However, fatigue 
life is significantly lower at 430°C. Pre
liminary investigations seem to indicate a 
shear failure in the fatigue tests at C50 8C. 
This is to be compared to a cleavage-like 
fracture at 430"C. Further investigation will 
be conducted to elucidate the fracture mechanisms 
in 205 CW 316 in fatigue failure, which appear 
to be the critical factors In fatigue life of 
Irradiated material. 

9.1.7 Abstract of Tensile Properties of a 
Titanium-Modified Type 316 Stainless 
Steel Irradiated in a Mixed-Spectrue 
Fission Reactor7 

.V. L. Zrossbeak, P. «T. Haziasz 

Austenitic stainless steels have demonstrated 
radiation and corrosion resistance sufficient 
for service in nuclear reactors. The similarity 
of the fusion reactor to fission reactors is 
in itself reason for consideration of these 
materials for fusion reactor first wall and 
blanket structures. The mos. important feature 
making fusion reactor service .."ique is the 
formation of helium through (n.a) reactions in 
most common structural metals produced by the 
14-fteV neutrons resulting from 0-T fusion. 
Previous work has shown that small additions 
of titanium to stainless steels produce 
titanium carbide, which serves as an effective 
sink for helium and results in a stable and 
innocuous distribution of helium in the 
lattice. Since preliminary work has shown 
that the titanium-rich NC can retard migration 
of helium to grain boundaries, titanium-
modified stainless steels are expected to 
demonstrate superior mechanical properties at 
high temperature:. Titanium addition is 
therefore an important technique for developing 
alloys for high temperature fusion reactor 
service. 

In order to evaluate these alloys, they must 
be irradiated under conditions which form 
helium in the alloy simultaneously with atom 
displacement damage. Irradiation is conducted 
in a mixed-spectrum reactor, the HFIR. Helium 
is produced by thermal neutrons through a two-
step absorption reaction beginning with 5 8N1. 
Miniature specimens of AISI type 316 stainless 
steel with 0.233 Ti (316 + T1) and standard 
AISI type 315 stainless steel (316) in both 
annealed and 20% 04 conditions were irradiated 
in the HFIR at temperatures 1n the approximate 
range of 55-600°C with specimens at elevated 
temperatures in a helium atmosphere. The 
specimens were irradiated in a reactor position 
providing a peak thermal flux of 2.5 /. 1 0 " 
n/m2'S and a peak fast flux of 1,3 % lO 1 0 
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n/m^s (E > 0.1 HeV). Fast fluences of 0.63-
2.1 x 1 0 2 5 n/m2 were attained, resulting in 
5-17 dpa and 200-1000 appm He. 

Specimens had a gage section of 2.03 on in 
diameter and were 18.3 nn long. Tensile testing 
was conducted in ar air atmosphere in an Instron 
machine at a strain rate of 4.6 x 10" 5 s~ l. 
Test temperatures close to the calculated 
irradiation tenperatures were selected with 
emphasis r,n 350. 450, and 575°C. After Unsile 
te.c.ig, • eduction of area (RA) measurements 
were -"»«!& using low signification fractography 
in a scanning electron microscope. 

The results of the tens 1e tests are to be 
compared with those previrusly reported on AISI 
type 316 stainless steel. In the annealed 
condition, (316 *• Ti) has nearly the same yield 
strength as 316 but has higher ductility at 450 
and 575°C. For the 20VCW condition, two 
general observations may be made. The first is 
that (316 * Ti} is stronger than 316 and is 
less ductile (as measured by tr *1 tensile 
elongation) at 450 and 575°C. At 350'C, 316 is 
more ductile until a fluence of about 1.2 x 
1 0 2 6 n/m2 (£ > 0.1 MeV), beyond which (316 + 
Ti) beccmes more ductile. At 575°C there is 
indication of a crossover in total elongation 
beyond 2.1 x TO 2 6 n/m2 (E > 0.1 MeV), the 
highest fluence examined. The second general 
observation is that (316 + Ti) is affected 
little by irradiation within the fluence range 
investigated. This is most evident in yield 
strength at 350'C, where the 0.22 yield 
strength is nearly constant at 800 MPa, and in 
total elongation (ty) at 450°C, where c T is 
nearly constant at 7.5". 

The RA measurement of irradiated 20* CW 
(316 + Ti) exhibits values from 68 to 55% as 
fluence increases from 0 to 2 •< IQ 2 6 n/m2 at 
350"C. At 450"C the decrease Is more rapid, 
with RA running from 65 to 40% over the same 
range of fluence. At 575°C RA decreases from 
65 to 12% as fluence increases from 0 to 1.2 % 
10 2 6 n/m2, beyond which RA remains constant to 
2 x 1 0 2 S ->/m2, the limit of Investigation. In 
all regions except the apparent region of 
saturation at 575°C, the specimens failed by 

ductile dimple rupture. In the plateau region 
at 575°C, the fracture was primarily inter-
granular with small regions of plastic defor
mation providing the 125 RA. This behavior 
contrasts with that of 316 at 450°C, where 316 
fails by an intragranular cleavage-like 
mechanism in which the crack appears to follow 
preexisting slip bands which result from the 
preirradiation cold work and which are heavily 
decorated with n (hgC) phase precipitation. 
Although the tensile elongation of 316 is 
greater than that of (316 + Ti), the RA of 316 
is lower than that of (316 + Ti). This result, 
combined with the change in fracture mechanism, 
is believed to be an early indication of a 
significant reduction in ductility of 316 at 
higher fluence levels. 

Examination of the temperature dependence if 
yield strength and correlation with micro-
structure is of interest. Both 316 and (316 •> 
Ti) have 0.2: yield strengths above 900 HPa 
from 35 to 300°C. In this range, hardening is 
achieved by the complex interactions of dislo
cation loops and networks and the distribution 
of helium. In the range of 300-600aC the small 
dislocation loops are replaced by a less 
localized dislocation structure, and precipita
tion of solid solution strengthening elements 
occurs with a resulting decline in strength. 
The yield strength of (316 + Ti) decreases 
significantly more slowly than that of 316 in 
this temperature range. Beyond approximately 
450°C, titanium-rich HC is prscioitating in a 
very fine dispersion, causing effective dislo
cation pinmig in this alloy, and therefore is 
responsible for the lower rate of strength 
loss. The fracture iw>de in 20% CW (.316 + Ti) 
remains ductile rupture over the temperature 
range of 35-450°C following irradiation. 
Intergranular fracture is observed at 575°C, 
which is consistent with the emergence of grain 
boundary cavitation. 

The resistance of titanium-modified austenitic 
stainless steels to high temperature irradiation 
and helium has led to the selection of this 
class of alloys as a prime candidate material 
in the ADIP Program. These alloys will be 
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considered for use *s first wall and blanket 
materials for machines beyond the FED. 

9.1. J Jivirss: sf The Influence of Keutron 
Irradiation at 55°C on the Properties 
of Austenitic Stairless Steels6 

Types 316 and 316 + G.23i Ti stainless 
steels and 16-8-2 weldmtnt were irradiated in 
KFIR at 55"r to fluences up to 1.35 * 10- 6 n/m: 

(>C.i HeV), which produced up to 10.5 dpa and 
520 appm He. Examination showed no swelling, 
no cavities, no precipitates, but a high con
centration of dislocations. Tensile tests 
-ncxed large increases in the 35 =C strength 
properties, with the weldments the weakest of 
tie materials. The ductil'ty cf all materials 
»as reduced by the irradiation, the uniform 
elongation to or.ly C.4:. in the cold-<orked 
material. Tests at temperatures above the 
irradiation temperature showed an approach to 
unirradiateJ properties as the temperature was 
'icreaser' from 200 to 600 =C. Helium embrittle-
ment at 700 aC severely reduced the tot.' 
elongation. 

9.1.9 .-;.-.••.!-i-: :;" Precipitation and Cavity 
Formation in Austen:Tic Stainless 
Steels during Irradiation' 

Au^tenitic stainless steels ai>; currently 
the most widely considered materials for 
structural applications in boui fast breeder 
reactors and fusion energy devices. During 
exposure to high energy radiation at high 
temperatures, thes^ materials undergo signifi
cant changes in physical ond mechanical prop
erties due to the combined effects of displace
ment damage and helium generation. In 
particular, the phenomenon of cavity swelling 
can lead to significant dimensional changes in 
vital components. Extensive phase changes 
occur simu'tdr,;ously with cavity swelling. It 
is now rea, ized 'hat botn the mognitude and the 
temperature dependence of swelling in these 

materials are strongly dependent upon the 
nature anO extent of tr.e phase changes which 
occur during irradiation. A universal feature 
of the microstructure of irradiated stainless 
steels is the physical association of cavities 
with precipitate particles. This is an 
important topic for investigation, since in 
many instances a major fraction of the total 
swelling is associated with cavity-precipitate 
pairs. 

In stainless steels of the AIS1 316 class 
modified with titanium, five major phases, 
namely •. ', n, G, Laves, and MC, develop during 
neutron irradiation at temperatures in the 
range 400-650"C- Tnese phases vary widely in 
their physical characteristics such as crystal 
structure, morphology, size, and composition. 
They also exhibit significant differences in 
behavior in terms of tneir interaction with 
dislocations, point defects, and gas atoms. 
During neutron irradiation in the Experimental 
Breeder Reactor (EBR-II), it is found th?*_ the 
finely dispersed coherent or partially coherent 
,' and MC phases pin the dislocation structure, 
whereas the G, ... and Laves phases, which 
generally develop on a much coarser scale, are 
ineffective in this regard. We have discussed 
previously the many possible mechanisms by 
which both types of precipitates may affect 
cavity swelling, and these are summarized for 
perspective in the present pape-. Of main 
interest in the present paper is ths fact that 
the interfaces among tne G, r,, ai.d Laves 
pha^- and the matrix provide the sites at 
wnich the development of large cavities occurs. 
The microstructural observations made on 
EBP.-11-irradiated alloys suggest that these 
sites are efficient traps for helium and that 
there is a correlation between the growth of 
the cavities and the growth of the precipitate 
particles, with large cavit'Ci associated with 
}arqp. particles. 

Certain aspects of the particle-cavity 
phenomenon have been investigated using the 
ORNL dual ion beam Van de Graaff facility. 
Disks 3 mm in dfam of a titanium-modified 
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stainless steel were solution annealed at 
H O O T and then irradiated at the peak swelling 
temperature, 675°C, with 4-HeV nickel ions at a 
daaage rate of --10"3 dpa/s. Under these condi
tions, precipitation behavior is overwhelmingly 
dominated by the formation of a nickel- and 
silicon-rich G phase. The following types of 
irradiation at 675°C were carried out: (1) 
irradiation with nickel ions only, (2) simul
taneous injection of helium and nickel ions, 
(3) injection of helium followed by irradiation 
with nickel ions, (4) irradiation with nickel 
ions followed by injection of helium, and (5) 
irradiation with nickel ions, followed by 
injection of helium, followed by further 
irradiation with nickel ions, "reinjected 
heliun levels varied between 30 and 1400 appm. 
In dual beam irradiation experiments the rates 
of helium injection investigated were 0.4 and 
4.0 appm/dpa. When nickel ion irradiations 
were carried out without the addition of 
helium, cavities did not develop in spite of 
the growth of a coarse dispersion of G phase. 
However, cavities developed readily both within 
the matrix and ai the particle-matrix inter
face when helium was injected either before or 
during ion irradiation. With increasing levels 
of helium injection, the number density of both 
G particles and cavities increased. When 
helium was injected after 6 phase particles had 
been formed during a prior nickel ion irradia
tion, helium bubbles developed at dislocation 
sites and at particle matrix interfaces. These 
bubbles developed into cavities during further 
nickel ion irradiation. The cavities attached 
to precipitate particles grew more rapidly than 
those nucleated on dislocations. 

To understand the physical bas\s for the 
fact that the cavities associated with pre
cipitate particles generally are larger than 
cavit s in the matrix, a theoretical model has 
been '• loped. It is based on the hypothesis 
that v..* precipitate matrix interface assists 
in the collection of point defects, which are 
channeled to the attached cavity. The analysis 
predicts that a cavit," attached to a precipitate 
particle w<11 grow to several times the size of 

a cavity in the matrix. Cavity size observations 
obtained from the experiments described above 
are interpreted in light of the theoretical 
analysis. 

9.1.10 Sumary of Tensile Properties 
of Ferritic Steels After Low 
Temperature HFIR Irradiation10 

B. I. Klueh, J. M. Vitek 

Tensile specimens from small heats of 
fern _ic (martei-.uitic) steels based on 12 Cr-l 
HoVW, 9 Cr-l MoVNb, and the low alloy ferritic 
2h Cr-l Mo steel have been irradiated at 
coolant temperature in HFIR to displacement 
damage levels of up to 9.3 dpa and helium 
contents of 10-82 appm. The base compositions 
and similar alloys to which nickel had been 
added for helium production are included in 
the irradiations. 

During the present reporting period, 
irradiated specimens from a heat of 9 Cr-l 
MoVNb and two heats of 9 Cr-l NoVfib with 21 Ni 
were tensile tested at room temperature and 
300°C. Yield strength and ultimate tensile 
strength of the irradiated samples displayed 
considerable hardening over the unirradiated 
condition. The increased strength was accom
panied by a decreased ductility. Indications 
are that the hardening resulted only from the 
displacement damage and was not affected by 
the transmutation helium formed during irradia
tion. These results are similar to those for 
the 12 Cr-l MoVW-base alloys, which were pre
viously reported. 

9.1.11 Abstract of Swelling, Microstructural 
Development, ana helium Effects in 
Type 316 Stainless Steel Irradiated 
In HFIR and EBR-II" 

P. J. Haziaez, H, L. Groaabeok 

Several key performance parameters for 
candidate first wall materials for tokamak 
magnetic fusion energy (MFE) devices are 
then;*) properties, coolant compatibility, 
mechanical properties, and radiation damage 
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resistance. Several Measures of radiation 
daaage are dimensional change (either densifica-
tion or, more likely, swelling) and mecha'.ical 
properties changes (usually embrittlement). 
These changes often determine t*<e useful wall 
lifetime of the material, which is a critical 
design parameter. There are significant design 

C and operational reliability benefits to first 
wall materials being able to withstand higher 
neutron wall loadings and higher upper tempera-

- hire limits (within the range of 400 to about 
700°C). 

Austenitic stainless steels are leading 
first wall candidates, and 20S Oi type 316 is 
the reference material for this alloy class. 
Titanium-modified austenitic stainless steels 
generally exhibit better jechanical properties 
and swelling resistance in a variety of reactor 
environments, apparently due to the mechanism 
of KC interfac.ial helium trapping, and thus are 
the preferred alloys in this class. ̂ Many 
aspects of radiation damage limits on wall 
lifetime are directly or indirectly related to 
the microstructural development. Since no 
actual fusion reactors currently exist, investi
gations are conducted in a variety of irradia
tion environments to determine both properties 
and mechanisms and how they relate to a fusion 
environment. Irradiation in the HFIR is 
par' cularly useful for investigating micro-
structural evolution and mechanical properties 
changes during irradiation because helium and 
displacement damage are cogenerated in signifi
cant amounts continuously. The He/4pa ratio 
during the first 1-3 dpa in HFIR is close to 
that anticipated for a first wall (12-15 
appm/dpa). This work investigates and compares 
the swelling and microstructural development in 
20% CW type 316 and 316 + 0.23* Ti (316 • Ti) 
after HHR irradiation at 55-670'C to fluences 
producing 7,7-16 dpa and 380-1080 appm He, The 
purpose is to determine the mechanisms involved 
in microstructural development, particularly 
those related to the role of helium, and to 
eventually correlate microstructure and 
mechanical properties. It is hoped that these 
will reveal principles for properties Improve
ment to apply 1n the AOIP Program for MFE, 

Both Oi 316 and CW (316 * Ti) show con
siderable microstructural changes at all tempera
tures compared to the as-cold-worked microstruc-
tures present prior to irradiation. The network 
dislocation structure recovers at all tempera
tures from 55*C up to 6?0"C in both alloys. 
Frank faulted loops are observed in both alloys 
at 55-375%, but no loops are found at 475°C 
and above. The loop microstructure is consider
ably refined in CW (316 + Ti) compared to 
CM 316. At 375°C, both alloys show a sharp 
recovery of the dislocation structure as the 
fluence increases from 8.5 to 13 dpa. The 
total dislocation density peaks at -vl-2 x 
1 0 1 5 n/m 3 in CH 316 at 375°C and 8.5 dpa and 
then drops an order of magnitude at 13 dpa, due 
both to complete disappearance of the loops and 
to considerable relaxation of the network. In 
CM 316 at 475"C and above, the dislocation 
density apparently saturates with increased 
temperature or fluence at -Ui-8 x 1 0 1 3 n/m3. In 
CM (316 + Ti), the dislocation density is 
roughly an order of magnitude higher at all 
temperatures and fluences compared to CW 316. 

Both alloys show considerable intragranular 
cavity development at 285°C and above and grain 
boundary cavitation at about 565°C and above. 
The magnitude of cavity volume fraction (CVF) 
swelling is small but easily measurable using 
transmission electron microscopy (TEM) in both 
alloys from 7.7 to 16 dpa, being less than 0.1% 
in most cases with the maximum of 0.5% (at 
285"C). Both CW 316 and CW (316 + Ti) appear 
to show maximum swelling at 285°C or below with 
a definite minimum in the swelling curves at 
450-550% for these low fluences. 

This same temperature dependence persists 
for CW 316 irradiated to 40-60 dpa in HFIR. 
The CVF swelling for CW 316 shows considerable 
fluence dependence at 375 and 475'C between 8 
and 16 dpa, with an initial increase, then a 
slight decrease for several different micro-
structural reasons before finally increasing 
monotonically with fluence. At 565'C, the 
swelling Increases monotonically at all fluences. 
Cavity behavior, at least at the lower tempera
tures in CW 316, appears strongly coupled to 
the dislocation and precipitation behavior. In 
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most cases, the amount of swelling is less for 
CW (316 + Ti) than fcr CU 316. Titanium carbide 
(NC) formation directly affects cavity develop
ment through the mechanism of HC interfacial 
helium trapping and directly affects the 
network dislocation density through dislocation 
pinning. The cavities in both alloys seem to 
be voidlike at 285"C but have every indication 
of being bubble-like at 375°C and above, based 
in calculations of the equilibrium amount of 
helium in the cavities using the most current 
htgh density equations of state for the gas. 

There is considerable precipitation in 
CU 316 at 375°C and above and in CW (316 * Ti) 
at 285"C and above. CM 316 develops Y' ° 
(NijSi type) after 8.5 dpa at 375'C, which 
apparently dissolves and is replaced by n (HgC 
type) phase after 13 dpa. The n and Laves 
(Fe2Ho type) phases are observed at 475°C in 
CW 316; T (M2jC6 type) and Laves are found at 
565*C and a and x are included at higher 
temperatures. MC is the dominant intregranular 
phase in CW (316 + Ti). Laves and n are 
reduced and x and t' are eliminated compared to 
CW 316. 

The development of thfc various microstruc-
tural components indicates a strong interaction 
between helium and vacancies that interferes 
with bulk recombination and contributes to 
enhanced solute segregation, precipitation, and 
dislocation development. MC formation is 
beneficial in controlling cavity formation to 
reduce swelling, in reducing uncontrolled phase 
instability, and in giving more stable micro-
structural dependence for CW (316 + Ti) compared 
to CW 316. 

9.1.12 Abstract of Preirradiation Microstruc-
tural Development Designed to Minimize 
Properties Degradation during Irradia
tion in Austenitic Alloys 1 2 

P. <f. Maziaaz, T. K. Roche 

The effort of the ADIP Program for MFE Is 
divided into several parallel paths for different 
classes of alloys, each identifying, investi
gating, and developing a PCA in that particular 
class. Austenitic stainless steels are leading 

candidates for early MFE devices and strong 
candidates in most of tte larger reactor design 
studies for future machines. The reference 
material for the auster.itic stainless steels 
is 20* 01 type 316 (18 Cr-13 Ni-2 Mo-2 Mn-0.05 
C-0.4 Si-bal Fe), and the PCA is a 14 Cr-16 
Ki-0.25 Ti modification of the type 316 alloy. 

_Several distinct advantages "of the austenitic 
alloy are the wealth of irradiation data from a 
variety of sources including the Fast Breeder 
Reactor (FBR) program, compatibility with 
coolants, fracture toughness, ease of fabrica-
bility and welding, and reasonable materials 
costs. Disadvantages of these alloys include 
the low thermal conductivity and the long-
lived, high level of induced residual radio
activity. A key parameter for material per
formance is wall lifetime; embrittlement and 
swelling are important forms of radiation 
damage that affect this parameter. In addition, 
these radiation damage responses determine the 
acceptable neutron wall loading and maximum 
temperature limit of operation. Swelling and 
many of the mechanical properties changes are 
directly related to the microstructure developed 
during irradiation. The basic philosophy 
behind alloy development in ADIP is that 
through control of the initial microstructure, 
subsequent microstructural evolution and 
properties changes during irradiation can be 
control lea. In this respect, titanium-modified 
alloys are generally superior to unmodified 
austenitics. 

The basic microstructural difference between 
the titanium-modified and ordinary austenitic 
stainless steels is the formation of the 
titanium MC carbide in the former. MC forma
tion can reduce or prevent formation of pre
cipitate phases like r (M^Cg), n (M 6C), and 
Laves (Fe2Mo) that can seriously OtgraOt 
properties at temperatures where precipitation 
in these alloys is important, during aging 
(0.5Tm and above) or irradiation (0.3Tm and 
above). Fine MC can contribute to strengthening, 
but the most important benefit of MC formation 
for fusion application Is the powerful mechanism 
of MC Interfacial helium trapping. This 

I 
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behavior is unique to KC relative to the other 
phases formed in steel. 

The results of Phase I of the Path A 
(austenitic alloys} PCA development effort -
design and fabrication of preiirradiation micro-
structure — are presented in t O s paper. 
Kicrostructural design was conducted using 
principles for reducing swelling and helium 
embrittlement obtained from irradiations per
formed in the KFIR and other irradiation 
environments. Two general principles for 
improving properties are: either keep helium 
away from the grain boundaries or trap it with 
precipitates in the grain boundary, and reduce 
swelling by refining the cavity dispersion. 
These can be accomplished by increased dislo
cation density and particularly through KC 
helium trapping, to this end, various pre-
irradiation microstructures were designed that 
included various dispersions of grain boundary 
i.nd matrix carbides (primarily KC) combined 
with various matrix dislocation densities. In 
addition, grain size was varied independently 
of microstructural manipulation. 

PCA stock (plate and bar) as received from 
the vendor was inhomogeneous with macroscopic 
stringers of KC carbides and a duplex grain 
structure, a common problem for titanium-
modified alloys. An investigation was conducted 
both to rehomogenize the alloy and to determine 
how to preserve the homogeneity during subseouent 
fabrication. Homogenization for 24 h at 12755C 
in either a static vacuum or high purity argon 
produced excellent results, and homogeneity was 
preserved by subsequent homogenization for 1 h 
at 1200"C at regular intervals during the 
fabrication. 

The homogenized PCA material was examined 
after short thermal aging in the 0, 10, and 
25i CW conditions at temperatures of 600-1000'C 
for times ranging from 5 mir. to 166 h. The 
time-temperature-precipitatior. (TTP) behavior, 
the various snicrostructures available fn this 
type of alloy, and the thermal-mechanical 
treatments required to produce them were thus 
established. Intragranular HC normally forms 
In type (316 + Ti) and prevents intragranular 
formation of other carbides like t and n phase 

and reduces Laves phase formation compared to 
ordinary type 316. Even though KC forms intra-
granularly in (316 + Ti), it does not form at 
the grain boundaries, and therefore the grain 
boundary precipitation of (316 + Ti) consists 
of T and r, carbides, as in 316. This is 
important because t and n play only a passive 
role in preventing large grain boundary cavities 
rather than displaying sctive interfacial 
helium gettering, as KC does. The 14 Cr-16 Hi 
PCA is far superior to (316 + Ti) because KC is 
the stable grain boundary carbide, to the 
exclusion of x and n- Laves phase formation is 
also reduced in the PCA compared to type (316 + 
Ti). Through proper combinations of cold 
working and heat treatment, the grain boundary 
and matrix KC carbide size and distribution, as 
well as the matrix dislocation density, were 
independently varied. Furthermore, a rapid 
heating rate in properly homogenized material 
allowed the grain size to be refined without 
seriously perturbing the various microstructural 
manipulations defined above. Seven preirradia-
tion microstruct-jres were produced. Three of 
these are simple solution-annealed, 10 or 
20% CM material. Four of them are complex, 
innovative microstructures with either fine 
(2-5 nml or coarse (20-80 nm) KC particle 
dispersions at the grain boundary or in the 
matrix together with either solution-annealed 
or CW dislocation densities. These are 
currently being evaluated in both irradiated 
and unirradiated conditions to determine the 
effects of these microstructural manipulations 
on properties. 

9.1.13 Abstract of The Effect of Precipitate-
Matrix Interface Defect Sinks on the 
Growth of Voids in the Matrix 1 3 

A. 0. Brail?.ford, I. ¥.. Hanaur 

The trapping of point defects at localized 
sites on a precipitate-matrix interface is an 
important process tending to inhibit the void 
swelling of Irradiated materials. Under 
irradiation, such traps attain a steady-state 
occupation probability as a result of the 
competition between defect trapping and thermal 
reemisslon or on-s1.e recombination with the 
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corresponding antidefect. The sink strengths 
for both the defect and antidefect are here 
derived for a dispersion of arbitrarily shaped 
precipitates. These strengths can be expressed 
as a product of <MO factors, an "ideal" sink 
strength and a capture efficiency. The first '-
of these contains details of the precipitate 
geometry (and volume concentration). It is 
showi to be related to the electrical capacitance 
of a Metal electrode of the same shape. The 
capture efficiency, on the other hand, depends 
upon both the energetics of the trapping process 
and the nature of other point defect sinks in 
the system. Such a property is in general 
agreement with the results of earlier work. 
However, a new feature is also considered 
here - namely, the variation of the capture 
efficiency of precipitate-associated trap: in 
the proximity of a free surface. Quantitative 
examples of the above f a c t o r s will be given and 
their experimental ramifications discussed. 

9.1.14 A b s t r a c t of Characteristics of 
Irradiation Creep: The First Mall 
of a Fusion Reactor11* 

V. A. CoghUsn, L. K. fixnsur 

The importance of irradiation creep has been 
apparent to designers of fission reactors for 
several years, and as a result there has been a 
variety of research in this area. Creep rates 
under real or simulated reactor conditions have 
been measured along with the dependence of 
these rates on material and reactor parameters. 

Creep behavior is now accounted for in 
the design of reactors to minimize the detri
mental effects produced by creep of the struc
tural parts of the core. Finally, to understand 
the physical basis of irradiation creep several 
theoretical models have been developed and 
tested. 

As might be expected, most of the investi
gations of irradiation creep in fission reactor 
environments were conducted in support of 
specific designs. Therefore, most measurements 
have been made on zirconium alloys and various 
types of stainless steel with a few experiment; 
on other materials. In addition to this limited 

selection of materials, the irradiation condi
tions have generally been limited to the 
operating temperatures and radiation conditions 
of the test reactors. 

i n obvious but basic problem in choosing a 
material for the first wall of a fusion reactor 
is that there are no fusion reactors in which 
to test materials. This problem is iapot-tant 
because there are some special characteristics 
of the fusion irradiation environment that are 
common to most fusion devices. In all planned 
fusion devices the dominant nuclear reaction is 
a reaction between deuterium and tritium which 
produces 3.5-HeV alpha particles and 14-HeV 
neutrons. The alpha particles a r e stopped very 
quickly in most materials, but the neutrons 
have a long range and will cause atomic displace
ment damage throughout the first wall as well 
as other reactor components. These high energy 
neutrons will produce many more free defects 
per collision (composed of subcascades) than 
those found in fission reactors and will also 
produce much more helium by (n,a) transmutation 
reactions. In addition to these special 
characteristics, almost all the fusion reactor 
designs involve cyclic operation with burn 
times from a fraction of a second to several 
thousanu seconds. The resulting cyclic tempera
ture condition, cyclic radiation field, and 
cyclic stress combine with irradiation creep to 
produce compressive stresses on parts of the 
first wall. Finally, in many designs, the 
first wall temperature is below the temperatures 
where irradiation creep measurements are avail
able. The effect of these special conditions 
on irradiation creep is not known and in most 
cases there is little experimental information 
available to predict the response. 

In this paper we have applied the existing 
theory of irradiation creep and studied the 
available data to anticipate the characteristics 
of irradiation creep in fusion reector first 
walls. The effort is concentrated on the 
special conditions that character!;e the fusion 
irradiation damage environment discussed above. 
For example, we have tried to identify the role 
that increased helium production plays in 



234 

promoting or limiting irradiation creep by 
comparing experiments done indifferent fission 
reactors where helium production is very dif
ferent. Several important areas exist where 
very little experimental information is avail
able. For example, the average damage cascade 
in all fission reactors is nearly the same, so 
the effect of increased defect production per 
neutron collision in fusion reactors cannot be 
determined. Therefore, we found it useful to 
evaluate the several published creep mechanisms 
to determine theoretically if the special 
conditions Mould lead to a different* ir. creep 
behavior. Fran this evaluation, two areas have 
been identified as important. The increased 
helium production is likely to result in 
increased void nucleation. The additional 
voids will change the character of the sinks Jn 
the system and will decrease tfce creep rate 
versus swelling rate ratio. For the case of 
stress-induced preferred absorption (SiPA) 
creep we found a decrease of a factor of --4> in 
this ratio for only an order of magnitude 
increase in the void density. The second 
important difference results from a new analysis 
of climb based on the discontinuous defect 
production from cascades. Creep from this 
mechanism is greatly enhanced in the fusion : 
environment. From this analysis, we have' 
suggested several possible experiments, which 
could be carried out using existing facilities, 
that would answer some of the important ques
tions. 

9.1.15 Abstract of Applications of the Theory 
of Cavity Growth to Dual Ion Swelling 
Experiments15 

y.. B. Bayns, I. K. Stonsur 

The rate theory of cavity growth is applied 
to study the effects of helium gas on cavity 
swelling. The variation of swelling with 
temperature is emphasized. (1) Expressions are 
derived showing that the primary effect of the 
helium is in pressurizing cavities and that a 

secondary effect is in altering the mi:n»-
structural sink strengths. (2) Recent expert -
mental data on swelling of a pure stainless-
steel -type alloy vr.de.- dual nickel and helium 
ion bombardment are interpreted. Helium-free, 
heliua-coimvlanted. and heliue-preiaplanted 
swelling results can be explained by the 
theory. It is necessary to account for the 
partitioning of the helium to dislocations as 
well as to cavities in order to explain the 
experimental results for helium coimplantation. 
(3) Model studies for physically reasonable' 
parameters reveal the importance of the He/dpa 
ratio. 

9.1.16 Abstract of TEH Observations of Crack 
Propagation in Hetals Containing 
Helium Bubbles 1 6 

J. A. Borton, S. H. Okrp V. A. Jester 

The understanding of the effects of heV.ua 
on physical and mechanical properties is 
important in the development and qualification 
of alloys for the first wall of a fusion 
reactor. The heliuu produced by neutron 
irradiation is known to affect the aicrostruc-
tural response, and through this to affect 
swelling, deform'ion, and fracture mode. In 
particular, very little is known of the inter
action of deformation dislocations and propa
gating matrix cracks with preexisting helium 
bubbles. In order to study these aspects of 
helium effects, experiments were designed to 
observe the deformation and transgranular 
crack propagation in type 316 stainless steel 
which contained small helium bubbles. 

The type 316 stainless steel specimens were 
annealed for 2,5 h at 1050°C and then electro-
polished to perforation. These specimens Mere 
bombarded in a flux of 12 x 10 1 8 ions/m2'$ of 
80-keV helium ions, to fluences up to 5 x 10 2 1 

ions/m2. No additional specimen heating was 
provided. The maximum fluence irradiation 
produced small helium bubbles which ranged in 
diameter from 2 to 12 nm. The bubble density 
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of 2 x 1 0 2 2 bubbles/*3 gave a calculated 
swelling of 0.25 and an average interbubble 
spacing of 37 nm. 

Irradiated specimens were strained at room 
temperature in a Philips EM4P0T transmission 
electron Microscope. Transgranular cracks 
were produced and propagated through bubble-
containing regions of the specimen matrix. 
Sequential micrographs were made of crack 
opening displacements of 10 nm per step. 
Bubbles intersected by a propagating crack 
undergo an elongation normal to the crack and 
an increase in bubble volume. An interbubble 
fracture follows, resulting in fracture surface 
dimples. One such dimple was studied and was 
approximately 6 nm in diameter and 12 nm long 
but originated as a 3-nm-diam bubble. The 
volume increased oy a factor of 20, assuming a 
circular cross section. Some bubbles near t.ie 
fracture surface tended to elongate normal to 
the crack with little volume change. The 
amount of bubble elongation suggests local 
-strains of at least 4. Bubbles observed as 
close as 12 nm from the final fracture surface 
appeared unaffected by the fracture process. 

In order to further investigate the bubble 
elongation without enlargement process, one 
area was examined in detail. The band of 
elongated bubbles was in front of and in line 
with the propagating crack, lay in a [2lT] 
direction, and exhibited a twin relationship to 
the regions without elongated bubbles. The 
direction of elongation was not perpendicular 
to the crack. The average shear strain of 3,0 
(shear angle 72") requires the passage of two 
complete dislocations and one twinning disloca
tion per atomic plane. Apparently the passage 
of many dislocations sheared the bubbles without 
a resulting enlargement. 

The observed fracture surface dimples are 
approximately twice the original bubble diameter 
and have the same planar density. Observations 
by others of fracture surface dimple and original 
bubble sizes and densities have been limited to 

TEH specimens prepared close to tne fracture 
surface. These observations showed a greater r 

dimple density than bubble density. A large 
fracture surface in the electron transparent 
region which formed during a 600*C helium 
irradiation at the university of Virginia 
facility was examined with concurrent scanning 
TEH images and secondary electron detector 
images. These micrographs showed fracture 
surface dimples up to 400 nm in diameter. The 
smallest fracture surface dimples were 20 to 
40 nm in diameter with a fracture surface 
density of 3.5 * 1 0 1 2 m~ 2. The helium bubbles 
below the su-face ranged from 20 to 40 nm in 
diameter with an equivalent planar density of 
1 x 1 0 1 5 m~ z. There appears to be no size or 
density relationship between the helium bubbles, 
and the fracture surface dimples. 

In summary, localized flow in front of the 
crack leads to a bubble elongation normal to 
the crack propagation direction. In addition 
to the elongation, those bubbles actually in 
the crack path enlarge by a factor of up to 20 
and so become fracture surface dimples. No 
correlation was found between these dimples and 
the large dinples normally observed by scanning 
electron microscopy (SEM). The localized flow 
leaves bubbles 12 nm from the fracture surface 
undeformed. Further straining experiments are 
planned on specimens irradiated to produce larger 
and fewer helium bubbles. The observations 
reported here help explain the interaction of 
plastic deformation and crack propagation with 
helium bubbles. 

9.1.17 Abstract, of The Microstructu.-e of 
"Triple Beam" Ion-Irradiated fe 
and Fe-Cr Alloys 1 7 

C. I. Morton, J. BenUey, W. A. Jesaer 

The potential of ferritic stiels as a first 
wall material for proposed fusion reactors is 
currently being evaluated. Detailed analyses 
of the defect structures which n s u H from 
fusion environment Irradiation will be an 
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important aspect of this evaluation. Examina
tion by TEK of specimens boobarded simultane
ously with a " t r ip le bean" of energetic helium. 
hydrogen, and heavy ions should provide data 
helpful in understanding material response -
under f i r s t Mall irradiation conditions. 
Itofortunately, TEH of f e r r i t i c steels is com
plicated by both the ferromagnetic nature of 
the material and the complexity of the unirra
diated nicrostructure. in this investigation, 
the developnent of defect structures in 
"tr iple beam" irradiated iron and iron-chromium 
alloys, which forn the basis of the aorc 
complex steels, has been studied in order to 
provide a foundation for an eventual analysis 
of radiation daaage in these steels. 

Disk, specimens 3 an in diaaeter of high 
purity Fe. Fe-5 Cr, and Fe-10 Cr were bombarded 
with a t r ip le bean of He*, 0* , and 4-HeV Fe* 2 

ions in the dual Van de Graaff accelerator 
system at ORNL. The energy of the He* and 0* 
bean was ramped sinusoidal ly at 2.5 > 10'- Hz 
between 0.2 and 0.4 HeV. The specimens were 
irradiated to 10 dpa with 100 appm He and 
410 appro 0. These are the He/dpa and H/dpa 
ratios expected for f e r r i t i c steels in a fusion 
reactor f i rs t wal l . The irradiation tempera
tures were 725, 7/3, 800, 850, 900, and 950 K. 
In this type of i rradiat ion, the damaged region 
is within =3 ;.m of the irradiated surface. The 
f i rs t step in preparing these specimens for TEH 
was the controlled removal or "sectioning" of 
the damaged region to afl-9 m̂ from the i r radi 
ated surface, followed by "back-thinning." The 
sectioning depth was based on TEK examinations 
of the damage depth prof i le for iron irradiated 
at 350 K. Sectioning and back-thinning were 
performed using established electropolishing 
techniques.- Since the chromium content of many 
of the conwercioT f^rr i t ic steels under con
sideration is 210", emphasis has been placer) on 
the quantitative analyses of the defect uruc-
tures in Fe-10 Cr alloys. These results »re 
described below. 

Some quantitative data for the dislocation 
component of the microstructure are shown in 
Table 9 . 1 . At irradiation temperatures, T. , 

Table 9 . 1 . Quantitative data for 
d is locat .A nicrostructure of Fe-10 Cr 

Tirr 
(K) (na) 
725 18 6 x IC2"' 4 x 10 £* 
775 -24 3 x 10 2 : 2 x W-
800 
850 
900 

60 3 x I 0 i 0 1 x lO 1* 
1 X 10 U 

2 > TO 1 2 

- 950 2 > TO-

of 725. 775. and 80" K the dislocations were 
aainly in the form of a fa i r ly hoaogeneous 
distribution of loops. For these three lowest 
irradiation temperatures, the average loop 
diaaeter. d . . increased and loop concentrations, 
C,, decreased with increasing temperature as 
seen in Table 9 . 1 . At 800 C, aany of the loops 
intersect the fo i l surfaces without gliding 
out. This indicates pinning, possibly by 
Cottrell ataosphcres since no precipitates xere 
observed in association with the dislocations. 
The dislocation loops were analyzed and found 
to be in ters t i t i a l type with predominantly 
a[100] Burgers vectors. However, soae a / 2 [ l l l ] 
Burgers vectors were also found. At 850 K a 
coarse distribution of network dislocation 
segments was observed. 

At 900 and 950 K the dislocation structure 
appeared to be l i t t l e changed from that 
existing in the unirradiated specimens. Dislo
cation densities, i d , are also shown in 
Table 9 . 1 . The results indicate a general 
coarsening with increasing temperature. At the 
two highest temperatures, a two orders of 
magnitude drop in the dislocation density is 
obscved. 

Cavities have been observed only at 850 and 
900 K. At 850 K there was a low concentration 
(2.6 y lO'-*5 m'"') of cavities with an average 
diameter of *22 nm. The measured cavity volume 
fraction was 0.02%. At 900 K the cavity con
centration was a factor of 3 lower than that at 
3)0 K. The average cavity diameter was 4 nm, 
yielding a cavity volume fraction of --0.0001%. 
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The usual effect of a factor of 6 decrease in 
the cavity diameter at 900 K as compared to 
850 K is possibly due to the audi lower dislo
cation density at 900 K. At 850 K the disloca
tions provide a biased sink for the inter-
stitials, allowing the cavities to grow and 
beceae aore void! ike-in character (bias-driven 
groMth). At 900 K a m y fewer biases sinks for 
the interstitial: are present, thereby reducing 
the number of vacancies available for growth of 
the cavities which are constrained to grow as 
babbles (gas-driven growth). Cavities were 
also observed on grain boundaries and at the 
intersection of grain boundaries and m^Cg 
precipitates. 

A quantitative comparison of the daaage 
mifcrostructures observed in iron and in Fe-10 
Cr at 850 K is shown in Table 9.2. The iron 
had an order of magnitude aore swelling than 
the Fe-10 Cr. Although the cavities have 
larger diameters, d^. in the Fe-10 Cr, the 
concentration. C c, is two orders of magnitude 
lower. The dislocation density of the Fe-10 
Cr is twice that of the iron. These results-
indicate that the presence of chromium inhibits 
cavity nucleation and so reduces the cavity 
volume fraction. 

Qualitatively, the damage structures in the 
Fe-5 Cr *n similar to those in the Fe-10 Cr 
specimens. A more complete characterization of 
the damage structures in iron and Fe-5 Cr is in 
progress. 

Extensions of this investigation are planned 
to include a study of the dose dependence of 
the damage for Fe-10 Cr. When data from these 
"triple beam" irradiations are complete, a 
quantitative comparison to currently available 
neutron irradiation damage results will be 

Table 9.2, Comparison of damage micro-
structures of Fe and Fe-10 Cr at 850 K 

Swelling CC d C od 
(») (m'») (nm) (T') 

Fe 0.22 2 x 10" 13 5 x 10 1 J 

Fe-10 Cr 0.02 2 x 10l» 23 1 x lO 1* 

made. In conclusion, these results will help 
to provide a firm foundation for future analyses 
of radiation daaage *-. fem"tic steels. 

9.1.18 Atatvost of The Oepth Distribution of 
Displacement Damage in a-Iron under 
"Triple Beam" Ion Irradiation18 

£. L. cotton, J. Sentlev* W. A. Jesser-

Ferritic steels are currently being con
sidered as possible first wall materials for 
proposed fusion reactors. The defect struc
tures which result from fusion environment 
irradiation of ferritic steels are of interest. 
Examination by T0I of specimens of ferritic 
steels bombarded simultaneously with a "triple 
beam* of energetic helium, hydrogen, and heavy 
ions should provide data helpful in under
standing their response under first wall condi
tions. In this type of irradiation, the 
damaged region of the specimen is usually 
within a few micrometers of the irradiated 
surface. The usual method for preparing these 
specimens for Til examination involves the 
controlled removal or "sectioning" of the 
damaged region to some predetermined depth from 
the irradiated surface, followed by electro-
polishing from the unirradiated surface ("back-
thinning") to perforation. The sectioning 
depth is important as characteristics of the 
defect structures vary significantly with 
distance from the irradiated surface. The 
sectioning depth can best be selected by 
experimentally det' mining the depth distri
bution of the defect structures. In this 
investigation, the depth dependence of the 
damage in irradiated o-iron was determined to 
guide microstructurat examination. The results 
are expected to be applicable to ferritic 
steels. 

Disk specimens 3 mm in diameter of high 
purity iron were bombarded with a triple beam 
of He*, Dj, and 4-HeV Fe*2 iom in the duel 
Van de Graaff accelerator system at ORNL. The 
energy of the He* and D* beam was ramped 
sinusoidally at 2,5 x 10'2 Hz between 0.2 and 
0.4 HeV. The specimens were Irradiated at 



850 K to --10 dpa with -wlOO «PP* He and 
--410 appm 0- The irradiated specimens were 
electroplated at 370-372 K in a ferrous 
chloride plating oath with an iron anode until 
a* M I of iron had plated on the specinen. 
Slices with a thickness of =0.3 am were cut 
normal to the original specimen surface. Disk 
specimens 3 MM in diameter were electrodis-
charge Machined from these slices. With 
careful electropolishing. it was possible to 
thin to the interface between the electroplated 
iron and the original irradiated surface. 
Damage distribution was observed at 120 keV in 
a JEM 120C transmission electron Microscope 
equipped with a special objective lens pole-
piece (AHG) for the observation of ferromagnetic 
Materials. The swelling and dislocation 
density profile results do not correspond to 
the deposited energy depth profiles calculated 
by the E-DEP-1 computer code. Based on TEH 
examinations of nickel boobarded with 4-HeV 
Ni ~ ions, it has been suggested by others that 
the electronic stopping parameter used by the 
E-OEP code is about 22% too large. The current 
results support this conclusion. The disloca
tion loops were analyzed and found to be 
interstitial loops with Burgers vectors of 
a<100> and a/2<lll>. Of special interest is 
the band of dislocation loops at *2.8 urn from 
the irradiated surface, about a factor of 3 
deeper than the projected range of 4-HeV Fe 
ions in iron. Possible explanations for this 
phenomenon and the selection of a sectioning 
depth, based on the damage profiles, Mill be 
discussed. These results will be compared to 
previous results for the depth dependence of 
damage in triple beam (4-MeV Ni* 2) irradiated 
nickel. 

An important practical result of this investi
gation has been to provide an experimental base 
for the selection of sectioning depths for 
damage studies of ferritic steels utilizing the 
"triple beam" bombardment technique. 

9.1.19 Abstraot of Chromium-Molybdenum Steels 
for Fusion Reactor Applications1' 

.<?. I. Kluek 

Because ferritic steels have been found to 
have excellent resistance to swelling when 

irradiated in a fast breeder reactor, Cr-Mo 
steels have recently become of interest for 
nuclear applications, both as cladding and duct 
Material for fast breeder reactors and as a 
first wall and blanket structural Material for 
fusion reactors. In this paper we will assess 
the Cr-Ho steels for fusion reactor applica
tions. Possible approaches on how Cr-Mo steels 
may be further developed for this application 
will be proposed. 

Generally, the Cr-Mo steels can be divided 
into two categories: unmodified, basically Cr-
Ho-C steels and Cr-Mo-C steels modified by the 
addition of carbide-forming elements — in 
addition to chromium and Molybdenum- Extensive 
research and development efforts have been 
conducted on the unmodified steels, especially 
2% Cr-1 Ho and 12 Cr-Mo steels. Considerable 
work has also been done on 12 Cr-Mo steels 
Modified with additions of vanadium, niobium, 
titanium, and tungsten. In recent years Much 
of the research effort on this type of alloy 
has been directed at developing modified Cr-Ho 
steels with less than 125 Cr (>9I) for applica
tions where the "stainless" properties imparted 
by chromium additions of at least 121 are not 
needed. 

We will examine the unmodified and modified 
steels in terms of hardenability, precipitation 
processes (stability at elevated temperatures), 
strength, and toughness. Where possible, we 
will discuss the effects of irradiation on 
these properties. Such a study leads to the 
types of trade-offs that may be necessary when 
choosing between the well-researched unmodified 
Z\ Cr-1 Ho steel and a high chromium modified 
steel. 

9.1.20 Abstract of Effect of Low Temperature 
Irradiation with (n,a) Helium Produc
tion on Tensile Properties of 12 Cr-1 
HoVW-Type Steels2* 

H. C. Kiueh, J. M. Hz*k, y. I. Sfosebeak 

The Irradiation-resistant properties of 
ferritic (martens!tic) steels, such as those 
based on 12 Cr-1 Ho, have led to these alloys 
being considered for use as fusion reactor 
blanket structural components. Because an 
adequate source of D-T fusion neutrons is not 



• ^Tr^*'t$P^&&$g^ 

239 

.-^ett 

• •?>£ 

C 

available, an alternative method for simulating 
U-MelT (2.2-pJ) neutron irradiation oust be 
used. For austenitic stainless steels, suf- C 
ficient nickel is present in the alloy that 
irradiation in sons mixed-spectrum fission 
reactors produces the required (n,a) helium by 
thermal neutron captures. However, the com
mercial ferritic steel based on 12 Cr-1 No 
generally contains less than 0.51 Ni, which is 
not adequate for this helium simulation. If 
these alloys contained approximately 2% Ni. 
they could be irradiated in the HFIR to obtain 
approximately the same (n,a) helium production 
rate as the original alloys would develop 
during fusion reactor service for a neutronic 
wall loading near 3 HH/m 2. The rate of dis
placement damage production under these condi
tions is also appropriate for this wall loading. 

Snail heats of ferritic (martensitic) steels 
based on 12 Cr-1 Ho with approximately 0.2" C, 
0.3X V, 0.5S W, O.K Ni. 0 . 5 2 % , and 0.02S Nb 
(the composition was based on the commercial 
Sandvik alloy HT9) were prepared with 0, 1, and 
2% Ni added to the base composition. An 
additional heat was made with 2, Ni, in which 
the content of the ferrite-forming elements was 
adjusted to restore the net chromium equivalent 
to a value near that of the unmodified alloy. 
During irradiation in HFIR, transmutation of 
the s eNi in these alloys will give helium 
concentrations approximating those produced in 
such steels in fusion reactor service. 

Tensile specimens from the four experimental 
heats plus specimens from the commercial Sandvik 
heat (this heat has been irradiated and tested 
in the U.S. Breeder Reactor Clad/Ouct Alloy 
Development Program) were irradiated at 50"C in 
HFIR to 1.3 x 1 0 2 2 n/cm2, resultin in displace
ment damage leve1s of up to 10 dpa and helium 
levels of up to 90 appm (depending on the 
nickel content of the alloy and the location in 
the irradiation capsule). Prior to irradiation, 
the steel specimens were normalized and tempered. 
The normalir'ng heat treatment consisted of 
heating the specimens for 0.5 h at 1050°C in a 
flowing helium atmosphere, after which they 
were removed from the furnace and cooled in the 
flowing helium. The steels with 0 anJ IS Ni 
were tempered 2.5 h at 780°C; the 2% Ni alloy 
and 2- Ni alloy with adjusted chromium equivalent 

were tempered at 700°C for 5 h and 8 h, 
respectively. 

Immersion density measurements were made on 
all irradiated specimens. Specimens were 
tensile tested at room temperature and 300°C at 
a strain rate of 4.2 x 10" 5 s" 1. There was no 
indication of a change in density of the speci
mens that could be attributed to the irradia
tion. Significant changes due to irradiation 
were observed in the tensile properties. 

When the tensile properties of the commercial 
heat of HT9 were compared with the experimental 
heat that was melted and used as the base 
composition for the nickel-doped alloys, no 
difference was observed. For all but the 
unirradiated ultimate tensile strengths at room 
temperature, the difference in yield strength 
and ultimate tensile strength for the two heats 
was less than 12 (at room temperature the 
ultimate tensile strength of the experimental 
heat was approximately 5,52 greater than that 
of the commercial heat). 

For all of the alloys tested, irradiation 
caused a significant increase in the yield 
strength and ultimate tensile strength at roan 
temperature and 300eC. The increase in strength 
was accompar.ed by a decrease in ductility 
(lower uniform and total elongation). The 
decrease in ductility was greatest at room 
temperature: uniform elongation decreased from 
4-82 to 0.3-0.6*; total elongation decreased 
from 8-11% to 2-3%. At 300°C the ductility 
changes were significantly less. 

The low concentrations of (n,») helium (up 
to 90 appm) generated during the present irradia
tion were concluded to have no effect on the 
tensile properties. Because of the different 
starting strengths, this conclusion was reached 
by comparing the relative effect of Irradiation 
on the various alloys. The ratios of irradia
ted to unirradiated properties (strength and 
ductility) were determined and found to remain 
relatively unchanged with increasing nickel 
concentration. Thus, the hardening effect was 
attributed to the displacement damage. 

The results of these preliminary tests 
indicate that the 12 Cr-1 Ho type martensitic 
steels offer potential for fusion reactor first 
wall structures. 
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9.1.21 Siemayj of Tensile Properties of 
Ferritic Steels After Low Temperature 
HFIR Irradiation21 

H. £,- Klueh, «T. SS. Vitek 

Ter.'le specimens from small heats of 
ferritic (martensitic) steels based on 
12 Cr-1 KoVW, 9 Cr-1 HoVNb, and the low alloy 
ferritic 2h Cr-1 Ho steel have been irradiated 
in HFIR to displacement damage levels of up to 
9.3 dpa and helium contents of 10-82 appm. 
The 12 Cr-l^HoVK-base and 9 Cr-1 HoVKb-base 
compositions were irradiated along with 
similar alleys to which nickel had been added 
for helium production. 

During the present reporting period, irradia-
-. ted specimens of Zh Cr-1 Mo steel in the normal

ized and tempered and the isothermally annealed 
conditions were tensile tested at room tempera
ture and 300*0. The yield strength and ultimate 
tensile strength of the irradiated samples 
displayed considerable hardening over the 
unirradiated condition. The increased strength 
was accompanied by decreased ductility. The 
strength and ductility values of the normalized 
and tempered 2U Cr-"> No steel compared favorably 
with the results on the 12 Cr-1 HoVW and 
9 Cr-1 HoVNb steels. In the isothermally 
annealed condition, 2 \ Cr-1 Ho steel is consider
ably weaker than the normalized and tempered 
steel. However, after irradiation the isother-
mally annealed steel retains considerably more 
ductiluy than the other alloys did for tests 
at 300=C 

9.1.22 Alatraot of Theoretical Relationships 
Between Creep and Swelling Rates by 
Point Defect Absorption During 
Irradiation22 

L. Xr Marusur, X. A. Coghlan 

Irradiation creep and swelling are each made 
possible by the absorption at sinks of point 
defects produced by irradiation. Asymmetric 
partitioning of vacancies and Interstitials 
among cavities, dislocations, and other sinks 
leads to swelling. The primary mechanisms of 
irradiation creep also sach require a type of 

asymmetric partitioning. In dislocation climb 
creep caused by SIPA, more inter^titials are 
absorbed at dislocations favorably oriented 
with the stress and more vacancies are absorbed 
at unfavorably oriented dislocations. Creep by 
dislocation glide enabled by climb may also 
take place. Net loig-term climb arises from 
SIPA. leading to the mechanism of preferred 
absorption glide (PAG), as we have described 
recently. Net climb also arises from swelling, 
in which case we denote the mechanism as 
swelling-driven glide creep. Irradiation creep 
by climb-enabled glide may also occur by 
dislocation climb excursions caused by cascade-
induced point defect concentration fluctuations 
even in the absence of net long-term climb. 
Our recent development of the theory of cascade-
induced creep is included in the present 

" discussion. 
The mathematical relations by which swelling 

and each mechanism of irradiation creep depend 
on point defect properties and on microstructure 
are given. The ratio of the creep rate by each 
mechanism to the swelling rate is derived. 
These expressions relate the creep rate to the 
swelling rate through microstructural and point 
defect properties. It is found ' yr typical 
ranges of parameters that the ratio of creep 
rate to swelling rate may vary by orders of 
magnitude. These results are important in 
applications where the ratio of creep rate to 
swelling rate and its variation with micro-
structure and temperature affect materials 
design and performance. The relevance of 
present results to microstructures observed in 
irradiation experiments is emphasized. 

9.1,23 Abstract of Irradiation Creep by 
Cascade-Inouced Point Defect 
Fluctuations23 

L. K. .'•tonaitr', W, A. CoQhlan, T. C. Beiley, 

H. 0. Wolfzr 

A mechanism of irradiation creep caused by 
cascade-induced point defect fluctuations is 
described. The underlying principles and 
theoretical methods necessary to evaluate the 
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creep rate are developed. Creep takes place by 
the glide of dislocation segments, which are 
released from pinning obstacles by the local 
climb enabled by cascade-induced point defect 
fluctuations. This process is denoted statis
tical absorption glide creep (SA6 creep). It 
operates independently of SIPA creep and of 
other mechanisms of climb-enabled gTloe creep 
and occurs whether or not other mechanisms are 
active. These include swelling-driven climb-
glide creep and PAG creep. 

To evaluate cascade-induced creep, it is 
necessary to develop Methods with greater 
capability Van the widely used quasi-chemical 
rate theory. To emphasize this point, a hypo
thetical system where the only sinks are dislo
cations and where stress-induced preferred 
point defect absorption does not take place is 
•' considered. For this case, it is shown that 
rate theory predicts a zero creep rate in 
principle, while the theory we employ, which 
accounts for spatial and temporal inhomo-
geneities caused by point defect production in 
cascades, predicts a finite creep rate in 
principle. This result makes it clear that the 
present developments are of the essence in 
understanding cascade-induced creep and are not 
merely a refinement of the rate theory. 

After establishing that the dislocation 
climb excursions caused by cascade-induced 
point defect fluctuations lead to creep in 
principle, the magnitude of the creep rate is 
next estimated. The creep rate depends on the -
height and frequency of these climb excursions. 
Three methods are developed to estfmate the 
climb frequency versus climb height spectrum. 
A method based on the cascade di ffusion theory 
of Mansur, Coghlan, and Brailsford is developed. 
An important refinement in this method is then 
introduced to account for the randomness of 
point defect absorption from a given cascade. 
A direct geometric method is also developed for 
estimating the climb frequency versus climb 
height spectrum at a random pinning point, 
giving an independent approach to the problem. 
This method gives a lower bound to the expected 
climb height at a pinning point. It Is found 

that climb heights of many atomic distances 
are possible. For typical fusion reactor 
cascades and dislocation densities, such climb 
heights are produced predominantly by cascades 
occurring within tenths of a point defect 
diffusion length of the dislocation (diffusion 
length = sink strength" '-f2 < 10 2 nm for 
reasonable sink strengths). CIis* excursions 
on the order of one atomic distance are found 
to be quite frequent and also to be produced 
by more distant cascades. 

Climb excursions are assumed to lead to 
creep only when they cause the unpinning of the 
dislocation segment. The climb frequency 
versus climb height spectrum is incorporated 
Into a creep model where creep rate is propor
tional to the effective dislocation glide 
velocity. Glide between pinning points is 
taken to be rapid so that the time necessary to 
unpin the segment determines the effective 
glide velocity. The effective glide velocity 
is estimated from the cliab frequency versus-
climb height spectrum, the fraction of climb 
excursions of a given height that lead to 
dislocation unpinning events, and the associated 
glide distance. The fraction leading t o 
unpinning is obtained by assuming that in a 
large ensemble of pinned dislocations there 
wil. be a distribution of dislocation distances 
from the unpinning position ranging from one 
atomic distance to half the obstacle height. 
Thus, cascade-induced climb excursions cause 
unpinning from a fraction of the obstacles in 
the ensemble. It is concluded that creep rates 
of technological significance are produced by 
this mechanism. 

9.1.24 A b s t r a c t of Physical Metallurgy and 
Structural Applications of Ductile 
Ordered Alloys (Ni.Co.FeJjV2" 

C. T. Liu 

Metallurgical and mechanical properties of 
LRO alloys based on the quasi-ternary system 
N1jV-CO}V-Fe3V will be reviewed comprehensively. 
The ordered crystal structure in the (Ni,Co,Fe))V 
alloys, which is characterized by stacking of 
closely packed ordered layers, can b* altered < 
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systematically by control of elect ..n density 
(e/a) in the alloys. As e/a decreases, the 
stacking character changes frost purely hexa
gonal, through different ordered mixtures of 
hexagonal anC cubic layers, to purely cubic, 
'•'artial replacemt.-t of cobalt and nickel with 
irot. Towers the e/a in the allo.s and stabilizes 
tht ordered structure with a cubic stacking 
character {Llz-type). The alloys with multi-
layered hexagonal ordered structure exhitft 
brittle fracture with very little ductility, 
while those with the cubic ordered structure 
are ductile with tensile elongation exceeding 
401 at roam temperature: This is a major 
breakthrough in the design of ductile ordered 
alloys for structural applications. 

Mechanical behavior of these ductile LRO 
alloys will be reviewed with emphasis o.n 
deformation at elevated temperatures. The 
yield strength of the LRO alloys, instead of 
decrc^nq as with conventional alloys, 
ircreases witi> temperature and reaches a 
maximum arounJ T r- ine critical ordering 
temperature 7' » T w f the alloys varies from 
650 to 950'r, dependin-j on the iron concen
tration. The room temperatu.e yield stress is 
independent of quench temperature except in 
the /icinity of T . Calculation of the stress 
ir\;rement suggests that the anomalous tempera
ture dependence of yielding in the LRO alloys 
is caused by a thermally activated process 
rather than a disordering process. 

The LRO alloys exhibit excellent creep 
-es stance; their creep rate is lower t^an that 
i if .ommercial fabricable superallcys by several 
jrders of magnitude. The creep oe'iavior of the 
alloys will be characterized by use of the rate 
equation I » *c n expf-Q/RTJ/Tp""1. All the 
alloy exhibit a sharp drop ir creep rate u ) 
f.ound T as, a result of formation of lonn-
range ordc. The activation energy for creep, 
Q, and flie stress exponent, n, in ordered and 
disordered states will be discussed and com
pared with the predictions from the creep 
models ryarating in ordered alloys. 

Other metallurgical and mechanical properties 
of the LRO alloys which will be discussed 

include microstructural stability, hydrogen 
eabrittlement, fatigue, air oxidation, and 
steam and liquid octal corrosion. The review 
will emphasize correlation of these properties 
with fundamental metallurgical variables in 
these alloys. We will also evaluate the 
potential of developing the LRO alloys as a new 
class of structural materials for high tempera
ture applications. We expect that these ductile 
LRO alloys will contribute significantly in 
the years ahead to more efficient and reliable 
energy conversion systems. 

9.1.25 Abstrcat of Development of Iron-Base 
Long-Range-Ordered Alloys for Fusion 
Reactor First Wall and Blanket 
Applications 2 5 

C. T. Liu 

The structural material used for construction 
o F the f irst wall in fusion reactor systems 
requires good high tempered„.'C nevh^nical 
properties, resistance to radiation-.nduced 
swelling and embrittlement, anc good compati
bility with low pressure hydrogen, liquid 
lithium, and coolants. To meet these require
ments, a wide variety of alloys based on Fe, 
Ni, V, Mo, and Nb are being studied as possible 
candidate materials. LRO alloys are a unique 
vlass of materials with an atomic arrangement 
distinctly different from conventional or 
disoiJered alloys. The solute atoms in LRO 
alloys arrange themselves periodically and form 
an ordered crystal yr. rue ture. The LRO alloys 
offer potential advan^ges over the conventional 
or disordered alloys for high tempr~>ture 
applications. This is because kinetic process,s 
involving solid-state diffusion, such as cre.p 
or migration of point defects, are reduced in 
tne ordered lattice. Also, t,.e unique disloca
tion dynamics of ordered lattices provides the 
LRO alloys with excellent high temperature 
strength and fatigue resistance. The main 
disadvantage limiting the use of LPO alloys is 
their tendency to be brittle 1n the ordered 
state. However, our work on the ordered alloy 
system (FefCo,Ni)3V has overcome this limita
tion. The alloys with controlled ordered 
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structure are ductile with tensile elongation 
exceeding 35: at room temperature. In this 
paper, we report our development of ductile 
iron-base LRO alloys for fusion reactor first 
wall and blanket applications. 

The LRO alloys are prepared based on the 
alloy system (Fe,Ni)3V, containing 30-40$ Ni 
and 22-232 V (by weight'. The base alloys are 
also modified with less than IS Ti for further 
improvement in metallurgical and mechanical 
properties. The alloys can be easily fabri
cated and welded by conventional techniques. 
He found that the phase relation in the LRO 
alloys depends strongly on the nickel concen
tration. The a phase is observed in the alloys 
with lower nickel concentration at temperatures 
a vjve the critical ordering temperature (TJ. 
The formation of a phase in the alloys is not 
desirable, because, in some cases, the reten
tion of the o phase below T lowers the ductility 
and weakens atomic order in the alloys. The a 
phase region can be completely eliminated by 
increasing nickel content to >402. This obser
vation is in agreement with the prediction from 
the PHACOMP procedure, which is commonly used 
to predict the ftability of a phase in super-
alloys. 

Tensile properties of the base and titanium-
modified LRO alloys were de' rmined at room and 
elevated temperatures. The results obtained 
from the bass alloy LRO-20 (Fe-40 Ni-i3 V) and 
the titanium-modified alloy LRO-37 (.-c-40 
Ni-22 v-0.4 7') indicate that the yield strength 
of the LRO alleys increases with test tempera
ture and reaches a maximum in the vicinity of 
1 . As a result the oraerod alloys are much 
stronger than conventional alloys such as type 
316 stainless steel. The ductility of the base 
alloy decreases with temperature and reaches a 
minimum of 14.5£ near T . In comparison, the 
ductility of the titanium-modified alloy is 
much le", dependent on temperature and shows 
only a moderate drop near T , Thus, alloying 
with titanium additions improves the ductility 
of the Iron-base alloys at elevated temperatures. 

The LRO alloys show excellent creep resistance 
and structural stability. Long-term aging at 
500°C does not cause any sign1f1ca.it change In 
the tensile properties of the LRO alloys at 

room and elevated temperatures. Creep properties 
of the LRO alloys were determined as a function 
of stress at 650°C. The creep rate of the LRO 
alloys is lower than that of the annealed type 
316 stainless steel by more than 3 orders of 
magnitude. 

Detailed characterization of irradiation and 
swelling behavior, lithium corrosion, and 
fatigue properties has been carried out at ORNL 
and Rensselaer Polytechnic Institute (RPI). 
The study to date has demonstrated the promising 
metallurgical and mechanical properties of the 
LRO alloys for fusion reactor first wall and 
blanket applications. 

9.1.26 A b s t r a c t of Rapidly Solidified Long-
Range-Ordered Alloys 2 6 

E. S. Lee, C. C. Kuck, C. T. Liu 

The influence of rapid solidification pro
cessing on the microstructure of LRO alloys in 
the (Fe,Co,Ni)3V system has been studied Dy 
TEH. The main microstructural feature of the 
as-quenched alloys was a fine cell structure 
("'300 nm in diameter) decorated with carbide 
particles. This structure was maintained after 
annealing treatments which develop the ordered 
crystal structure. Other features of tS* 
microstructures both before and after annealing 
are presented and discussed. 

9.1.27 Sunmarj of The Effect of Neutron 
Irradiation on the Tensile Properties 
of Long-Rangp-wdered Alloys 2 7 

D. ,7, Braski 

Postirradiation tensile tests were conducted 
on specimens of two different LRO alloys that 
had been irradiated in the Oak Ridge Research 
Reactor (ORR) at temperatures of 250, 350, and 
550°C, to a fluence producing 3.8 dpa and 
19-29 appm He. The irradiation increased the 
yield strength or "hardened" the material, 
while the ultimate strength was decreased at 
all temperatures except 3509C. The ductility 
also decreased at all test temperatures, as 
evidenced by the reduction In uniform elonga
tion and the appearance of areas of intergranular 
fracture in SEM fractographs. The reason for 

http://sign1f1ca.it
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the relatively high ductility of the specimens 
that Mere irradiated im". tested at 350 eC con-
pared to those at either 250 or 550°C is not 

> clear. 

9.1.28 Abstract of The Microstructure of 
Ordered (Co0,78Fejj.22)3V Alloy 2 8 

D. S. Brcski, P.. W. Carpenter, J. Bentlezt 

The (Co c. 7 9Fe 0.22)3 v alloy belongs to a 
class of LRO alloys that is being developed for 
elevated temperature applications. The micro-
structure after quenching and after subsequent 
aging at temperatures between 700 and 800°C has 
been characterized by analytical electron 
microscopy. Short-range-order (SR0) and small 
VC matrix precipitate particles Mere observed 
in the as-quer.ched material. At 700°C VC 
precipitated discontinuousiy in grain boundaries 
and on extrinsic stacking faults. Aging at 
800°C precipitated VC in grain boundaries and 
on extrinsic stacking faults and produced 
intrinsic stacking faults that were precipitate-
free. Ordered domains grew upon aging at rates 
proportional to t1?'"; the activation energy for 
growth was 222 •- 20 kJ/mol. Thermal antiphase 
boundaries (APBs) had isotropic energies and 
(a/2)'110> displacement vectors. Intrinsic an., 
extrinsic stacking faults also serve as APB?, 
with displacement vectors of (a/6)<112> 
<«nd (a/3)<ili>, respectively. Intrinsic faults 
had relatively high APS energies and interacted 
strongly with thermal APBs, while the reverse 
was true for extrinsic faults. Extrinsic 
stacking faults nucleated at VC particles in 
the matrix by punching out (a/2)[0ll] disloca
tions, which dissociated into Frank and Shockiey 
dislocations. The Frank partial climbed away 
from the particle, and growth proceeded via the 
Silcock-Tunstall mechanism of alternate pre
cipitation and climb of the Frank partial. 
Intrinsic stacking faults were also nucleated 
at VC particles, but the perfect dislocation 
around the particle dissociated into two Shockiey 
partials: (a/2)[10!J - (a/6)[112] + (a/6)[211]. 
Then the intrinsic fault grew by glide of the 
outer Shockiey partial. 

9.1.29 Abstract of The Kicrostructure and 
Mechanical Properties of (Co,Fe,Ni)3V 
Long-Range-Ordered Alloys 2 5 

3. S. Bsctiki 

A number of (Co,Fe,Ni) 3V LRO alloys are 
being developed at ORNL for potential use at 
elevated temperatures. The alloys have yield 
strength values that increase rather than 
decrease with increasing temperature, shew a 
high work-hardening rate , and have gocd fatigue 
properties. In addition, they have shown good 
resistance to radiation-induced swelling. The 
LRO alloys have a stable L l 2 ordered structure 
below their c r i t ica l ordering temperatu/es, 
which vary from 700 to 1000°C depending on the 
alloy composition. In general, the alloys have 
low stacking fault energies and fom stacking 
faults quite readily upon aging or with deforma
tion. They contain VC particles which pre
cipitate on grain boundaries, dislocations, and 
stacking faul ts . Both neutron and ion irradia
tion produced in te rs t i t i a l dislocation loops 
(Frank) which were also APBs. The introduction 
of APBs effectively reduced the size of the 
ordered domains. After a 4-HeV nickel ion 
irradiation (70 dpa) with •imultaneous helium 
injection the LRO alloys had considerably less 
swelling than a type 316 stainless steel 
(20% CH) alloy irradiated urder the same 
conditions. 

9.1.30 Abstract of The Resistance of (Fe,Ni) 3V 
Long-Range-Ordered Alloys to Neutron 
and Ion I r rad ia t ion 1 0 

D. .V. Br^aki 

A class of LRO alloys in the (Fe,Ni,Co)3V 
system is being developed at ORNL for possible 
use in future fusion reactors as well as other 
high temperature applications. These alloys 
exhibit high work-hardening rates, low creep 
rates, good resistance to fatigue, and excellent 
strength and ductility from room temperature to 
just below the critical ordering temperature, 
T c (".670-950*0 depending on the alloy). A 
unique property of the LRO alloys is their 
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increase fn yield strength with increasing test 
teaperature. Initial ion bombardment experiments 
on a (Co,Fe)3V alloy indicated that the LRO 
alloys were resistant to cavity swelling. This 
paper describes the effect of irradiation on 
the aicrostructure and other selected properties 
of several (Fe,Mi)3V LRO alloys which are being 
developed for first wall application. Three 
different types of bombarding particles have 
been eaployed for the irradiations: (1) 4-MeV 
nickel ions, (Z) neutrons (ORR), and (3) 60-MeV 
alpha particles. The first two irradiations 
ware used to evaluate the response of aicro
structure and/or aechanical properties to 
irradiation, while the third was an irradiation 
creep experiment. 

The aicrostructures of a number of (Fe,Nih v 

UtO alloys have been characterized before and 
after ion boabardnent which was designed to 
simulate fusion reactor exposure. Displacement 
daaage was produced by 4-HeV ions; heliua and 
deuterium ions were simultaneously injected at 
levels of 8 and 28 appn/dpa. Irradiation 
temperatures ranged from 525 to 680°C. The 
first alloy to be investigated was LRO-16, -
with a composition of 46* Fe, 31Z Hi, and 23X V 
(by weight). Sigma phase formed in LRO-16 
upon quenching from the soljtion-annealing 
temperatures of 1100 to 1200*C Sigma phase 
formation was eliminated in a second alloy, 
LRO-20, by changing the iron and nickel con
centrations to 37 and 40%, respectively. Small 
amounts of titanium (^).4X) were added to both 
LRO-16 and -20 alloys to investigate their 
effect on radiation resistance. The unirradiated 
alloys contained VC particles in the matrix and 
at the grain boundaries. Those alloys with 
titanium additions also contained small amounts 
of a titanium-rich phase. After irradiation to 
70 dpa, faulted interstitial loops, uislocations, 
and cavities were observed in all of the ailoys. 
The dislocation density decreased with 
increasing irradiation temperatures, while the 
volume fraction of cavities, or swelling, 
increased with temperature. All of the LRO 
alloys irradiated below the critical ordering 

temperature of -U>70°C maintained the ordered 
structure and demonstrated good resistance to 
swelling. The values of swelling were always 
less than IS, about half the value measured for 
20% CM type 316 stainless steel irradiated 
under identical conditions. The titanium 
addition reduced swelling for LRO-16 composition 
but had little effect on LRO-20. A redistri
bution of VC occurred during the irradiation. 

Small tensile specimens of LRO-16 were 
irradiated in the 0RR to 7 dpa at temperatures 
cf 250. 350, and 550*C. Postirradiation tenrile 
tests at the irradiation temperature showed 
that the yield strength increased while the 
ultimate strength decreased, uniform elongation 
of 1.15X was measured in specimens irradiated at 
350°C, with lower uniform elongation (<4I) 
observed in specimens irradiated at 550"C. 
Uniform elongation of unirradiated material was 
t28X at these temperatures. SEM fractography 
is in progress. 

Irradiation creep under light ion bombardment 
was measured in one of the titanium-modified 
alloys. The specimen was loaded to a stress of 
200 MPa and bombarded with 60-MeV alpha particles 
at 440 and 540°C. Bombardment at a damage rate 
of <2. x 10~ e dpa/s was continued to a total 
damage level of tO.2 dpa. The measured irradia
tion creep rates were nearly the same as those 
for 20S CW type 316 stainless steel tested 
under similar conditions. 

These preliminary results are encouraging 
and warrant more extensive study of the 
potential of the LRO alloy classes. In addition 
to the attractive mechanical properties of the 
(Fe,W) 3V alloys, they also appear to be resis
tant to radiation damage under conditions that 
partially simulate fusion reactor service. 

9.1.31 Sumary of Effect of Preinjected Helium 
on Swelling and Hicrostructure of 
Neutron-Irradiated Stressed Type 316 
Stainless Steel" 

A, Hiehinuna, J, H. Vltek, J. A. Horak 

In this period, examination was performed on 
pressurized tubes of 225 CW type 316 stainless 
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steel after irradiation at 525 eC. The hoop 
stress was 31.7 KPa and the fluence was 5 x 
10- € n/m2 (>0.1 HeV) producing 23 dpa. Helium 
was preinjected into the center portion of the 
tube specimen to levels of 20 and 60 appm. 

Diameter measurements, which include both 
swelling and creep effects, show that a 20-appm-

CHe preinjected region expanded about 30" less 
than the uninfected regions. For a sample with 
60 appra He, a 602 lower expansion was found. 

The micros true ture of a 60-appm-Hc preinjected 
region shows a bimodal cavity distribution. An 
inhomogeneous distribution of voids less than 
SO nm in diameter is accompanied by a homo
geneous population of tiny cavities, with a 
concentration near 10 2 1 m" 3. In the uninjected 
region, a single distribution of cavities *as 
observed with a number density of about 1 < 
1 0 2 G m~ 3 and an average diameter of about 
iOO ran. Precipitates were observed in both 
regions. Almost all were n phase, with a 
number density of about 5 x 1 0 1 5 m" 2. 

9.1.32 Ahztvaixr of Swelling and Nicke' 
Segregation Around Voids in Electron-
Irradiated Fe-Cr-Ni Alloys 3 2 

A. Hiscinura, -''. YJZZKO'JO, K. Shiraiahi 

The swelling dependence on nickel content in 
Fe-Cr-Ni ternary alloys irradiated by both ions 
and neutrons is well known, but the mechanism 
has not been fully understood. It is shown 
that the swelling in Fe-Cr-Ni alloys is related 
closely to the formation of void embryos with 
strain field contrast due to the segregation 
of solute atoms. In the present work we show 
experimental.y the nickel dependence of the 
segregation and discuss effects of the segrega
tion on the stabilization of the void embryos 
and, also, the nickel concentration dependence 
of the swelling. 

Specimens used in this work were commercial 
austenitic a'.loys containing 12, 35, and 
50 wt % nickel (type 316 stainless steel, 
Incoloy 800, Hastelloy-X) and high purity 
Fe-Cr-Ni alloys (HP12N1, HP35Ni, HP50Nf) in 

which nickel contents correspond to the com
mercial alloys. These alloys were solution 
annealed and irradiated with 1-KeV electrons 
using a high voltage electron microscope (HVEM) 
in the temperature range of 350-600°C to a 
maximum dose of 30 dpa. r-

The void swelling of both commercial and 
high purity alloys decreases with increasing 
nickel content in the alloys. The swelling 
peak temperature in type 316 stainless steel 
irradiated to 30 dpa is about 570°C, and the 
swelling is about 141. On the other hand, the 
swelling in Hastelloy-X is below 21 in the 
temperature range examined and the magnitude 
decreases with increasing irradiation tempera
ture. The swelling in Hastelloy-X compared to 
that of type 316 stainless steel is very small 
at irradiation temperatures above 500°C. 
Similar results were observed in high purity 
alloys of HP12Ni and HPSONi. A swelling peak 
of about 6% was observed in HPI2N1 alloy 
irradiated at 600°C to a dose of 30 dpa, and 
the swelling decreased with decreasing irra
diation temperature. <o swelling was observed 
in the HP50Ni alloy irradiated at temperatures 
above 500°C. Peak swelling smaller than 11 
was observed at 450°C in this alloy. 

Comparing results at 550°C irradiation 
temperature, the void nurser density in 
Hastelloy-X was very small compared to that of 
type 316 stainless steel, but there was no 
large difference in the diameter of voids 
produced in type 316 stainless steel and 
Hastelloy-X. Similar results were also 
observed in high purity alloys; a large number 
of voids of about 1 /. 1 0 1 5 cm"3 and 2 x 1 0 u 

cm"3 were observed in HP12N1 alloys irradiated 
at 500 and 550°C respectively, but no voids 
were observed in HPSONi alloy irradiated above 
500°C. The results show that the nickel 
depenoence of swelling corresponds not to 
average void diameter, but to void number 
density. In other words, the low swelling of 
nickel-base alloys at high irradiation tempera
tures above 500 aC is caused by the small void 
number density produced. 
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field contrast and a snail number of dislocation 
loops Mere seen in HP12Ni alloy irradiated at 
5O0T. in the initial stage ot irradiation. In 
contrast with this, many dislocation loops and 
lines were observed in RP35Ni and fffSONi alloys 
with very few void embryos of the type observed 
in HP12Ki alloy. Similarly, void embryos with 
strain field contrast were seen in type 316 
stainless steel, but not in Incoloy 800 and 
Hastelloy-X. The void embryos in iron-base 
alloys nucleate in the initial stage of 
irradiation and grow to voids during subsequent 
irradiation, without an observed incubation 
period. These void embryos are very stable 
under irradiation and can grow with the help of 
dislocations, which are strongly biased sinks 
for interstitials. On the other hand, the voids 
in nickel-base alloys were observed after a long 
incubation period only when a high dislocation 
density was produced; the incubation dose of 
Hastelloy-X irradiated at 550°C was about 
10 dpa. X-ray analysis results obtained with 
energy-dispersive spectroscopy (EOS) show that 
the strain field contrast around void embryos 
was caused by the segregation of nickel and the 
depletion of chromium. 

The segregation of nickel around the voids 
gives rise to a shell of different properties 
than that of the matrix. These differences 
include the known smaller lattice parameter and 
shear modulus in the shell and possible dif
ferences in the diffusivities and relaxation 
volumes of vacancies and interstitials in the 
shell as compared to the matrix. It is hypo
thesized that these combined differences between 
the shell and the matrix give rise to an energy 
barrier that the point defects must overcome to 
be incorpor»te6 into the void. The net effect 
is that the energy barrier is larger for inter
stitial s tnan for vacancies, so that the bare 
void, which has a preference for interstitials, 
when surrounded by a shell takes on a preference 
for vacancies. 

From these results, the small swelling in 
nickel-base alloys compared to that in Iron-base 

«ilujr> i s attributable lit UK w i n ntid niOToer 
density. TCt void number density depends on the 
stability of void embryos under irradiation. 
The stability is caused by nickel segregation, 
which easily occurs in iron-base alloys and 
becomes increasingly difficult with increasing 
nickel content in Fe-Cr-M alloys. 

9.1.33 Abstro:i"of High Temperature Fatigue 
Behavirr of Unirradiated V-15 Cr-5 Ti 
Tested in tfaom33 

K. C. Liu 

for some fusion reactors which operate in a 
pulse node, cyclic fatigue and crack growth may 
limit the service life of the first wall com
ponent. Refractory metal alloys would reduce 
these limitations, because of high temperature 
strength, good thermal conductivity, compati
bility with liquid metal coolants, and apparent 
resistance to radiation damage. The thermal 
stress resistance, which is a function of 
thermal conductivity, thermal expansion co
efficient, Poisson's ratio, modulus of elasticity, 
and yield strength, is generally several times 
better than stainless steel. This would allow 
higher operating temperature and therefore take 
advantage of increased thermal conversion 
efficiency or higher-wall loading. Offsetting 
these advantages are high costs, lack of pro
duction capacity, environmental effects, and a 
limited database. 

Candidate refractory metal alloys for fusion 
first wall application include V-15 Cr-5 Ti. 
This paper reports limited results of in-vacuum 
fatigue tests on this alloy at room temperature, 
550°C, and 650°C. Miniature hourglass specimens 
with a gage diameter of 3.IB mm were used. The 
material was annealed 1 h in vacuum at 1200"C 
before machining, to produce an average grain 
size of ASTM No, 7, The specimens were stress 
relieved for 0.5 h at 1200*C after machining. 

Tests were performed on a servocontrolled 
hydraulic testing system equipped with a vacuum 
chamber capable of pressures below 10" 5 Pa, 
Specimens were heated by an induction heater, 
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aaifttaining temperatures within -2"C of the 
test temperature during the tes t . A diametral 
e*tensometer was used, but axial strain calcu
lated via a strain computer was used for 
machine control. A fully reversed triangular 
wave function beginning with compression was 
deployed at a strain rate of 4 x 1 0 - 3 s"1 

for al l low eye 11* te s t s . High cycle testing 
was conducted in i t ia l ly in strain control but 
switched to load control after stable, 
essentially e last ic cycling was established. 

Results were obtained by in-vacuum fatigue 
tests on V-I5 Cr-5 Ti at room temperature, 
550-C. and 650"C. The data indicate that a 
power law relation between the total strain 
raege and cycles to failure i s appropriate. 

A room temperature test conducted at a 
strain ran-* of 0.61 was discontinued after 
2 / If/- cycles; apparently this strain range 
was below the endurance lim't at this tem
perature. All tests at rocra temperature 
demonstrated iKonotenic cyclic hardening as the 
riwPker of cycles increased, whereas at 6S0'C 
soce stress range stabi l i ty was noted after 
init ial hardening occurred. 

The vanadiiim alloy data were compared to 
r e c . t l y obtained vacuum fatigue data >n 20- CW 
type 316 sta'nless. steel tested at 430'C. The 
vanadius alloy data fel l within the scatter 
band of stainless steel data in the low cycle 
range ( l i f e below 5 / 10"). However, at 
strain ranges below 0.3-. the vanadium alloy 
exhibited superior fatigue behavior ir com
parison to the stainless s tee l , which in 
earlier tests showed an apparent endurance 
limit at 0.35 strain. The endurance limit 
strain range for V-15 Cr-5 Ti tested at 650C 
appears to be about a factor of 2 greater man 
this value. 

Investigations at high temperature in the 
range below Q.9i strain are continuing. On the 
basis of existing data and the extrapolation, 
i t appears that this alloy has potential value 
for fusion reactor applications. However, no 
conclusion can be made until more high tem
perature data become available for further 
evaluation. 

9.1.3C Azczrxcz of High Temperature Corrosion 
in Energy Systems^ 

5. A. Szzz, «'. S. DeYcx, 2. t. Douglaes, P. C. 
Sordid, F. S. Pezzi;, D. ?. Vkiz-le 

At high temperatures, particularly in 
response to the unique environments associated 
with the conversion or combustion of fossil 
fue l s , further fundamental studies of alloy 
reactions with mixed gaseous oxidants are 
required. Thermodynamic, phase equilibria, and 
diffusion data are lacking in part, and isotope 
and tracer studies have not been forthcoming. 
Corrosive thin films of salts and slags on the 
hardware of gas turbines, heat exchangers, ft-1 
c e l l s , and batteries cause an accelerated "hot 
corrosion." Thin film electrochemical studies 
for simple salts and alloys, and supporting 
thermodynamic studies (solubil i t ies of scl ids 
and gases in sa l t s ) , are required to understand 
the corrosion mechanism. The effects of 
several trace gaseous impurities (particularly 
chlorine), both on the growth and damaging of 
protective oxide scales and on the degradation 
o f alloy mechanical properties, should be 
studied. High resolution, in situ SEK studies 
could prove fruitful in clarifying uncertain 
scale growth mechanisms. 

New protective coating compositions must be 
found for specific corrosive environments, and 
pore reliable but less expensive coating 
nethods are required. Factors critical to the 
adhesion of oxide scales ( e .g . , -Al^Oj and 
Cr.Oj) on alloys and tne effects of trace 
alloying elements or dispersed second phases on 
s:ale adherence deserve further attention. The 
effect on gas alloy attack of solid deposits, 
either reactive or relatively inert, should be 
examined. Electrochemical studies should be 
made of alloy corrosion in deep salt melts or 
slags, where the gaseous environment is remote 
from the alloy surface. The role of grain 
boundaries in corrosion product scales as 
short-circuit transport paths for the outward 
diffusion of metal and the inward ingress of 
oxygen, sulfur, and carbon needs t<> be c lari
fied. Erosion-corrosion Interactions should be 
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stutMid, with attempts to define the types of 
coatings that are most resistant to such 
conditions. Particularly in solar applications, 
the role of thermal cycling and cyclic stressing 
on high temperature scaling (corrosion fatigue) 
needs to be studied. New methods for the 
•onitoring of the concentrations of corrosive 
components, particularly sulfur and chlorine, 
in gaseous and fused salt environments require 
development. The influences of temperature 
gradients and heat fluxes on material com
patibility, redistribution of chemical com
ponents:, and properties of corrosion product 
layers need further study. High temperature 
corrosion-resistant alloys excluding the 
strategic metals chromium and cobalt need to be 
developed. 

.0 9.1.15 Abstract of The Sputtering Yield of 
Polycrystalline Materials 3 5 

P. P. T^i-torelli, C. «T. Altstetter 

Measurements Mere made of the sputtering 
yield of polycrystalline niobium due to 15-keV 
argon ion bombardment. The cyrstallographic 
orientations of individua' grains were care
fully surveyed using selicted area electron 
channeling patterns. It k'S demonstrated that 
the average yield behavior could be calculated 
from theory, provided allowance was made for 
ion channeling. The method for calculating 
yields can be applied to any combination of 
ion-polycrystalline target material provided . 
the distribution of grain orientations (texture) 
is known. 

9,1.36 Abstract of Corrosion and Compatibility 
Considerations of Liquid Metals for 
Fusion Reactor Applications36 

P. P, Tortorelli, 0. K. Chopra 

Liquid metals have several potential appli
cations in proposed fusion energy systems. 
Alkai' metals, such as sodium and lithium, are 
eft ,'cfeni heat transfer media because of their 
excellent thermal transport properties, that 
is, their high thermal conductivity and heat 
capacity and the temperature range over which 

they are liquid. The tritium breeding prop
erties of lithium make it especially attractive 
for applications in fusion reactors operating 
on the D-T cycle, while liquid lithium 'Hoys, 
namely, Pb-Li eutectic and Li-Bi-Pb, provide 
tritium breeding as well as neutron multipli
cation. Finally, liquid metals such as lead 
or bismuth can be used for neutron multipli
cation in conjunction with solid tritium 
breeders. 

The potential uses of liquid metals and 
alloys as a coolant and/or tritium breeding 
fluid, or as a neutron multiplier, require an 
evaluation of their compatibility with the 
containment material under conditions of 
interest for fusion reactors. The containment 
material must maintain its structural integrity 
under conditions of large temperature gradients, 
severe thermal cycling, and intense irradiation. 
In liquid metal heat transport systems, 
dissolution of the structural material results 
in mass transfer and deposition of corrosion 
products in the cold regions of the loop with 
consequent heat exchanger fouling, flow 
restrictions, m d other related problems. The 
compositional and microstructural changes due 
to selective dissolution and intergranular 
corrosion can lead to degradation of the 
material. 

This paper reviews the current understanding 
of the corrosion, chemistry, and environmental 
effects on materials behavior associated with 
the use of liquid metals in fusion reactors 
and is primarily concerned with chemical 
compatibility and the influence of fusion-
related liquid metals and alloys on the 
mechanical properties of structural materials. 
The mechanisms and kinetics of the corrosion 
processes in liquid systems are examined and 
their influence on material degradation is 
discussed. Compatibility concern arising 
from use of lead or bismuth are reviewed 
relative to fusion applications, A brief 
overview of other possible problems related to 
the use of liquid metals in fusion reactors, 
such as the compatibility of a lithium or 
lithium alloy breeding fluid with water or 
other coolants, is also presented. 
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3.1.37 Abssross of Effector irictei 
Concentration on the Hass Transfer of 
Fe-Ki-Cr Alloys in Lithium37 

?. F. Toriorelli, J. E. De'-'an 

Because of its excellent heat transfer 
properties and its ability to generate tritium 
through'interactions with fusion-produced 
neutrons, molten lithium has been considered 
as a coolant and/or tritium breeding fluid in 
fusion reactors. It is therefore important to 
Ciarscterize the corrosion resista.ice of 
potential containment materials to circulating 
lithium. Of concern is the loss of structural 
integrity by lithium dissolution and the 
possible restriction of flow by mass transfer 
deposits. To this end, thermal convection 
loops were used to study the corrosion and 
mass transfer of selected Fe-Hi-Cr alloys in 
slowly moving lithium (v20 mn/s). Data were 
obtained for three alloys with different 
Fe-Hi-Cr ratios: type 316 stainless steel and 
two fusion developmental alloys composed of 
64 Fe-25 ..i-10 Cr-1 Ho (wi Z) and 56 Fe-30 
Si-12 Cr-3 Ho (wt ".). Coupons of all three 
alloys were exposed to lithium flowing between 
500"C and approximately 325°C. The type 316 
stainless steel specimens were enclosed in a 
loop fabricated of type 316 stainless steel, 
while the specimens of the other two alloys 
were inserted side by side into an alloy 
800 [46 Fe-32 Ni-21 Cr jwt %)] loop. Both 
loops operated for approximately 3000 h. 
Comparison of the weight losses of the coupons 
in the dissolution zones of these loops 
indicated that the corrosion rates were 
directly proportional to the nickel concen
tration of the respective alloys. For example, 
the weight loss rate at 500*C of type 316 
stainless Heel (12% Ni) was 3.8 mg/m2'h, and 
that of the 25% and 304 nickel alloys was 7.9 
and 11.6 mg/m2-h, respectively. Metallographic 
examinations of selected loop coupons showed 
that the type and extent of attack on the two 
higher nickel alloys were similar to those on 
type 316 stainless steel despite their higher 
dissolution rates. All three alloys exhibited 

porous near-surface layers that were between 
15 and 20 m in depth. The layers were 
produced by the selective removal of chromium 
and nickel with concomitant enrichment of 
iron. It appeared that the enhanced weight 
loss of the 302 nickel allay, relative to the 
255 nickel material, could be correlated with 
a higher volume fraction of porosity, thereby 
suggesting that the higher the starting nickel 
content of the alloy, the creater the volume 
of nickel removed from the alloy by the 
lithium. ._,.. 

The average near-surface concentrations of 
the major elements of the coupons in the alloy 
800 loop were determined by x-ray fluorescence. 
These results SNMCU » a t the degre" of nickel 
and chromium depletion increased with increasing 
temperature in the loop's hot leg. with an 
average surface layer concentration of about 
3. nickel at 500°C for both alloys. 

The observed corrosion effects are related 
to the respective tendencies for chromium, 
nickel, and iron to dissolve and deposit in 
the presence of a thermal gradient in a molten 
lithium system. The results from this study 
indicate that the corrosion rates in lithium 
of Fe-Cr-fii alloys containing >25X nickel are 
significant at SOO'C. However, any benefits 
of improved corrosion resistance gotten from 
reducing the nickel concentration of an alloy 
must be compared with effects on other im
portant material properties, such as strength 
or resistance to neutron radiation damage. 

9,1.38 Abstract of Corrosion of Type 316 
Stainless Steel in Holten LiF-UCl-UBr3e 

P. P. Tcrtorelli, J. H. DeVco:, J. R. Keiser 

A LiF-LiCl-LiBr salt has been proposed as 
a solvent for extracting tritium from a lithium 
blanket. The salt is directly contacted with 
a side stream of lithium, separated, and 
processed to remove the extracted tritium. 
Consequently, the corrosion of type 316 
stainless steel by flowing (about 15-mm/s) 
liF-UCl-LIBr was studied to determine whether 
compatibility with the structural material 
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wald be limiting in such a system. The 
studies Mere conducted in a thermal convection 
loop designed .to allow specimens of the steel 
to be cycled in and out of both heated and 
cooled legs without severely disrupting the 
flow of the salt. Loop operation was ter
minated after rare than 8000 h of coupon 
exposure to LiF-LiCl-LiBr flowing between 540 
and 470 CC. The corrosion rate up to about 
2700 h was low: 1.6 mg/n2-!* (yZ em/y)L At 
that tine 0.8 g of lithium Metal was added to 
6.5 kg of salt in the loop to simulate pro
cessing conditions, and the weight loss 
increased dramatically during the next few 
hundred hours. This can probably be attributed 
to free litoiur in the loop acting as a mass 
transport rcnicle rather than to an effect of 
lithium on the corrosion behavior of the salt. 
The effect was temporary, however, and after 
m additional 1500 h the corrosion rate 
decreased to 0.4 mg/i^-h (M).5 ym/y). 

Oetails of the change in weiyht loss 
behavior were correlated with changes in the 
salt chemistry using controlled potential 
vol tametry. MicrostrueturaT changes of the 
near-surface regions of exposed coupons were 
characterized by optical metallography and 
electron microprobe analysis. 

The results from this study indicate that 
type 316 stainless steel has a low corrosion 
rate {<2 un/v) in slowly flowing LiF-LiCl-LiBr. 
The effect of free lithium in the salt is to 
increase the dissolution rate so that it is 
nearer to that of type 316 stainless steel 
exposed to flowing lithium. At the proposed 
operating temperature (<5003C), however, it 
appears that type 316 stainless steel has 
acceptable compatibility with the tritium 
processing salt LiF-LiCl-LiBr. 

9.1.39 Abatraat of Corrosion Inhibition in 
Systems of Lithium with Nickel-Bearing 
Alloys" 

?. P. Tortoraili, •*• H. OcVan, J. E. Zellc, 
H. D. Upton 

Molten lithium, which is being considered 
for use as f tritium breeding fluid and/or 

coolant in fusion reactors, could dissolve 
enough of the first wall that loss of struc
tural integrity and flow restrictions by mass 
transfer deposits could become serious problems 
during the reactor lifetime. Nickel-base 
alloy 600 corroded much more rapidly in 
lithium than type 316 stainless steel. 
Adding about 52 aluminum to the lithium before 
testing dramatically reduced the corrosion. 
The aluminum in the lithium reacted with the 
nickel in the alloys to form a surface inter-
metallic layer that was significantly more 
corrosion-resistant than the original material. 
Such a procedure decreased the maximum corrosion 
rate of type 316 stainless steel at 600°C in 
flowing lithium by a factor of 5 and also 
. inhibited the dissolution of alloy 600 in 
static lithium between 500 and 700°C. Tests 
with type 316 stainless steel in static 
lithium defined the dependence of the aluminum 
reaction on time and temperature. In addition, 
silicon and possibly manganese could be used 
as corrosion-reducing additives. This method 
of corrosion inhibition is particularly 
attractive because of its ease of implementation 
since the reaction layers can be produced 
in situ. 

9.1.40 Abstract of Compatibility of Fe-Cr-Mo 
Alloys with Static Lithium1'0 

P. F. Tortorelli, J. H. ueVsr., R. K. 'ioneo 

The interactions between Fe-Cr-Mo alloys 
(21, Cr-1 Mo steel and Sandvik HT9) and static 
lithium were studied by means of weight 
changes, tensile properties, carbon concen
trations in the lithium, and optical metallog
raphy. The principal result of such exposures 
was decarburization of 2'« Cr-l Mo steel by the 
lithium, particularly at the highest exposure 
temperature (600°C). A higher chromium 
content (11.3*) steel, HT9, did not decarburize 
under similar 500°C exposure conditions. In 
addition to chromium content of the steel, 
carbon transfer was found to depend on the 
exposure temperature and the steel's initial 
heat treatment (that is, the relative stability 
of the carbides in the steel). Exposure of 



2-s Cr-I No Jteel to Li-5 Al resulted in a loss 
of the steel's tensile ductility. 

9.1.41 Abstract of Chei.ical Aspects of 
Controlled Nuclear Fusion*1 

J. h. teVan, H. P.. ZhU, C. F. RrigHi -. H. P.. 
KCKSichi, V. A. Hsroni, S. Sasu, J. D. 
Ssifrszil, E. Both 

The current status of fusion chemistry was 
reviewed and priorities were identified for 
future work related to chemical aspects of 
fusion technology. The highest priority will 
be given to woric ;n support of the International 
Tokamak Reactor (IKTOR) program- This work 
should include ceramic breeder development, 
the technology of coolants for the breeder, 
and chemical aspects of plasma-first wall 
interactions and hydrogen-materials inter
actions. Priorities for longer-term objectives 
were al<o considered. 

- 9.1.42 Abj:rsat of Damage S* «*cture in Nimonic 
PE16 Alloy Ion Bombarded to High Doses 
and Gas Levels*2 

ym F<j.7*^c I Z .7. .V. F^y^jiK 

The Nimonic PE16 alloy in solution-treated 
and aged condition was bombarded simultaneously 
with nickel ions and alpha and deuteron beams 
at 625'C to doses of 80-313 dpa at He/dpa = 10 
and 0/doa = 25. Kicrostrutt'ral changes 
consisted of the introduction of dislocations 
and of cavities and the redistribution of , ' 
precipitates to these defects. Cavitational 
swelling remained below U. Cavities were 
represented by several distinct size classes, 
the smaller ones believed to be gas bubbles 
and some larger ones associated with preferred 
growth of precipitates. Formation of bubbles 
at grain boundaries and large cavities at 
incoherent twins intensified the possibility 
of mechanical separation of interfaces under 
hign gas irradiation conditions. 
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9.1.43 Abstract of Tensile Properties and 
Kicrostructure of Helium-Injected 
and Reactor-Irradiated V-20 Ti" 3 

X. P. Tanaka, E. c- Bloca, J. A. Screak 

Aoong the refractory metals, the alloy 
vanadium-20% titanium (V-20 Ti) is one of the 
potential candidate Materials for fusion 
reactor structural components. This alloy is 
highly resistant to neutron damage, maintains 
good mechanical strength at temperatures to 
about 700"C, and is compatible with lithium. 
Major questions relating to the use of this 
alloy as a fusion reactor structural material 
include the effect of helium, transmuted by an 
intense hijh energy neutron flux, on the 
ductility and the swelling. 

Sheet specimens of ¥-20 Ti were injected 
with alpha particles at the Oak Ridge Iso
chronous Cyclotron (ORIC) to helium contents 
of 90 and 200 appm. After the injection, the 
tensile specimens were irradiated in row 7 of 
EBR-II to a fluence of about 3 x 1 0 7 6 n/m2 

(>0.1 KeV), corresponding to abo :t 17 dpa, at 
temperatures of about 400, 575, and 700°C, 
either in static sodium or in helium. After 
neutron irradiation, the microstructures were 
characterized by TEH; tensile tests were 
conducted at the respective irradiation tem
peratures and fracture surfaces were examined 
by SEH. 

The following observations have been made. 
(1) Above 600:C the ductility was reduced by 

helium; the reduction becomes larger with 
increasing helium content. 

(2) A further reduction in high temperature 
ductility occurred following neutron 
irradiation; above dbout 600°C, the 
fracture mode become; intergranular. The 
degree of embrittlement and intergranular 
fracture again depended on the amount of 
injected helium. 
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(3) Cavity formation Mas observed in pre-
injected and irradiated specimens. No 
cavities Merc observed in uninfected 
control specimens except for the specimen 
which was irradiated at 400 CC. 

(4) The size and number density of cavities 
depended on the amount of injected helium. 

The results show a clear effect of helium 
on the evolution of the daaage microstructure, the 
temperature dependence of swelling, and the 
high teaperature ductility and fracture Mode of 
the V-20 Ti alloy. Transmutation-produced 
heliun can be expected to play a Major role in 
the irradiation behavior of this and similar 
alloys in the fusion environment. 

9.1.44 Statuary of Effect of Heat Treatment 
Variations on 9 Cr-1 ItoVNb and 
12 Cr-1 H b W Ferritic Steels*" 

.'. If. ViUk, S. I. Klueh 

The effects of variations in the heat treat
ment of 9 Cr-1 MoVNb and 12 Cr-1 NoVH have 
been evaluated. Dissolution of carbides 
during austenitization was found to be some
what faster in 9 Cr-1 NoVNb than in 12 Cr-
1 KoVW. The effect of cooling rate after 
austenitization was strongly dependent on the 
austenitization time and temperature. The 
9 Cr-1 MoVNb alloy structure was found to be 
more sensitive to cooling rate than the 
structure of 12 Cr-1 HoVW, Under some cir
cumstances, furnace cooling of 9 Cr-1 MoVNb 
after austenitizing resulted in a ferrite plus 
carbide structure rather than a martensite 
lath structure, and in addition the carbide 
was not the sane as that fonned during tempering. 
The precipitation reactions in both alloys are 
essentially complete after tempering 1 h at 
650"C. In 12 Cr-1 MoVW the principal carbides 
are chromium-iron-rich *2jC 6

 8n<* vanadium-rich 
MC, whereas those in P Cr-1 MoVNb were chromium-
iron-rich KjjCg and niobium-vanadium-rich MC. 

9.2 IRRADIATION EXPERIMENTS 
9.2.1 Abstract of Radiation Facilities for 

Fusion Reactor First Wall and Blanket 
Structural Materials Development1*5 

5. L. Klueh, E. E. Bloom 

Present and future irradiation facilities 
for the study of fusion reactor irradiation 
damage are reviewed. Present studies are 
centered on irradiation in accelerator-based 
neutron sources, fast- and mixed-spectrum 
fission reactors, and ion accelerators. The 
accelerator-based neutron sources are used to 
demonstrate da*age equivalence between high 
energy neutrons o.Td fission reactor neutrons. 
Once equivalence is demonstrated, the large 
volume of test space available in fission 
reactors can be used to study displacement 
damage and, in some instances, the effects of 
high helium concentrations on properties. Ion 
bombardment can be used to study the mechanisms 
of damage evolution and the interaction o f 

displacement damage and helium. These techniques 
are reviewed, and typical results obtained from 
such studies are examined. Finally, future 
techniques and facilities for developing damage 
levels that more closely approach those expected 
in an operating fusion reactor are discussed. 

9.2.2 Abstract of Neutronics Calculations 
for the Conceptual Design of an In-
Reactor Solid Breeder Experiment, 
Tn'o-01"6 

B. L. ChiW.a, T. A. Gabriel, R. A. Lillie 

Neutronics calculations have been performed 
to obtain tritium production and heat generation 
rates for the irradiation of solid tritium 
breeding materials in the ORR. Two breeder 
material*, li 20 and L1A102, were considered, 
Burnup calculations were performed to estimate 
the amount of *L1 present as a function of 
time. 
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9.2.3 Abstract of Spectral Tailoring for 
Fusion Radiation Damage Studies: 
Where Do He Stand?''7 

r. A. Gabriel, 3- A. Lillie., K~ Thoas, R. L. 
Childs 

The radiation damage of the first wall of a 
0-T fired fusion reactor is one of the quan
tities limiting the feasibility of these 
machines. The damage parameters of interest in 
this paper are the dpa and helium production 
Uppm) levels. Tor a type 316 stainless steel 
first wall and a 14-tteV neutron wall loading 
of 1 Ku/m?, the anticipated annual levels for 
these parameters are 10 and 140. respectively, 
for a typical fusion device. Since there 
currently exist no experimental data that 
represent these damage levels, the purpose of 
this work is to present a method that is being 
used to yield in real time the necessary damage 
information. 

Fourteen-HeV neutron generators can yield 
the correct He/dpa ratio, but the time frame to 
obtain the high dpa and gas production levels 
precludes total reliance on data obtained in 
this fashion. Also, the amount of irradiated 
material tends to be quite limited. Fast 
reactors can yield in short times high dpa 
levels for large samples, but only low helium 
production levels via direct fast neutron 
interactions. Thermal reactors can also yield 
high dpa levels in large samples and, if the 
alloy under consideration contains nickel, 
high gas levels via the thermal r.ujtron 
reactions 

Ni 5* + n t h - N i " ; N i 5 9 + n t h - Fe f f + .-, 

are obtainable. Therefore, if some control 
over the thermal and fast flux can be accom
plished, thermal reactors may be used to 
irradiate nickel-bearing alloys to obtain 
within a reasonable time frame the desired dpa 
and helium production levels. 

The ORR Is currently being used to irradiate 
an experiment (MFE-4A) containing type 316 

stainless steel (aid PCA). The anticipated dpa 
and helium production levels are expected to 
closely resemble fusion reacto- levels. As of 
August 26. 1980. 1.1-dpa and 3.3-appm-Ke levels 
were reached. 

During the initial phase of irradiation, 
increased thermal fluxes and decreased fast 
fluxes are required to initiate the two-step 
alpha production reactions and to reduce the 
dpa rate, respectively. These spectral changes 
are being accomplished by using an ORR core 
piece around the experiment which is 632 water 
and 37t aluminum. During later irradiations, 
the core piece will be 1005 aluminum so that 
the two-step alpha production rate can be 
reduced and the dpa rate increased. Eventually; 
larger reductions of the thermal flux (up to 
852 of normal} and increases in the fast flux 
wiJl be necessary. These changes will be 
accomplished by surrounding the samples with 
various thicknesses of hafnium, which Has a 
large thermal neutron capture cross section, 
and oy increasing the average fuel loading 
around the experiment. 

By March 31. 1982, the samples will have 
reached the 10-dpa and 140-appm He levels and 
some samples will be removed for analysis. The 
remaining samples plus some additional samples 
will be returned to the reactor for more 
irradiation. It is currently hoped to irradi
ate the samples to at least the 50-dpa and 
700-appm-He levels. 

9.2.4 A b s t r a c t of Simulation Irradiation 
Studies on Iron1*8 

E. KuranotOj N. YosHda, S. fsukuda, K. Kitajima 
II. H. Paakan, 14. B, Levis, I. K. Mansur 

Four-HeV nickel ion irradiation was per
formed for pure ' on up to 50 dpa between 350°C 
and 500aC with «no » ^iout simultaneous belfti"* 
ion injection to simulate and understand the 
fundamental irradiation behaviors of ferritic 
stainless steels in fusion environment. 
Results were compared with those from electron-
(HVEM), neutron-, and proton-Irradiated pure 
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iron specimens. Voids were observed in nickel-
ion-irradiated iron at 450°C and 500°C for both 
single and dual beam irradiation, but no voids 
were observed at 350°C and 400°C- A number of 
small vacancy type dislocation loops were 
observed at 350°C and 400°C especially along 
dislocation lines. It is considered that these 
small loops are tightly connected to cascade 
formation and contribute to suppress void 
formation at low temperatures. 

9.Z-5 Abstract of Effects of Pulsed Dual 
Ion Irradiation on Kicrostructural 
Development"' 

S. S. Pashm 

The effect of pulsed irradiation on the 
development of microstructure during nickel ion 
b mbardment has been investigated in a simple 
au„tenitic alloy similar to type 316 stainless 
steel. Bombardment conditions were 10 dpa, 
940 K, pulsing with equal on/off times of 
either 0.5 or 60 s, and the addition of 20 appro 
He/dpa to some specimens either by room tem
perature preimplantation or by dual beam 
coimplantation. Particular care was taken to 
minimize thermal pulses from beam heating (to 
<2°C). The results show that pulsing has a 
subtle influence, and the effects on specific 
cavity parameters are complex. Pulsing pro
duced a small increase in swelling in the 
helium-free case, but a slight decrease for 
helium-implanted specimens, and i t seems to 
have counteracted the usual stimulative effects 
of helium on cavity nucleation. An assessment 
is made of the often conflicting observations 
in the literature; there is a need for further, 
well-controlled experiments. 

9.2.6 Abstract of The Production Rate of 
Helium During Irradiation of Nickel 
in Thermal-Spectrum Fission Reactors50 

P. W. Wiffen, E. J. Allen, H. Parrar IV, 
E, B. Bloom, T. A. GabHel, H. T. Kerr, 
P. G. Perey 

For alloys with nickel as a major component, 
irradiation in mixed-spectrum fission reactors 

produces a range of displacement damage and 
helium levels that can overlap a large part of 
the range calculated for fusion reactor service 
conditions. Irradiations in the HFIR have 
produced a data set adequate to define equations 
that give the total helium production. The 
data are for total neutron fluences of 0.09 to 
3.09 x 10 2 7 n/m2, yielding helium contents of 
34 to 610S appm. The primary source of helium 
is the reaction sequence with thermal neutrons: 

5 s Hi(n , T ) S 9 Mi ; «Ki(n, t t }- fa . 

Examination of the available cross sections 
for these reactions and for other reactions 
that compete for s e Hi and 5 9 Hi showed that the 
data are best f i t when the 2200-m/s cross c 

section for the second reaction is 11.60 ± T.06 
bam. The resulting helium protection equation 
is: 

NTKî 56) = 0.12608 - 0.13272 exp(-4.6* t) 

+ 0.00664 exp(-92« t) , 

where * t is the conventional 2200-m/s fluence 
of thermal neutrons, in units of neutrons per 
barn. This equation also gives a good f i t to 
available experimental data from the literature. 

9.2.7 Sumnry of Experiment Hfln-Mft-Tj for 
Low Temperature Irradiation of Minia
turized Charpy V-Jtotch Specimens of 
riickel-Dooed Ferritic Steels5 1 

J. iV. Vitek, J, U. 'iloods 

The HFIR-MFE-T3 experimental capsule is 
described. This experiment consists of miniature 
Charpy V-notch specimens of 12 Cr-1 MoVW and 
12 Cr-l MoVH-2 Ni alloys. The different levels 
of nickel will result in different helium 
levels generated during irradiation and thus 
will allow for an evaluation of the effect of 
helium on impact properties. Irradiation of 
the capsule has started with projected fluence 
at midplane that wilt produce 10 <ipa expected 
by January 1982. 
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9-Z.L SMWTICK. cf Experiw.-.ts -\FIR-MFE-RB1, 
-RB2, and -RB3 for LOW Temperature 
Irradiation of Path E Fe.-ritic Steels 5 2 

.". ".. Vizek, J. Si. Wscis 

The HMR-MFE-BB1, -RB2, and -RB3 experiments 
are planned for low temperature irradiation of 
3 variety of specimen type, of ferritic steels 
to approximately 10 and 20 Z?*. The final 
specimen Matrices for RBI and RB2 ire given, 
a'ong »ith a preliminary matrix for RB3. Also 
given are details on the alloys included and 
their conditions. Assembly of the RB 1 and RB2 
capsules is presently under :<*y. Irradiation 
of the RBI capsule was pUnned to start in 
November 1981, and irradiation of RB? is 
expected -J begin about Jar.uary 1982. 

9.2.9 Alr-'-vart c; i-'ssion-r'jsion Correlations 
for Swelling ^na Hicrostructure in 
Stainless Steels: E.'fect of the Helium 
to Displacement Per Atom Ratio 5 5 

The initial irradiated structural materials 
database for fusion applications will be 
developed irt fission reactors. Hence, these 
data may nt»d to be adjusted using physically 
based procedure! tj represent behavior in 
fusion environments, viz., fission-fusion 
correlations. Such correlations should reflect 
a sound mechanistic understanding and be 
verified in facilities which m e t closely 
simulate fusion conditions. I.i this papet we 
review the effects of only one of a number of 
potentially significant damage variables, '•he 
helium to dpa r-"tio, on microstructural evolution 
in austenitic stainless steels. Dual ion and 
helium prediction data ar^ analyzed to 
provide mec'ur.istic guidance; these results 
appear to be qualitatively consistent with a 
more -failed comparison made between fast-
>pect-'m (EBR-II) and mixed-spectrum (riFIR) 
neutron data for a single boat of 20, Cw type 
316 stainles* steel, Tne.,e two fission environ
ments bound tiis'in Ho/dpa ratios. A model 
calibrated to tr.* ''fssion reactor data is used 
to extrapolate to fusion conditions. Both the 

theory and broad empirical observation suggest 
that He/dpa ratios have both a qualitative and 
quantitative influence on microstructural 
evolution and that the very high m d low 
ratios found in HFIR and E8R-II may not result 
in behavior which brackets intermediate fusion 
conditions. 

9.3 DAMAGE ANALYSIS Ahu 0OSIHETRY: ABSTRACT 
OF THE REFLECTION OF LOU ENERGY HELIUM 
ATOMS F<*0K TUNGSTEN SURFACES5-

. The interactions of I"«w energy ions with 
solid surfaces play an important le in 
divertor design and performance well :-s in 
othe" areas of fusion technology. Experimental 
information is very diffic-ut to obtain because 
most backscattered p*.ticlns are neutral. 
Consequently, Lo.oiderable reliance has been 
placed on calculations to supply the needed 
information. A small amount of experimental 
information has recently become aval'able on 
the interactions of 3He and wHe ion; 'ith 
inonocrystaliine tungsten targets at energies 
be'ow 1.5 keV and, in some cases, below 100 eV. 
The availability of these data inspired the 
present computations 

The trajectories of incident helium ions, 
slowing down in tungsten crystals, were con
structed in the binary collision approximation 
(BCA) using the computer code MARLOWE version 
11.5). The atomic scattering was based on the 
Moliere potential with the Firsov screening 
length. Inelastic energy losses proportional 
to the particle velocity were based on the 
nonlocal LSS itodel. The incident particles 
were considered to be stopped when their 
kinetic energies fell below a value E c , except 
for those particles colliding near the surface. 
Thee were followed bel'jw E until they either 
escaped the targe* nr turned inward. Changing 
E c from 5 eV to 2 eV produced insignificant 
changes in the results for incident kinetic 
energies greater than about 50 eV. Only below 
3C eV were significant .lumbers of particles 
emitted with kinetic energies of 'I,. Results 
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below 100 eV are based on sets of 5000 incident 
particles uniformly distributed over the 
target surface; above 100 eV, 1000 particles 
were used. Several studies were made of the 
differences between 3He and "He ions, but only 
a snail isotope effect was found. Although the 
inelastic stopping coss section of 3He is IT* 
greater than that of '•He at the same energy, 
the slowing-down is controlled mainly by the 
elastic stopping cross section which is 
essentially the same for these isotopes. The 
smallness of the isotope effect is also in 
general agreement with the limited experimental 
data. In the remaining calculations, there
fore, only ''he ions were used. 

Some of the low energy experiments were 
performed on field ion microscope specimens. 
These tool: the form of monocrystal fibers with 
<110> axes and hemispherical tips about 30 nm 
in radius. Thus, the ions were incident at a 
variety of angles, although always along <110> 
crystal directions. In addition, be-»use of 
lateral roreading of the beam, an excess loss 
of particles through the lateral target surfaces 
could occur. Computations were performed at 
100 eV and 300 eV for ions incident along 
<110> on a variety of different crystal faces. 
Using these calculations as a basis, a plausible 
description of the experiments can be given. 
The experimental statistics (typically, about 
100 helium atoms were involved in each obser
vation) and uncertainties about the behavior 
of atoms very close to trie surface preclude a 
more satisfying conclusion. 

Other calculation*: • :r* performed for 10-eV 
to 100-eV ions ncTally incident on both <110> 
and polycrystalline tungsten. Even at 10 eV, 
only about 80% of the ions are reflected from 
the (1101 surface, and this value changes only 
slightly below about 70 eV, This appears to be 
a result of subsurface channeling. Such 
behavior is not important in polycrystalline 
targets where total reflection occurs at about 
5 eV, However, at energies as low as It) to 
20 c", ;,'.v— '"'ident particles which ,r* not 
reflected are stepped so close to the tarne». 
»urface ('0,5 nm) tr.ut they are likely to 

desorh athermally. This effect, for which 
there is some e . jrimental evidence, is not 
included in the MARLOWE model. 

The energy spectrum of backscattered '•He 
atoms at the lowest energies resembles a single 
scattering distribution, shifted to somewhat 
lower energies by inelastic effects. At energies 
near 100 eV, a more complicated structure 
appears in the spectrum of particles scattered 
from <U0> targets, in which both quasi-single 
and plural scattering » r * "vident. Quasi-
single scattering does not occur from poly
crystalline targets because of their more 
irregular surface structures. At all energies, 
the angular distribution! are peaked signifi
cantly toward the surface normal, as compared 
with a cosine distribution, especially from 
the <UO> surfaces. This is the result of the 
strong surface scattering of the low energy 
emergent particles. Such surface scattering is 
less important from polycryrtals. 

9.4 INSULATORS AND STABILIZERS FOR SUPER
CONDUCTING MAGNETS 

9.4.1 Siamary of Magnet Materials Studies 
in the Solid State Division, ORNL 5 5 

R. R. Coltmm, C. E. Klabunde 

Insulators 
H ) Mechanical, electrical, and several 

other property changes have been studied on 
several filled epoxies after gamma ray irradi
ation at 4,9 K to doses of 2 x 10 s, 2.4 x 10"3, 
and 1 x 10 1 0 rad. 

(2) Mechanical and electrical properties of 
unfilled and glass-filled poiyimides have been 
studied after irradiation at 4.9 K to 1 x 10 1 0 

rac*. (This work Is now in progress.) 

Stabilizers 
Using the limited daf. available on the 

mognetoresistance of irradiated copper and 
aluminum, analyses have been made which 
predict total resistivities at various magnet 
locations in a tokamak. (Neutronlcs calcu
lations are by Santoro et al.) Further 
experimentation is planned. 
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9.4.2 Abstract of Organic Insulators and the 
Copper Stabilizer for fusion Reactor 
Magnets 5 6 

3. 3. Coltnan, Jr. 

The Materials which compose the large 
composite superconducting fusion reactor 
magnets are subjected to mechanical stress, 
neutron and gamma ray radiation with broad 
energy spectra, high magnetic fields, and 
thermal cycling from 4 to 300 K. Of the 
materials now considered for use in the magne'.c 
results show that the organic insulators and 
the copper stabilizer are the most sensitive to 
this environment. In response '.o the need for 
stabilizer data, magnetoresistivity changes 
were studied in eight variously prepared 
specimens of copper throughout five cycles of 
an alternate neutron irradiation (4.0 K) and 
annealing (14 h at 307 K) program. The results 
were combined with those 01 the radiation 
behavior of epoxy and polyimide organic insu
lators to provide a preliminary assessment of 
their comparative radiation resistance in a 
typical magnet location of the Experimental 
Power Reactor (fPR). It was found that insofar 
as the chosen conditions typify the mix o~ 
gamma ray and neutron dose rates in fusion 
reactor magnet locations, the radiatior 
resistance of the stabilizer is at best equal 
to that of the epoxies and much less than that 
of the polyimides. The poor performance of the 
copper stabilizer suggest, that additional 
shielding for magnet protection or serious 
magnet design changes are needed. Several 
needs for further organ.c insulator and 
stabilizer research are described. 

9.4.3 Abstract of Rates of Defect Production 
by Fission Neutrons in Metals at 4.7 K 5 7 

R, R. Column, Jr., C, E. "lahwvln, >!. M. 
Williams 

As part of an Inte laboratory program, we 
have measured the resistivity damage rates at 
4.7 K for the dilute alloys, V-3C0 pom Zr, 
Nb-300 ppm Zr, and Mo-300 ppm Zr, Irradiated 

by virtually umnoderated fission neutrons. In 
addition, aluminum, nickel, copper, and stain
less steel have also been measured to provide 
a broader database for comparison with other 
experimental work using a variety of neutron 
spectra and with defect production theory. A 
broad view of the results shows that the ratio 
of experimentally to theoretically determined 
production rates (damage efficiencies) for 
various fast neutron spectra ranges from about 
0.25 to 0.50. On the other hand, for a given 
element various neutron energy spectra peaked 
from 1 to 15 NeV give variations in damage 
efficiency values of only 7-305. 

9.4.4 Abstract of A Fission Neutron Source 
for the Study of Defect Production 
in Hetals 5 3 

C. E. KUtburde, «*. H. Williams, R. R. Coltman, Jr. 

A fission neutron source for the study of 
defect production in metals at 4.7 K has been 
constructed for use in the ORNL Low Temperature 
Irradiation Facility (LTIF). The source is in 
the form of a highly enriched 2 3 S U ribbon which 
generates 8 W of heat power and is operated in 
liquid helium in the sample chamber of the 
LTIF. It provides a fission neutron fli of 
5.7 x 1 0 1 5 n/m2-s to adjacent 0.025-mm-thick 
ribbon-shaped specimens. A surrounding thin-
walled superconducting solenoid provides 
magnetic fields up to 1.3 T to suppress super
conductivity in specimens when needed for 
resistivity measurements. 

9.4.5 Abstract of Mechanical Strength of Low-
Temperature-Irradiated Polyimides: A 
Five- to Ten-fold Improvement in Dose 
Resistance over Epoxies5,3 

C. F. Xt^bunde, R. R. Colunan, Jr. 

A program is under way at ORNL to study the 
irradiation behavior of organic insulating 
material that may be used In the construction 
of large superconducting colls that provide 
magnetic containment for the plasma in a 
fusion reactor1. The use of such materials 
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provides an economical method for producing not 
only electrical insulation, but also, mechanical 
support needed in coil construction. Although 
many studies on the effects of radiation on 
organic insulators exist, there are very few 
studies on the most recently developed materials 
or on the simultaneous effects of radiation and 
low temperatures. Recent calculations by B. A. 
Engholm show that without additional protective 
shielding even the first test reactors such as 
the FED will produce lifetime doses at insulator 
locations that exceed the radiation -ulerance 
of glass-fiber-filled epoxies in present use. 
For these reasons, new irradiations were 
carried out in the ORNL LTIF on pure and glass-
filled poly inn de materials. The superior 
radiation resistance of pure polyimides at room 
temperature has been known for some years. 

Only recently, however, have bulk glass-
filled polyimides become available. These 
materials have the strengths needed in magnet 
construction. After a gamma ray irradiation 
dose of 100 HGy (10 1 0 red) at 5 K, the losses 
in flexural and compressive strength measured 
at 78 K were less than 402, and at 300 K slight 
increases were observed. These data, combined 
with measurements made after two other smaller 
doses, yield strength-versus-dose curves, which 
will be presented. Earlier studies for the 
same dose and irradiation conditions showed 
that there is virtually no degradation of 
electrical properties in polyimides. Overall, 
the glass-fiber-filled polyimide materials are 
5 to 10 times more radiation-resistar.t than 
glass-fiber-filled epoxy materials. We can 
estimate by comparing the present results with 
Engholm's calculations that the use of glass-
filled polyfmide materials as magnet insulators 
in the FED can lead to designs for shields and 
magnet coils that are economically acceptable. 
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10. NEUTRON TRANSPORT 

ABSTRACT. The neutron transport program includes both experimental and analytic phases. The 
experimental program is designed to provide (1) data necessary for verifying the analytic methods and 
(2) cross-section data used at ORKL and throughout the United States for fusion reactor neutronics 
design calculations. Experiments are being carried out to determine the neutron transport in typical 
fusion reactor shield materials and configurations and to determine the effects of penetrations in these 
shields. The analytic program supports the design of the integral experiments and compares calculated 
data with data obtained experimentally. Neutronics calculations were also carried out in support of the 
Engineering Test Facility (ETF) design. Finally, the Radiation Shielding Information Center (RSIC) has 
continued to supply a broad range of services to the fusion energy research community. 

10.1 ABSTRACT OF CALCULATED NEUTRON AND 
GAMMA-RAY ENERGY SPECTRA FROM 14-MeV 
NEUTRONS STREAMING THROUGH AN IRON DUCT: 
COMPARISON WITH EXPERIMENT1 

if. T. Santoro, R. G. Almiller, Jr., J. M. 
Barnes, G. T. Chapmen, J. S. Tang 

Integral experiments that measure the _ 
streasing of -»4-Me* neutrons inrough a 0.30-
m-diam iron duct llength-to-diaineter ratio ^3) 
imbedded in a concrete shield have been 
carried out at ORNL. Calculated and measured 
neutron and gamna-ray energy spectra are 
compared at 16 detector locations on and off 
the cylindrical axis of the duct. The measured 
spectra were obtained using an NE-2I3 l in-id 
scintil lator detector with pulse-shape d is 
crimination to simultaneously resolve neutron 
and gamna-ray events. The calculated spectra 
were obtained using a computer code network 
that incorporates two radiation transport 
methods: discrete ordinates (with P 3 multi-
group cross sections) and Monte Carlo (with 
continuous point cross sections). The two 
radiation transport methodologies are required 
to properly account for neutrons that single 
scatter from the duct to the detector. The 
calculated and measured outgoing neutron 
energy spectra above 850 keV agree within 
5-502, depending on detector location and 
neutron energy. The calculated and measured 
gamma-ray spectra above 750 keV are also in 
favorable agreement, -v5-50%, depending on 
detector location and gamma-ray energy. 

10.2 ABSTRACT OP CALCULATION OF NEUTRON 
AND GAMMA-RAY SPECTRA FOR FUSION 
FACTOR SHIELD DESIGN: COMPARISON 
WITH EXPERIMENT I I 2 

if. f. Santoro, R. G. Alsmiller, Jr., 
J. H. Barnes, G. T. Chapman 

Measured and calculated neutron and gamma-
ca-j e<-.etg> ^ectro resulting free the transport 
of 'vl4-HeV >eutrons through a 0.30-m-thick 
lithium hydride slab and through a 0.05-m-
thick lead slab followed by 0.30 m of lithium 
tydride are compared. Also reported are 
comparisons of the measured and calculated 
neutron energy spectra behind a 0.80-m-
thick assembly composed of type 304 stainless 
steel and borated polyethylene. The spatial 
dependence of the gamma-ray energy deposition 
rate, measured using thermoluminescent de
tectors, i s compared with calculated data. 

The calculated data obtained using two-
dimensional (2-0) radiation transport methods 
and ENDF/B-IV cross-section data are in good 
agreement for al l of the experimental configu
rations. Calculated integral neutron energy 
spectra agree with the measured data within 
1-5* to ^20*, depending on neutron energy for 
the lithium hydride and the lead plus lithium 
hyiride assemblies. The gamma-ray spectra 
agree within 20% for these slabs. The measured 
and calculated neutron energy spectra behind 
the type 304 stainless steel plus borated 
polyethylene assembly agree within ^5S, except 
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a t neutron energies below ^5 NeV, where back
ground radiation influences the neasured 
spectra. The gamma-ray eneray deposition 
rates as a function of depth agree within a 
factor of 2 a t a l l detector locat ions . 

10.3 ABSTRACT OF CAICULATIONAL PROCEDURES 
FOR THE ANALYSIS OF INTEGRAL EXPERIMENTS 
FOR FUSION REACTOR DESKS3 

?.. T. Sar.tOTro, «'. H. Barnes, ?.. G. 
Alsrriller, , r . , £". a. Ot-lox 

Tie calculational models, nuclear data, and 
rad.ation transport codes that are used in the 
analysis of integral measurements of the 
transport of --14-HeV neutrons through laminated 
slabs of materials typical of those found in 
fusion reactor sh ie lds are described. The 
2-D discrete ordinates calculat ions to optimize 
the experimental configuration for reducing 

and for obtaining an equivalent, reduced 
geometry of the calculat ional model to reduce 
computer core storage and running times are 
also presented. The equations and data to 
*etemine the energy-angle relat ions of neutrons 
produced in the reactions of 250-fceV deuterons 
in a t i tanium-trit ide target are given. The 
procedures used to col lapse the 171n-36y 
VITAMIN-C cross-sect ion data library to a 
53n-21, broad group library are described. 
Final ly , a description of the computer code 
network used f.o obtain neutron and gamma-ray 
energy spectra for comparison with measured 
data i s included. The network incorporates 
several 2-0 discrete ordinatcs codes to treat 
f i r s t c o l l i s i o n s (GRTUNCL), multiple c o l l i s i o n s 
(DOT), and las t c o l l i s i o n s (FAlSTF) of the 
neutrons and gamma rays in the transport 
sequence from the neutror, source to the de
tector . 

10.4 A3STSACT OP FLUNG: COUPLEu 35-SROUP 
NEUTRON AND 21-GROUP GAMMA-RAY, P 3 

CROSS SECTIONS FOR FUSION APPLICATIONS'* 
B. T. Sontoro, R. V. Bous~'.n, J. K. Barnes 

A 35-neutron, 21-gaona-ray, P 3 cross -
sec t ion l ibrary for 63 nuclides i s described. 
The l ibrary , c a l l e d FLUNG (Fusion Library for 
Unshielded Neutron-Caaaa-Ray Transport), was 
derived from the VITAM1N-C general-purpose 
f ine group library and i s useful for the 
neutronic analys is o f fusion reactors and 
other appl i ca t ions . 

10.5 ABSTRACT OF DOSE RATES FROM THE INDUCED 
ACTIVITY IN THE ETF NEUTRAL BEAK 
INJECTOR5 

P.. ?. Santoro, <T. X. Bcarrxc, S. A. Lilli*, 
P.. 0. Alznrlller, Jr. 

TVJC do*7.** poiiiv.O^fit r ? t c s — :ts^dc t f c r t *_~"" 
neutral beam injector (NBI) shie ld from the 
induced radioact iv i ty have been calculated for 
the reactor operating at 1140 MW for 1 , 30 , 
and 365 days. The dose rates at 1 day af ter 
shutdown are large even af ter 1 day of opera
t i o n . Depending on the location and operating 
time, cool ing times from 30 days to -5 years 
are required before the dose rates are s u f f i 
c i en t ly low to allow routine maintenance work 
in the v i c i n i t y of the NBI shie ld . 

io .6 AscrzA'r: OF ISO-RESPONSE CONTOURS 

IN THE ETF NEUTRAL BEAM INJECTORS'-
..'. /-'. Bsr>;«..;, .~. T. 'sir.icro, .-:, A. Lill-..., 

?.. 7. /:' ..TT:* 11t r , Jr. 

Iso-response contours in the ETF neutral 
beam injector have been calculated for the 
neutron flux, nuclear heating in type 3'o 
stainlesc steel and G10 insulation, biological 
dose rate, and the ' 8Ni(n,p) 5 8Co and 
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59Co{n,Tf)60Co reactions. The spatial depen
dence of these responses in the injector, in 
the shielding that surrounds it, and in the 
injection duct is presented. 

1C 7 NEUTRONICS EXPERIMENTS AKO ANALYSIS 
- AT THE TFTR 

J. A. Dickons, S. T. Santera, S. 0. 
Alatiller, Jr., F. J. tocker.ihdl&c 
R. V. Peelle 

The Tokamak Fusion Test Reactor (TFTR) will 
be the first operating tokamak fusion reactor 
that has substantial neutron flux; therefore, 
it seems reasonable that as nuch information 
as poi'.ible on neutronics design d a w and 
methods be obtained from this reactor. A 
program has been initiated to carry out 
neutronics experiments at the TFTR and to 
obtain comparisons between these experimental 
data and state-of-the-art neutronics calcula
tions. The TFTR will operate on a deuterium-
deuterium (0-0) cycle for some tire before 
deuterium-tritium (D-T) operation will commence. 
During D-D operation a small fraction (-3*) of 
the neutrons will be produced by D-T reactions, 
and this will make it possible to obtain data 
during D-D operation on the high energy neutrons . 
produced by D-T reactions. 

The experimental program adopted for the 
purpose of obtaining neutron flux measurements 
during a TFTR pulse was initiated. The most 
difficult aspects of the experimental program 
are the design and fabrication of the fast 
scintillator detector system. The first 
design of the detector involves a shaped piece 
of NE-UO solid plastic mounted on a quart: 
light pipe connected to a photomultiplier 
tube. For this detector concept, a working 
electronic schematic was developed. The most 
important component requiring further develop
ment is the fast-timing amplifier. An existing 

state-of-the-art ORNL design was studied to 
determine whether its count rate could be 
extended to 5 x 10* counts/s. A new, faster 
amplification circuit was developed and when 
tested on the bench fulfills the times required 
to obtain this count rate. The filtering 
circuit was also developed using computer 
simulation methods. The breadboard package of 
filtering circuits and amplification circuits 
has been assembled, but the assembly has not 
been tested as a unit. 

As part of the analysis program, the modeling 
of the TFTR and test cell building using the 
combinatorial geometry package of the HORSE 7 

code was initiated. The reactor vessel, 
toroidal field coils, poloidal coils, and some 
of the support structure were represented. 
The components were modeled in sufficient 
detail to take proper account of their presence 
in radiation transport calculations without 
compromising computer code running times. The 
toroidal vacuum vessel was described using 
toroidal geometry descriptors that were added 
to the MORSE code.8 

10.8 RADIATION SHIELDING INFORMATION CENTER 
.=?. V. Foiissir., 3. i\ Maskevitz, D. K. Trulei; 

The RSIC serves an international community 
by responding to inquiries about radiation 
transport problems. RSIC staff members provide 
guidance by drawing on a technical database 
that includes a computerized literature f i l e , 
a collection of complex computer programs, and 
a substantial body of nuclear data lijrarie*, 
pertinent to the solution of such problems. 

Acquiring the needed computer-based tech
nology base requires the collaboration of the 
neutronics community with RSIC staff members 
to collect, organize, process, evaluate, and 
package relevant technology developed in the 
community. This technology is disseminated 



throughout the community with a mechanism for 
feedback of experience through usage, which 
results in an improved product. The resulting 
technology base provides an overall advancement 
of the state of the a r t . The following 
examples of this infomation cycle ptocess 
are newly available and relevant to fusion 
neutronics. A processing code system (RSIC 
code package PSR-157/PUFF29) for producing 
multigroup covarianci f i l e s was contributed by 
ORNL. A sensitivity and uncertainty analysis 
system (CCC-405/SENSIT10), used in fusion 
neutronics studies, was provided by Los Alamos 
National Laboratory (LANL). Two multigroup 
cross-section data l ibrar ies, packaged as 
DLC-86/FLUNG'* and DLC-87/HIL0" and developed 
at ORKL for fusion and high energy neutronics, 
were added to the collection. Both of these 
were derived from the general-purpose fine group 
data l ibrary DLC-41/VITAHIN-C12 developed a t 
ORNL. Another data l ibrary (DLC-84/HENSLIB13), 
developed at LANL for high energy neutronics, 
was included. Contributions from the inter
national community include PSR-160/£NBAL2,l'• 
a code package to generate multigroup neutron 
kerma factors, from the University of Birming
ham, England; PSR-166/PREANG,15 for calculating 
preequi l i b r i um angular distributions for 
nuclear reactions, from the Netherlands Energy 
Research Foundation (ECN), Petten, the Nether
lands; and COMIO/THIDA,1* a dose calcula-
tional system for a nuclear fusion f a c i l i t y , 
from the Japan Atomic Energy Research Inst i tute, 
Tokat, Japan. 

These exampl s represent a smill portion of 
the total activity f the RSIC. Infonration 
processing (fncluding ...Muatfon and packaging) 
is a dai ly concern. In addition to a compre
hensive l i terature database. RSIC-packaged 
products include 87 data packages (OLC), 413 
neutronics and shielding code packages (CCC), 
and 167 data processing and other miscellaneous 
code packages (PSR). 
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11. MANAGEMENT SERVICES SECTION 

. - ™ J / " . n v The sole function of the Management Services Section is to support the programmatic 
research and development activities of the Fusion Energy Division. Areas of support are the following: 
general personnel administration; material and service procurements; subcontracting; national and 
international agreements coordination; nonprogrammatic engineering services for support systems ar.j 
equiprent; planning and coordination of general plant project and facility requirements; maintenance 
and machine shop work coordination; labor relations; telecommunications; financial fanagement; auto
mated management information systems; library services and resources; publication services, including 
editing, word processsing, graphics, photography, and reproduction; safety; emergency planning; and 
quality assurance. This Support is provided through interpersonal relations with Fusion Energy Division 
progranmatic personnel and through the coordina ion of support resources frca a variety of disciplines 
outside the division. 

11.1 OFFICE OF THE MANAGER FOR GENERAL 
ADMINISTRATION AND PROCUREMENT 

The office of the manager is responsible for 
most of the general administrative functions of 
the Division. 

Proof-of-Principle (EBT-P) project was in excess 
of $15 million. This amount was very near 
(but did not exceed) the 1980 level because of 
uncertainty over funding for FY 1982 and some 
negotiating problems in the EBT-P project. 

11.1.1 Personnel Functions 

During 1981, 73 prospective employees were 
interviewed for 26 positions. There were 20 
acceptances out of 28 offers made. Three 
persons transferred into the Division from other 
UCC-ND divisions. Although 23 persons joined 
the Division during this report period, the net 
increase was only 3 because 20 persons retired, 
transferred out, or accepted positions with 
other organizations. Recruitment for nine 
positions was slowed because of delays .n 
completion of the Large Coil Test Facility 
(LCTF). 

Ten persons were employed through the ORNL 
summer program, and three persons worked in the 
Division under the Cak Ridge Associated Uni
versities program. Guest assignments were " 
processed for 70 scienti ic guests and sub
contractor personnel, 

11.1.2 Subcontracts 

Industrial involvement through subcontracts 
in the Large Coil Program (LCP), the gyrotror 
development procram, and the ELMO Bumpy Torus 

11.1.3 National and International Agreements 

At the request of the Swiss delegation, the 
manager's office prepared administrative 
requirements that were added to the implementing 
agreements for the International Energy Agency 
(IEA) Large Coil Task (LCT). There was l i t t le 
activity in the exchange program with the 
U.S.S.R. The Japanese exchange involvement 
increastd during the year. 

The implementing agreement with Kern-
forschungszentrum Karlsrune (KfK) was changed 
to cover all fusion programs. Before this 
year, the only agreement with KfK for fusion 
work was the IEA agreement for the LCT. 

Arrangements for other national laboratories 
and private firms to participate in the Fusion 
Engineering Design Center (FEOC) and the 
EBT-P project were continued. 

11.1.4 Procurement 

During 1981, the procurement group processed 
about 2000 purchase . jquisitions, representing 
a volume of over $10 million. Approximately 
850 shipping requests were handled. A series 
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of information seminars was held for Division 
and Laboratory management to address the 
problems of procuring Materials for fusion 
projects. Training sessions Mere held to he.p 
personnel assigned to the manager's office 
understand the finance and procurement inter
connections in the Nuclear Division. 

11.2 ENGINEERING SERVICES 

The Engineering Services Group provides a 
coordinating service for a l l engineering wo"k 
performed in the Division. This include', 
providing or directing the engineering for all 
nonprcgraanatic work, coordinating maintenance 
and machine shop work, supervising the inventory 
and storage of Materials, coordinating tele
communications, and overseeing al l general 
plant project (GPP), general-purpose facil ity 
(GPF), line item, and general plant equipment 
(GPE) improvements. This group is also re
sponsible for maintaining building facilities 
and p??nning futurp facilities. Some highlights 
of the 1981 activities follow. 

- The renovation of the auditorium in 
Bldg. 9201-2 was completed. 

• The new lunch room in Bldg. 9201-2 was 
completed. 

• A stairway to the southeast roof of 
B!dg. 9201-2 was designed and installed. 

• Fir-.t-floor offices in Bldg. 9201-2 were 
renovated. 

• The central stairway in Bldg. 3201-2 was 
upgraded-

- Design was started fo a stock roar . i f t , 
for third-.loor office improvements, and 
for expansion of the computer facility in 
Bldg. 9201-2. 

• Improvement of the west access and identi
fication of the demineralized water piping 
were undertaken in Bldg. 9204-1. 

• Work was started on a recall maintenance 
program for equipment and systems supporting 
Division activities. 

« A walkway was installed in the basement of 
Bldg. 9204-1 to facilitate material storage. 

• Contracting and construction of the FEDC 
building, which was built by a private 
contractor and leased for five years to 
0RNL, were coordinated. 

• Staff were moved into the new FEDC building. 
• A fence west of Bldg. 9204-1 was relocated 

and the drainage was improved. 
- The fusion,energy exhibits for the annual 

American Vacuum Society meeting were 
coordinated and presented. 

- Work was started on exhibits for the 1982 
world's Fair. 

• Design was started on improved *i>d more 
reliable electrical circuits for the pump 
house that supports research and develop
ment in Blag. 9201-2. 

- Renovation of t*-e cooling tower that 
supports research and development in 
Bldg. 9201-2 was started. 

- Shop fabrication at Y-12, X-10, K-25, and 
o' tside shops was coordinated. This work 
.onsisted of over 600 jobs and 40 personnel-
years; approximately $2.5 million of work 
was coordinated, excluding LCTF and EBT-P 
fabrication. 

11.3 FINANCE 

The Finance Office is an integril part of 
the Management Services Section and provides 
financial management, support for the Division's 
administrative, engineering, and research 
personnel in areas including budget preparation, 
cost scheduling, and variance analysis. This 
office also provides meaningful and appropriate 
accounting and cost control. Interaction with 
Division management is an essential part of 
administering the budget, accounting policies, 
and procedures. 

As shown in Table 11.1 and Fig. 11.1, the 
funding trends for the Division tnd for the 
Fusion Program continue to exhibit growth. 
This trend creates a need for greater efficiency 
and improvement in specific areas of financial 
control. In this spirit, the Finance Office 
must be innovative in the development of 
financial techniques to meet the growing and 
changing financial need* of the Division. 
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11.4 MANAGEMENT INFORMATION STSTEK 

The Divi>ion Management Infomation System • 
(MIS) provides timely and relevant Information 
on the schedules and costs of the Division's 
research activities. During 1981, the amount 
of information available nas been extended 
through the addition of several databases that 
contain items of administrative importance. 

The new databases include information on 
travel by Division staff members and on the 
status cf Division work orders. The travel 
information makes i t possible for a manager to 
determine who has traveled, what locations 
have been visited, and how much of s group's 
travel budget has been spent. The #ork order 
stattt* database allows a manager to determine 
how much money has been spent during the 
current month, during the present fiscal year, 
and over the l i fe of the project in question. 

A new effort in 1981 was the study of the 
Division's word processing requirements aid of 
the systems available to meet these needs. 
The study led to a recommendation that the 
Division install current technology systems 
for testing and evaluation but defer a full 
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implementation unti l i t can be determined that 
the available equipment w i l l meet the require
sents. 

A need for computer graphics was ident i f ied, 
and a plan was devised to provide additional 
tools for the Divison to use in preparing 
publication-quality computer output (see 
Sect. 11.6) . 

11.5 LIBRARY 

The Fusion Energy Library, part of the ORNL 
Infonnat on Division's Library Systen, provides 
varied services, including reference service, 
interl ibrary loans, document deliver", and 
'onputerized information retr ieval service, 
luring 1981, the Library edded 116 book "^8 
fu l l -s ize reports, and 2119 microfiche reports 
to the collection. The l ibrary lent 884 books 
and 749 technical reports and conducted 103 
off-area ir.terlibrary loan transactions and 
over 1500 reference requests. Eight comput
erized information retrieval services are 
available in the l ibrary, providing access tc 
over 150 databases. This service enables the 
l ibrary «taff to provide comprehensive l i t e r 
ature searches, updates on previous searches, 
or current references on a research topic. 

In the coining year, improvements wi l l 
include on-line circulation and an on-line 
catalog for books and reports. This wi l l 
benefit Division staff by giving them immediate 
access to the entire OR&L Library System 
collection. 

11.6 REPORTS OFFICE 

The Division Reports Office provides a wide 
range of publications services, including 
edit ing, word processing, graphics preparation, 
photography, and reproduction. During 1981, 
over 600 publication* were processed for the 
Division. This total includes 47 technical 
memoranda, 235 journal art icles and conference 
papers, and 306 abstracts. The graphic arts 
group produced 2850 original drawing, and over 
150 posters, covers, signs, and special projects. 

The Xerox 9400 copier was used to produce 
about 2.5 mil l ion copies. In addition, as 
part of the ORNL Infonwation Division's Tech
nical Publications Department (TPD), the 
Reports Office processed a large quantity of 
work for other 0RNL divisions under TPD's work 
leveling program. 

In late 1981, the Reports Office began 
testing tSe IS/1 UNIX* T«xt Management Systen, 
which nay provide the basis for a complete 
computerized word processing system. The UNIX 
system uses a generic coding scheme that 
simplifies the preparation of technical docu
ments or other large reports that gc through 
several cycles ( e . g . , draft ing, edi t ing, 
revision, proofing). Also, because i n i t i a l 
input i s not device-specific, several output 
devices may used with this sytem ( e . g . , the 
Versatec pr inter /o lot ter , the Diablo pr inter , 
and the piiucotypesetter). 

The graphic arts group in i t ia ted a computer 
graphics program in 1981. The overall goal of 
this program is to enlarge and enhance the 
grcip's capability by providing a means of 
increasing efficiency and thus adding to the 
time available fcr other projects. The imme
diate objective of the computer graphics 
program is to increase productivity for cases 
in which plots or graphs can be readily 
digitized usiiig MAPPER. Plans cal l for estab
lishing a graphi*.s coordinator to function as 
an intermediary between graphic arts and 
Division personnel and for procuring *.he 
computer hardware to gere-ate publication-
quality graphics. 

11.7 SAFETY, EMERGENCY PLACING, AN0 QUALITY 
ASSURANCE 

11.7.1 Safety and Emergency Panning 

The Division's safety program includes 
monthly safety inspections by Individual 
sections; quarterly safety inspections by an 
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independent inspection committee comprising 
~.he Division safety officer, Y-12 safety 
representatives, «nd Y-12 Maintenance super
vision; and aonthly f ire inspections performed 
by professional f ire inspectors. Six safety 

,. training sessions are held each year; attendance 
at these sessions is namtatory for all Division 
personnel. 

During 1961 the Division emergency training 
progran continued. The cardiopulmonary 
resuscitation (CPft) and f i rst aid classes 
conducted by the building emergency squad 
resulted in the certification of 62 employees 
in CPft and 27 in f i rst aid. A new squad Mas 
formed in 3ldg. 9204-1 for the LCTF, and plans 
Mere formulated for a «quad in the FEDC 
building. Training continued for maximum 
response to building emergencies. 

11.7.2 Quality Assurance 

The Division's Quality Assurance (QAJ 
Progran continued to improve during 1981. The 

program was expanded to include implementation 
of QA requiremeuts on all subcontracts for 
•ajor external work for the Division, and the 
program continued to be effective in ensuring 
tha fabrication and the purchase of reliable 
and cost-effective experimental equipaent. A 
special power supply committee, chaired by the 
QA coordinator, contirued its surveillance of 
the quality of purchased power supplies. 

QA audits Mere conducted at vendors' sites 
during the year. The QA Assessment for the 
E6T-P Project was nade final, and approval Mas 
given for the QA Plan. 

The Division QA Manual Mas updated anc* 
reissued to bring i t into compliance with OftRL 
and DOE requirements, A workshop on quality 
assurance in fusion, held at Lawrence Liver-
more Rational Laboratory, resulted in a com
prehensive review and numerous recommendations 
for improving the QA programs at all fusion 
labu.'atories. 
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KfK Kernforschungsientrum Karlsruhe 
1MB. Los Alamos National Laboratory 
LCP Large Coil Project 
LCT Large Coil Task 
LCTF Large Coil Test Facility 
L>.- laser-induced fluorescence 
LMf loner hybrid heating 

LLffi. Laurence L.vermore NaGonal Laboratory 
LRO long-range-ordered c 

LTIF Low Temperature Irradiation Facility 
MCOT moving coil displacement transducer 
MOAC McDonnell Douglas Astronautics Company 
MEA momentum energy analyzer 

METF Medium Energy Test Facility 
MF •ultifilamentary 
KFE •agnetic fusion energy 
KTF Mirror Fusion Test Facility 

m •©tor-generator 
HMD magnetahydrodynamic 
MIS management-information system 
KIT Massachusetts Institute of Technology 
MCA memorandum of agreement 
SBI neutral beam injection 
N8S National Bureau of Standards 
N8T Nagoya BuMpy Torus 

NEPA National Environmental Policy Act 
MHFECC National Magnetic Fusion Energy Computing Center 

NRA nuclear reaction analysis 
NRL Naval Research Laboratory 
OD outside diameter 
OFE Office of Fusion Energy 
OH ohmic heating 

ORIC Oak Ridge Isochronous Cyclotron 
ORNL Oak Ridge National Laboratory 
0R0 Oak Ridge Operations Office 
ORR Oak Ridge Research Reactor 
PAG preferred absorption glide 
PCA prime candidate aVtoy 
PDX Poloidal Divertor Experiment 
PF poloidal field 
PI preionization 
PLT Princeton Large Torus 

P0PC0N plasma operation contour 
PPPL Princeton Plasma Physics Laboratory 
PVC polyvinyl chloride 
QA quality assurance 
QC quality control 
RA reduction of area 
RBS Rutherford ion backscattering 

rf radio frequency 
RGA residual gas analysis 
rms root mean square 
RPI Rensselaer Polytechnic Institute 

RSIC Radiation Shielding Information Center 
RM> research and development 
SAG statistical a'isorptfon glide 
SEH scanning electron microscopy 

JILA 
JIPP 
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SIPA 
SHK 
SRO 
SVM 

Symmotron 

stress-induced preferred absorption 
submit ineter 
short-range-ordered 
sj—Ktrizing 
symmetric modular tor matron 

TEN 
TF 

TFTR 
TNB 
TMX 
TPO 
TTP 

transmission electron microscopy 
toroidal field 
Tofcamak Fusion Test Reactor 
Technical Management Board 
Tandem Mirror Experiment 
Technical Publications Department 
time-temperature-precipitation 

UCC-ND 
use 

Union Carbide Corporation Nuclear Division 
User Service Center 

VFA 
VuY 

velocity f i l ter analyzer 
vacuum ultraviolet 

0-0 
1-0 
2-0 
3-D 

zero-dimensional 
one-dinensioral ---'' c 
tMO-dimensional 
three-dimensional 
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